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Abstract— Brain dopamine systems play a central role in the control of movement, hormone release,
and many complex behavior. The action of dopamine at its synapse is terminated predominately
by high affinity reuptake into presynaptic terminals by dopamine transporter (DAT). The dopamine
transporter(DAT) is membrane protein localized to dopamine-containing nerve terminals and closely
related with cocaine abuse, Parkinsonism, and schizophrenia. In present study, the recombinant
plasmid pRc/CMV-DAT, constructed by subcloning of a cDNA encoding a bovine DAT into euka-
ryotic expression vector pRc/CMV, was stably transfected into CV-1 cells(monkey kidney cell line).
The DAT activities in the cell lines selected by Geneticin® were determined by measuring the uptake
of [*H]-dopamine. The transfected cell lines showed 30-50 fold higher activities than untransfected
CV-1 cell line, and this result implies that DAT is well expressed and localized in transfected cells.
The transfected cells accumulated [*H]-dopamine in a dose-dependent manner with a K, of 991.6
nM. Even though high doses of norepinephrine, epinephrine, serotonin, and choline neurotrans-
mitters inhibited the uptake of [*H]-dopamine, DAT in transfected cell line was proven to be much
more specific to dopamine. The psychotropic drugs such as GBR12909, CFT, normifensine, clo-
mipramine, desipramine, and imipramine inhibited significantly the dopamine uptake in tissue cu-
Iture cells stably transfected with DAT ¢DNA. Radioactive in situ hybridization was done to map
the cellular localization of DAT mRNA-containing cells in the adult rat central nervous system.
The strong hybridization signals were detected only in the substantia nigra pars compacta and
ventral tegmental area. The restricted anatomical localization of DAT mRNA-containing cells co-
nfirms the DAT as a presynaptic marker of dopamine-containing cells in the rat brain.

Keywords [] Dopamine transporter(DAT), stable expression, CV-1 cells, uptake of [*H]-dopamine,
psychotropic drugs, in situ hybridization, substantia nigra.
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CV-1 UMER Emal 51 FEXIQ| stable
transfection

3wl =54 cDNA*E CMV promoter& 7}
eukaryotic expression vectordl pRc/CMV(Invitro-
genAP 2 multiple cloning siteZ HindIlI2} Notl
siteA}o]ol] 4kl 3te] expression plasmid pRc/CMV-

DATE A zslglem, o]& di#+F DHb5acl cal-
cium chlorides}*'ol] <&l 3 A4 3Htransforma-
tion)st #AAEs FF2 el plasmidE alkali
lysis HpH*ol] 2J&f F-2]8}9d. 2™ polyethylene-gly-
col vl ¢Ja) 1 plasmid-g # A}t

60 mm u] A ]l CV-1AH%E, 1~2X10°70 8 A
%3lo] DMEMu) 2| & 18~244] 7} vl oF3to] Al £7}
vletel| 30~50%A4 5 Zel =% 3telrt. OPTI-MEM
I8) 2] 100 weoll pRc/CMV-DAT plasmid DNA~7} 2
pgEgrse] 9l 8o A¢l OPTI-MEM I &%) 100
well 10 W Lipofectin®(BRLAho] §H5-%1 8- B&
o] Aol 4 1587 whA|stdc). Al 2ml9
OPTI-MEM 1 szl 2 b A2 3sbar $lof 4 A x&
Lipofectin-DNA&-} ol 1.8 m/] OPTI-MEM < 7}
sto] AlHE M ES] 718 F 1847k CO, w7
ofl 4] wje¥sledct. 4 ml DMEM .2 wijfol-& w33}
2 48417k v wiokdh F 5709] wiFH Aol A Ge-
neticin®(BRLAR®| 400 pg/m/& 35 DMEM©#) 7|
ol ] uijekstsdch Geneticin® o 5 2704 o] A} =3}
o] tranfection®l A ¥xto 2 FAX FH(colony)F
oo}z 1170wt Ad=lalon, 7z} colony$oll trypsin-
EDTAS(Sigmarh)& 7}ate] ok 2] wuptol A
colony & o} Wof 7z} oh& wiFA Aol A&t
A &H o 2 Geneticin® &l 3ol vjFgto 24 w3}
ul 4243 §*2}7} stabled}] transfection¥! A%
FE-& 9ok

Togl =&H g 55

12-well plateol] =33l 54 §H =27} transfe-
ction® M EF, 2X100E HFEsto] a5y 3t
Geneticin®o] &5l DMEM¢® 2| ol 4] 7] &% A EE
b2l [25mM HEPES(pH 7.4), 125mM NaCl,
48 mM KCl, 1.2 mM KH,PO,, 1.2 mM MgSO,, 5.6
mM glucose, 1mM CaCl,, 1 mM ascorbic acid,
100 pM pargyline] 1 m/= A X3tz gk Za)3}
ol &} 15387} 37Col 4] nbg-sldch SH3d-g A A
% stFNog AF3F 0.5uM [PHI-dopamine £
(51 Ci/mmol, Amersham+}), 100 ul-& 7} plateol 7}
st Aol A EEHA] 1087 uk-E-3keich Plate&
vl A F Ao ubSE FAA ¥, st
F 1 miE 3 AFsle] A Egte R £5E 3] %3
(*H]-dopamine & ] 7&}eic}. 0.5M NaOH-&-4, 200
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W AZoHE 531471 0] S ste] A XA
45 [*H]-dopamine2} 9}& scintillation counter
(Tri-Carb 2010, Packard*h 2 =4 st} =3k 7
wellell 0.5% triton X-100, 200 W/ 7}sf) AjEere
gk ¥ o] & 77 ste] ul ek Bio-Rad 412
protein assay kit*(Bio-RadAh)& AF&3te] 2xsle]
oh. E5ul S4Ae) Holge Falr) $lef AHH
dopamine, epinephrine, norepinephrine, choline,
serotonin# A 414 oFEe] wulnl 4o gt
A& 1437 $lsf AH-¢F GBR12909, CFT, no-
mifensine, clomipramine, desipramine, imipramine
Aleke- Research Biochemical International(RBI)A}

ol 4 el teich

In situ hybridization

XA slide MZE— 232 dHAL ¥Fatslr] g)sto]
Scott Young®] HHH* )| u}2} gelating- 2¥ coating &}
el slideg A3} AFHE o)Abssts 7hiag
HAAAL A 2F FA] =5 A Tissue-Tek* s} §H7)
—70CYEqe g€l —15Ca 4 microtome(Hi-
stostat, AOAD-& o]83}e] 12umFAZ HsjHg
22 AHE k5o gbol| 4] A28} gelatin coated
slideel] -2tstdom o8 Mgl A}4-317] 37}
—70CY £ 1o H.akaleich

Fogl &M £0(# oligonucleotide E}E|2Q|
M & — w5ty 41 mRNAE H&3s7] ¢3 oli-
gonucleotidetH o 2= AAANGEA 1 7}l
FEALS He 7149 Fo 4 o} E monoamine 4]
AAGEA el el 84 2ol 5 Ao at
Eo]gt cDNA 2] 7] +d( 7] dwl & 1015~ 1057;
Shimada et al, 1991)ol] A3¥. 32l 437]2] antisense
oligonucleotide & §H/33lod AR8-3t<ic}.

Hybridization 9+ 3! autoradiography— 3}l 4]
A 23k 22 A A slide& paraformaldehyde-&4 [4%
paraformaldehyde in 0.1IM phosphate buffer(pH
74)])el 537} uwtx sl PBS(phosphate-buffered
saline) 2 2¥] A 2§+ ¥ 1087} acetic anhydride &
o [0.25% acetic anhydride in 0.IM triethalnola-
mine HCI(pH 8.0)]el| 31t} 70%, 80%, 95%, 100%
ethanol, chloroform, 100% ethanol % 95% ethanol
2 Ao 1~537F &9 239 RS Al
HEtw Aol e gt
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Oligonucleotide® A o] WAL E9) V45 ¥2)35}
7] 1% ukg-o4 50 el 2 pmole®] &3, 1 mM di-
thiothreitol, 25 mM CoCl;, 0.2M potassium caco-
dylate, 256 mM Tris-HCI, 0.25 mg/m/ bovine serum
albumin, 25U terminal transferase(BMAp), % 1 uM
2] #S-dATP(600 Ci/mmol, AmershamA})7} E3§ts
2.1 36Tl 4 9087t whg-absdch. Yeast transfer
RNA-£-4(27.5 ng/w) 4 WE 7}t phenol : chloro-
form extraction, ethanol precipitation}%& 4]4]
afo] whabdELd vt Bx" 2HAe HAY F
50 W TE gk 0 2 zof 1 upalAlekS- scintillation
counter(Tri-carb 2000CA, Packard 2} & & & 8} 9}

Zt 2R ATl FAE AAsLT, 2X10° DPM
2] 3ol FH% hybridization£€9 [50% forma-
mide, 600 mM NaCl, 80 mM Tris-Cl(pH 7.5), 4 mM
EDTA, 0.1% sodium pyrophosphate, 0.2% SDS,
0.2 mg/m/ sodium heparin, 10% dextran sulfate,
100mM dithiothreitol] 50 W/ 7}8}ed 37C humid
chamber<tel| 4] 244])7} 5-¢} hybridizationgF-&-& 4
Alstedch 2XSSC¢ formamide} 50% 2 &= 2
X SSC(sodium chloride/sodium citrate, 1X 150 mM
sodium chloride, 15 mM sodium citrate) £ © &
hybridization®t-g-¢] £yt slided =342 AH
3laL, 45Tl 4| 71 A EEH A] formamide”} 50% 2
FE &% 2XSSC Soloz 15874 3w A H3tedc)
T}A] Abol 4 1XSSCE 3047+ 29 Al ¥stw 2
Tl Azheel gAFAck 70% ethanol® 18-7)
80% ethanol® 1%-7}, 95% ethanolZ 237}, 100%
ethanol 2 1¥7+4 2¥, 100% xylene & 527}, 100%
ethanol2 1%-7} 100% acetoneo 3 187} 100%
ethanolZ 147}, 95% ethanol & 18-714 42318 0 2
At AollA Az A7 en Hyperfilm Pmax®
X-ray HEol 257 &A1k £33 Aol emul
sion autoradiography® A A]8td &=, gtAlelA] w)
2] 40~45C2 ©l9E2 emulsion®(NTB2, Kodak
Ahell M #A]o] Byt slided 102 o)A &F &
ghaLA] Yol et kb Aol A 247 H 2 A Zc)
I F 4CoA of 30Ut FobE F A4S

A dn
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Table I—-DAT activity in CV-1 cells transfected < 80000
: E
with pRe/CMV-DAT S 50000 -
Transfected cell Lot No.  Amount of [*H]-dopa- %
mine uptake* £ 40000 -
(pmole/g protein) e
No transfected CV-1 555.6 g 30000
1 26124.2 °
2 NG ié 20000
3 8705 H ,
£ 10000 -
4 37509 g
5 9336 3 ]
6 NG 5
7 638.5 T T T T T
8 17660.1 0 500 1000 1500 2000 2500
9 NG [3H]}-dopamine (nM)
10 NG Fig. 1—Dose effect on the uptake activity of dopamine
11 251254 transporter. DAT-transfected CV-1 cells were

*Means of duplicated determinations. Dopamine tran
sporter activity was determined by measuring the
amounts of [*H]-dopamine uptaked in the CV-1 cells
in the presence of 0.5uM [*H]-dopamine for 10 min.
NG=No Growth

o] 2 transfection& AA]stL 2704 o4 stablegt
A 55 A A} 5709 AEa]F Aol 4 FE
1507 A= colony s & F ek olF U=
11709] colony & A=a) z-7h-g o} wikd Al A
Zslo] 7)9)om 7hzbel AETe] JoE HIEE F
o}stglrt. Aeldt 470 9] colonye Aol AH4& A
L2 NEF7) 7)Aol ohg Al AHgE
o] VA 79 M FEtFel Hafa] =aw)
S4A g424L AAskech 2 Az 19, 114,
gl A xFe mabwl pHAdd o3 2ol 7Fy
2.0 77} 26124, 25125 ! 17660 pmole/g protein
o2 waul $44 §HAE transfection] 2| -2
A E£29] 4452 555 pmole/g proteinol] ®]&] 30
~50u] 7haF Egrowm) wbEE ofz{He] A=
0528k 472 B.glcKTable ). Vb =] 47] | 55
transfection® A & AEFHE 2 =dRlF
£58 1o} 11 Ho)rh sl wskeh ool
4 gAdo] L 1 AEFE b BE HEE
Al A 3}g] T

SHAIN 20| SOl &M ot fEs
2ol o|xlE FE-— 2 AT wEd sl 7

f

T o

A& A7} [*H]-dopamine?] <ol »jalsled [*HI-

incubated with increasing concentrations of
(*H]-dopamine for 10 min as described in

‘Materials & Methods'. Values in representa-
tive curve reflect the mean+ SD. K,, value was

calculated using personal computer prog-
ram 'PCS(Pharmacologic Calculation Sys-
tem) version 4.0".

dopamineg A ¥re g =45kl 2m(Fig 1), &
449 K.#(Michaelis constant)+ 991.6 nMZ
A =it

w3l 50 nM9] [*H]-dopaminee] #FFHo S+
npgolof] WhabAdo] mAE A ¢ AAAREA do-
pamine, norepinephrine, epinephrine, serotonin, %
choline2 7}z 10 yM = A& FH7isle] 2+ A A
B4 23} [*HI-dopamine] o] dvht Abet
HExg Yo e B eyl F5ae] Solde
A7kstaat sheleh 2 A3 wspa 249 [HI-
dopamine 442 "hAbAlo] EA| A -2 =S
A7k S wl ArbshA] eoks W] 28% % #73)
Aastdon xuml ol9e] ohe AIAAIGEALS
A7 ab-gAoll M HrbebA] o2 HHeY 9] 61~

EN
T

=]
U

T
76% %2 1 $550] AastdciTable II).

CFTE w3t &4 &2 =9nl #8549

o $45¢ Adsis AEe nolbd =dw
448 50% A2 7E kg Fxal ICox 2 7+

opgo] Aal ZFes Hrlstdgdl, ZAkel FAHA R

CFT9 ICs 17} 267 nM& 7} whol 343 &34l
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Table II—Inhibitory effects of various neurotransmit-
ters on DAT in CV-1 cells transfected with
pRc/CMV-DAT

Neurotransmitter

Amount of [*H]-Dopamine
uptake®®(%*)
18195+ 28.7(100)

522.4+ 126.8( 28)
13794+ 65.7( 76)
1239.8+ 98.7( 68)

Serotonin 1108.4+ 113.1( 61)
Choline 1255.9+ 25.6( 69)
“All values derived from three determinations and ex-
pressed as meant SD
wValues are the amounts of [*H]-dopamine uptaked
from DAT-transfected cells for 10 min in the presence
of 50 nM [*H]-dopamine and 10 uM various unlabelled
neurotransmitters(pmole/g protein).

Control*
Dopamine
Norepinephrine
Epinephrine

‘Relative activities of that of control
“No unlabelled neurotransmitter added.

Table HHI-IC;, values(nM) of various psychotropic
drugs at the dopamine transporter

Drugs 1Cs0*(nM)
CFT 267
GBR12909 453
Nomifensine 856
Clomipramine 4642
Imipramine 7350
Desipramine 9815

* Concentrations of drugs at which 50% of [*H]J-do-
pamine uptake are inhibited.

A A

A FEF =9 % AHelsol 7 AHI Her
Hr} g9l on] 1 o8& 9 A &kl Al GBR
12909°12ic}. Tricyclic antidepressant®} =3}gl 4
Ao ZIRIFAH Reles 24 edsten, &
28 A Foll+= nomifensine®] 1 ICs*]7} 856 nME
A 7pak 742 & mua) 5 AaiA g e, 2 58
clomipramine, imipramine, 3 desipramines°]%}
tiTable 113} Fig. 2).

In situ hybridization—In situ hybridization-g& A
Alg A3t 2349 43 mRNAS] Hde =anls
Fu)she M 27} EAshs -9l AEE Ao
H-A%)5]r}, % film autoradiography 4t E3}al Fu]
A7} A ZEEe] gl S 9] substantia nigra pars
compacta®} ventral tegmental area$-$]oll 45t 73§t

an

o
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&—® GBR12008%
—W CFT

A--A Nomifensine
»-¥ Clomipramine
* & Deslprqmlnb
&--@® Imipramine

Specific dopamine uptake (%)

N\
S
\\".
0 L4
T T T T T
-8 -7 8 5 -4
log(drug[M])

Fig. 2—Inhibition of dopamine transport by psychot-
ropic drugs. DAT-transfected CV-1 cells were
simultaneously incubated with 0.2 uyM [*HJ-
dopamine and various concentrations of drugs

as described in 'Materials & Methods'.

Fig. 3—Film autoradiography showing the distribution
of DAT mRNA in the rat midbrain as revealed
by in situ hybridization. Note the intense hy-
bridization signal in the substantia nigra and
ventral tegmental area.

signale] 7% =|¢] 2™, emulsion autoradiography &
Al A)&k3L Nissl staining 2.2 A E5 o4 3}sl-&of
o5 ¥-¢l 5o M= = uba] B-u] A X 3] magnocellular
cellol| 4wt E3bul =43} mRNA7} 73& = cHFig
379
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Fig. 4—Photomicrography showing the cellular locali-
zation of DAT mRNA within coronal section of
rat midbrain. A: Sites of DAT mRNA are vi-
sualized by the clustering of silver grains over
dopaminergic magnocellular cell bodies in the
substantia nigra pars compacta. Section has
been counterstained to allow visualization of
the cell bodies with cresyl violet. B: Counte-
rstained section(control) of substantia nigra
pars compacta hybridized with *S-labeled
oligonuceotide probe in the presence of an
excess(100-fold) of unlabeled oligonucleotide.

o]7]-_g] Z-')\]QL}E ‘3-! z}i ‘g% okal e A]

]
Aol g A3 Aol 7]2)3
o] o]g] AR AGEAL A A E drhof 4] Hu]x]o]
postsynaptic membrane <830l Agsle] 1 A5
£ ALE F ok E Aol 72t A AL EA) B
o]k FE Aol s AAHAEE ANFFPo2H A
HEe Zeg Aol gled], old whlel A1A
kg el A 7]7} monoamine A7 FGEA- 9] A
3 A AEE TAXIE T8 7ol o AR 2
ek

o HAYEE A Al olsl GABA FHAE
H]%3}e] noradrenaline, serotonin % =dwl 54
#) 2] cDNA7} cloning=] ] 2.7 o]of tfj 3} o7}
gbs) Aol B Aol &3 299 4
FH AEEdE 7] 215k cloning®l L3pwl 444
cDNA®E o] AR Eal CV-1 A Foff E1)3}e]
WEHAAE g3l o o] & o]g3le] wunl
FA 715A 54& F78 Baat sl o) F
2131 CMV promotersl| 2]s] w&lo] Fx x|l
ryotic expression vector?] pRc/CMVE] Hindlll,
Notl siteAbo]ol] Ay w=u}ul =44 cDNA7} At =
) 23} plasmid pRc/CMV-DATE %] A 3}e]o.
] o] & liposomeS o] &3 vp o 2 mant 444
7 HEE ] o3 Al EQ) CV-1H ol £33 F Ge-
neticin®*2. 2 2/§1€47t 2|42 og walwl 44
cDNA7} =915l A2 5 ddsh= 238 B3 9+
Mo iyl £3AE Fdse o7y AEFE
25 7 Uk =R F54 DNAZE =905 4
EZ3 108 2tz w2 kst 3 o] 5 Algel A}
23 5 QI 2 223 wjokd 79 M EZE T vl
TEA BAE At 5o 454 g4 o
A9 AlZe] [*H]-dopamine$ 7}3te] A X2
5% ['Hl-dopamine}-& & 3to 2 H7}s}e]
dl olwj AME-E kEdell= 125 mMe] Naol&-$
EFAA FEAY FEEE YEIEE o
Eatw] 29 monoamine Al HLEAS Hasl=
monoamine oxidasel] W&+ *sf4|el pargylined
FirA7l o 2 H71el [*H]-dopamined] ¥-3] 2 3
agtstgdnh & A7 AAA 2R =iy 4
A9 £3ul $459 Koale 916 ntMEA] & o
Fof 2o wew gz xulwl $£43 cDNAE
HeLa celld]| transfection®t Kilty S-2] o172Ve]| 4] 9]

K. 21Q] 885 nM=} wlszsledch. wapwl =549 7
Aol cHgt Bl & atoli 7] $18te wialado] EA|
%A ¢+ dopamine, epinephrine, norepinephrine,
choline, serotonin-S- [*H]-dopamine3} Z-A)ef] A%
o H7}ste] [*H]-dopamines] AEZWZ 9] o]
o]l5 AAHLEA s dAvptF AHalEHeRE
BF7etsict £ d@ A Aol A vt E R s ) o
2}gt [*H]-dopamine?] AZU 29| 452 o
AL EAE} eainlef os) 713 AA3] A
gle] Talglel] Bo] A8 Holy 7oz Eisglen}

euka-
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e A% %%“é*ﬂl o3t ['H)-dopamine &2 7|54 54 F73) L1 shod v ohgah 22
Ae Ay FA)& F olg ahgF A2 AL ohdddek RS Aok

o2} e HALL Giros To A7 =8 u|E 35l
e W Ao s dubd o g ehdon, ol
Mool Eafshe wanl £EA7E o) E Al
E Aol ol HjSelx o g {5 ozH [P"Hl-dopa-
mines} £}l fdae) AEHS A e g He 7)Q7h
Ao REAFe]2 monoamine A7 APHEA 4
SA ke 72 S e S d9E
o}d 4 ol AeR Abgsich

*E]E #=9}e), amphetamine, tricyclic antidepres-
sant 52| FA4IA ool mI] FEHEA S iRl
TEeE BolHon Halshe Aow <A 9l
chasa olef edgroll A F7kQL frAbAlQl GBR

129092} CFT, tricyclic antidepressant®] nomifen-

g .

sine, desipramine, imipramine, % clomipramine ¢}
LRl pE A A HEE s Boted, moby
TEA L eyl pEe] Mefe CFT, GBR12909,
nomifensine, clomipramine, imipramine, desipra-
mines 2.3 A1 g om, o] Usding o} o2}
frAHgE Arbeich

In situ hybridization histochemistryol}4] xs}9]
4471 mRNA+ ventral mesencephalon®] % s}ul-&
sk A ’*F°“ Aduk BH s = A o® FAEg =,
ol Augood 2] 17 % Usdin 59 o<}
)

ol 5k 4 }o:lon% HoAlE] ub o Z 2 A A A of] A
EapR] Hu) M xRS SolshAl HEshe wpio
ﬂ%%?%v%”4ﬂ4

B Qe o} 7] $elvhelel 4 17} aE

A 8 il S E Aol JhgE 7] 2 el Ay
ul g w s A atslgl o) o)o B ool E Esle] &
ghal S 28k 2o fato] gl sl S0 Al
A zke] uid )4 v 2 ge] TR TAE A
sharab sk W ol E3E F ¢ e AeE

AbE ¥ o)

Hooltel e &g =uul
2171 $18l cloning¥ =s}ul
A1 24| 32l CV-1 A ol &
A T ghglsbelal o] & o]

.T__’.: iﬂ )\F]zﬂ o @%—
754 cDNAE 150)
odted mahal A w

ato] wapnl 5 A 9
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1. =549l =44 ¢DNA7} eukaryotic expression
vectorgl pRc/CMV 9] multiple cloning siteol] 4+3]
5] 2l 2 2§ plasmid pRc/CMV-DATE §159)
A1AFA| .9l CV-14) £ stable transfection?'f}oi o
FH oz b £HAS e w LT
dlen, mapdl oS Gl dat 2 T"rxdx}ﬂ
3152 92 CV-1 Ao nla] o] & A Eof4e]
Ll gl 30~50HH—‘n Hrlglglow ofd
HE AETFE FE 23 pul £ A
Sl A7 A e ss geld sk
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