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l .  Introduction

The inhibi t ion of  b iogenic amine transport  can have
profound behavioral and physiological consequences,
and accordinglv, the vesicular and plasma membrane
monoamine carriers have been recognized as impor-
tant targets for a wide variety of clinicallv important
antidepressant, antihvpertensive and psychostimulant
drugs. In i t ia l  studies of  neurotransmit ter  uptake sys-
tems in brain slices, synaptosomes and plasma mem-
brane vesicles demonstrated a varietv of activit ies that
could be distinguished not onlv on the basis of their
kinetic properties and specific ionic requirements. but
also by their sensitivir,v" to selective antasonists (re-
viewed by Amara and Arriza, 1993: Amara and Kuhar.
1993: Rudnick and Clark, 1993: Brorvnstein and Hof-
fman, 1994). A basic premise for the actions of psy-
chostimulants, such as cocaine and amphetamines has
been that these drugs act  acutelv to block t ransport .
thus elevat ing extraccl lu lar  concentrat ions of  the hio-
gen ic  amine neuro t ransmi t te rs  dopamine.  l to rc -
pinephr ine. and serotonin.  and therebv potcnt iat inu
the  ac t iva t ion  o f  pos t -svnapt ic  receptors  (F ig .  l ) .  Ps- r -
chost imulants.  such as amphctamines ulso act  on i r
c lass of  nronoamine transporters on svnapt ic vesic les

*  Cor rcspond ine  au tho r .  Fa r :  *  I  . i ( ) . 1  l t ) -1S13( ) .  e  -m l i l :

amaras(c ohsu.cdu
ABR: GABA. y-aminobutvr ic  acrd:  ( iATl .  rar t  7-aminol-rutr r ic  acic l
t ransportcr  l :  NET. norepinephr inc t ransporter :  Dr\ ' f .  dopanr inc
transporter :  SERT. serotonin t ransportcr :  VlVIAT. r  cs icr . r lur
m o n o a m i n t - '  t r a n s p o r t c r :  V A C h T .  r ' c s i c u l a r  a c c n ' l c h o l i n c
transporter :  VGAT. vesicular  7-amint ' rbun'r ic  acid t ransportcr :  DA.
dopaminel  - i -HT. serotonin.  -5-hvdroxvtrvptamine:  TM. t ransmcm-
branc  doma in :  MPP- .  1 -meth r l -4 -phcn l l pv r id in iu r t r :  N IPTP.  1 -
m e t h v l - - l - p h e n v l - 1 . 1 . 3 . 6 - t c t r a h v d r o p v r i d i n c :  C F T .  (  -  ) - l - B -
carbomethon -3-B-(  - l - f l  uorophenvl  ) t ropanc:  D EEP. I  - [2- t  d iphenr l -
methoxv)-cthvl l -a- [ ] - (  a-azido-J- iodophcnvl  )eth l  I  l -p ipc razinc :  RTI -

l i l .  3B- (p -ch lo rophenv l ) t ropane-2B-ca rhoxv l i c  ac id . ' l ' - az ido - .1 ' -
iot l t lphcnvlcthr  I  cstcr

0316-8716/ g l t /S19.(X) a l99S Els* ' icr  Scicncc I rc l lnd Ltd.  Al l  r ishts rcscn'cc l
P  I  I  5 0 3 7 6 - 8 7  I  6 (  9 8  ) 0 { ) 0 6 8 - " 1

to promote the release of stored amines into the
cytoplasm. As outlined in several of the reviews in this
volume, many complex neurobiological and behav-
ioral issues need to be considered before the biology
of psychomotor stimulant addiction can be under-
stood at a systems level. However, significant insights
continue to come from investigations into the funda-
mental biology of the transporters themselves. This
review rvill focus on recent developments in our un-
derstanding of the structure, mechanistic features and
physiological contributions of monoamine transporters
as thev relate to the actions of psychostimulant drugs
of abuse.

Two gene families are involved in the transport of
the biogenic amines the Na*/Cl--dependent
plasma membrane carriers and the H*-dependent
vesicular amine carriers. Molecular cloning studies
have demonstrated that the plasma membrane
transporters for the monoamines, such as nore-
pinephr ine (Pacholczvk et  a l . .  1991),  dopamine (Giros

c t  a l . .  1991:  K i l ry 'e t  a l . .  1991:  Sh imada e t  a l . ,  1997;
Usd in  e t  a l . .  1991) .  and sero ton in  (B lake ly  e t  a l . ,  1991:
Hoffnran ct  a l . .  l99l)  are members of  a large fami ly
ot '  Na 

-  
/Cl--dcpendent t ransporters which also in-

c ludes the carr iers for  GABA. prol ine,  g lycine, crea-
t inc.  betainc.  taur ine and other organic substrates
(rcvierved b'n' Amara and Arcrza, 1993; Amara and
Kuhar.  1t)93: Rudnick and Clark,  1993: Brownstein
and Hoffman. 1994). A universal feature of this class
of transport protcins is that substrate entry is coupled
to the inrvard cotransport of sodium ions, which pro-
r idc the cnergetic driving force for accumulation
rvithin the cell. A second structurally distinct group of
carricrs catalyzes the movement of monoamines from
the cvtoplasm into secretory and synaptic vesicles. For
these ves icu la r  n ronoaminc-  car r ie rs .  subs t ra te
transport  is  thermodvnamical ly coupled to the out-
i l 'ard mo\cnlcnt of protons across the vesicle mem-
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Fig. l. Transporter proteins invtllved in thc uptake of dopamine. Na*- and Cl--dependent transporters for dopamine are localized in
dopamincrsic ncurons thttugh nttt exclusivelv near sites of neurotransmitter release. The DAT uses the energy stored in the sodium gradient
scncratcd across the plasma membrane by the Na*/K--ATPase. Neurotransmitters diffuse across the synaptic cleft to bind to their
respcctivc reccptors. Both diffusion and transport act to decreasc extracellular concentrations of neurotransmitters, thus limiting the
st imulat ic tn of  receptors.  Once thc neurotransmit ter  is  t ransported into the cel l ,  i t  can be taken up into vesic les by VMATs which can be
present on Lroth large dense core 

"'esicles 
and on small svnaptic vesicles. VMATs energeticallv couple monoamine transport to the proton

electrochemical  gradient  across the vesicular  membranc.

brane (Edwards. 1992: Schuldiner. 1994: Liu and Ed-
wards, f997).

The molecular characterization of plasma mem-
brane carriers began with the purif ication, amino acid
sequencing and cloning of a rat GABA transporter
(GATI) (Guastel la et  a l . .  1990) and was extended
rvith the expression cloning of the human nore-
pinephr ine t ransportcr  (NET) (Pacholcryk et  a l . .
1991 ) .  A comparison of  the predicted amino acid
sequence of  GATI and NET rer,ealed a high degree
of sequence homologv which became the basis for
identifuing cDNAs encoding the dopamine (DAT) and
serotonin (SERT) transporters. Although at least four
different subtypes of GABA carriers have been iden-
t i f ied (Liu et  a l . ,  1993) the three biogenic amine
transporters, NET, DAT and SERT, appear to be
encoded by single _qenes. Sequence-based predictions
have been made for the transmembrane topologv and
structure of the different family members. but the
proposed models have not been fully verif ied bv ex-
periments. Based on analvses of hydrophobicity, pro-
teins in the Na t  -  and Cl--dependent t ransporter
fami lv are best descr ibed hv a model wi th 12 trans-

membrane domains (TMs), intracellular amino- and
carboxyl-termini, and a large extracellular loop with
multiple N-linked glvcosvlation sites between the TM3
and TM4 (Briiss et al., 1995; Vaughan and Kuhar,
1996: Clark. 1997: Hersch et al., 1997) (Fig. 2). Mem-
hers of the Na-- and Cl 

--dependent 
transporters

have no close sequence similarit ies with any other
major carrier familv. including the excitatory amino
acid transporters that catalvze the transport of gluta-
mate in the vertebrate CNS (Amara and Arrrza, 1993:
Attwell and Mobbs. 1994).

2. Vesicular monoamine carrier familv

A novel expression strategy was uti l ized for the
cloning of a monoamine carrier (Liu et al., 1992b).
The expression of a vesicular monoamine carrier con-
fers resistance to MPP*. the toxic metabolite of MPTP
( 1-methyl-4-phenyl-1.2,3,6-tetrahydropyr id ine) by se-
questering MPP 

- 
into vesicles, thereby l imiting the

toxic actions of thc compound on mitochondrial func-
tion. This properlv became the basis for selection of
cel ls expressing a cDNA encoding a vesicular

A
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Fig. 2. Proposed topologv and structural features of (A) the dopamine transporter (DAT) and (B) a vesicular monoamine transporter
(VMAT). As predicted by hydrophobicity analvses of the predicted protein sequences. the both carrier families have 12 TMs with N- and
C-termini within the cvtoplasm. Large glycosvlated extracellular loops are present befween TM 3 and 4 and TM 1 and2 in DAT and VMATs,
respect ivelv.

monoamine transport activity exhibit ing high affinitv
for multiple monoan)ine neurotransmitters, a depen-
dence on the proton electrochemical gradient and a
characteristic sensitivitv to pharmacological agents.
such as reserpine (Liu et al., 7992a. Lin et al.. 1996).
This family has since been expanded to include two
distinct vesicular monoamine transporters (VMAT1

and VMAT2) (Erickson et a1..1992: Liu et al., 1992a.b;
Erickson and Eiden, 1993) and a cDNA encoding a
vesicular transporter for acetylcholine (VAChT)
(Roghani et al., 1994; Varoqui et 31., 1994). Hy-
drophobicity analyses of the predicted vesicular
monoamine carrier proteins suggest a topology of
12-membrane spanning domains and a large luminal
loop berween the first and second transmembrane
segments (Fig. 2). VMATl and VMAT2 differ in their
substrate selectivity and inhibitor sensitivity. The neu-
ronal VMAT2 exhibits a higher affinity for monoamine
substrates, particularly histamine. and has a greater

sensitivity to the inhibitor tetrabenazine than the
non-neuronal VMATl.

Serotonin, norepinephrine, dopamine and his-
tamine can all serye as substrates for the vesicular
monoamine transporters. These carriers are the sites
of action of reserpine and tetrabenazine and have
long been implicated in the depletion of vesicular
m o n o a m i n e s  c a u s e d  b y  a m p h e t a m i n e s .  A m -
phetamines have complex actions that interfere with
both vesicular and plasma membrane monoamine
transporters. Amphetamines enter the cell as subs-
trates of the plasma membrane carriers but they can
also cross the plasma membrane by lipophilic diffu-
sion. Once in the cell, amphetamines and other re-
lated B-phenethylamines act directly on the vesicular
monoamine carriers, exchanging with the vesicular
pool of amines (Fischer and Cho, 1979). Several re-
ports suggest that amphetamine-like compounds may
also act indirectlv bv a weak base mechanism to



cl issipate thc r ,esrcr.r lur  pH grucl icrr t  und furtht : r  cxac-
c rba tc  vcs ic le  dcp le t ion  (Su lzer  and Ravpor t .  1990:
Su lzer  c t  a l . .  1993)  though umphctarn ines  are  l l so
subs t ra tcs  o f  the  VMATs (Schu ld incr  e t  a l . .  1993:
Pcter et  a l . .  199- l ) .  Thc rcsul t ing c ' lcrat ion in o ' to-
plasnr ic nronoaminc conccntrat ions lcad to condi t ions
that favor an enhanced ef f lux of  o ' toplasnr ic neuro-
transmit tcr  resul t ing f rom a plasma menrbrane
transporter-mediated exchange as al ternat ive subs-
trates (e.-q.  amphetamines) arc imported into thc cel ls.

Recent l r ' .  a r , 'esicular GABA transporter has bccn
i d e n t i f i e d  a s  t h e  p r o d u c t  o f  t h e  n e n r a t o d e
Caernrlrubtl it is elegans unc-4J gene (Mclntire et al..
1997).  Character izat ion of  the protc in and i ts rat
homologue (TVGAT) reveal  a new fami lv of  vesicular
ncurotransmit ter  t ransporters rvhich has only l0 puta-
t ive TMs and. in contrast  to the VMATs. a rc lat i 'u 'c lv
greatcr dependencc on the clectr ical  (  l { /  )  than on
thc '  chemica l  ( l [H  ] )  componcnt  o f  the  vcs icu la r
protor l  gradicnt .

3. Lessons fiom transporter knockouts

Cocaine is i . r  moderatc lv potcnt antasonist  of  a l l
th rce  b ioccn ic  aminc  t r rnspor tc rs .  bu t  thc  udd ic t i rc
and euphor ic propcrt ics c l f  thc c l rug har, 'c  heen at-
t r ihu tcd  to  inh ib i t ion  o f  dopaminc  rcuptake in  thc
nuc leus  accumbens and o thcr  tu rge ts  o f  the  nreso l in r -
bic dopanr ine srstcnr.  This l 'ocus on the clopanr inc
transportcr  as thc '  pr inrun t i . r rgct  ior  the ef fects of
cocaine has becn supportcd l r )  scl f -administrat iorr
studies.  in ivhich reinforcing propcrt ics of  cocainc ancl
related drugs correlate rv i th their  potencies at  inhihi t -
ing I tH]mazindol  b inci ing to dopamirrc.  but  not scrc-
ton in  o r  norep inephr inc  t ranspor tc rs  (R i tz  c t  l l . .
I937).  Horvever.  addi t ional  phvsiolouical  uct ions t r1 '
coca ine  n l r r  a lso  bc  dc tc rminc 'd  b1 '  thc i l  ub i l i t r  t t r
b lock othcr nronoarninc tnu"rsportcrs.  f ror  erunrplr- .
thc c lcvl t ions of  Lr lood prcssLrrc arc large h thc consc-
r luenccs ot '  increasecl  svnrputhet ic tonc c l rusct l  l r r  lc-
up take  b lockadc  a t  l ro th  pcr iphcru l  t to ru r l rcnc lg ie
svnapscs and noraclrcne rgic tcrnt inals u, i th in cr i t ic ; . r l
l ' r ra instcm nuclc i .  , {s u, i l l  bc c l iscusscd bckr, , r .  i .ur-
phetanr incs i r rc sorr ieu' l rat  d i i ' l 'crent in thcir  rnccl l r -
r t ism ol 'act ion as thcr. '  intcract  i l ' i th both thc vesicul l r '
and plasnra nrcmbranc amine transport  s\stc l t ' ls .

Cocaine raises ertracc- l lu lar  concentrat ions of  rk l -
pamine rvhich.  in turn.  cun act iv l r te reccptr t rs over
rv ider distances and longe r  r lurat ious thun ulc nornral .
These studies havc formcd thc basis t 'or  the dopanr inc
hvpothesis of  psvchomotor st inrulant act ion and sup-
por t  the  no t ion  tha t  inh ib i t ion  o l  dopaminc  rcuptakc
is the pr imar.v mechanism mediat ing sel f -adrninistra-
t ion of  cocainc and other psvchonrotor st inr t r l ; . rnts
(R i tz  e t  a l . .  l9 t i7 :  D i  Ch iara .  199-5 :  \ \ ' i sc .  1996) .  . ' \
fornial  c lcnronstrat ion of  thc s igni f icancc t , r t '  thc DAT

to thc act ion of  cocainc and amphetamines has come
l l 'onr thc generat ion of  a t ransgenic mouse l ine in
w'hich the DAT gene has been deleted by targeted
disrupt ion (Giros et  a l . .  1996).  The str ik ing hyperact iv-
itv associated with this mouse strain mimics some of
the most salient behavioral actions of psychostimu-
lants. Furthermore, the locomotor behavior and rate
of dopamine clearance observed in homozygotes are
not altered by cocaine or amphetamine administra-
tion, providing additional support for the importance
of the DAT as an obligate target for these stimulant
drugs of abuse. In addition to a markedly enhanced
persistence of dopamine in the extracellular space,
homozvgotes display several profound neurochemical
alterations in the nigrostriatal dopaminergic system,
including a decrease in the releasable pool of do-
pamine. a decrease in the number of D, autorecep-
tors and a decrease in the content of tyrosine hydrox-
vlase, the rate-l imiting enzyme in dopamine synthesis.
Dctailed examination of dopamine release and up-
take in the nucleus accumbens has not been com-
pleted in homozygote mice, however, such studies are
likely to provide further insight on the contribution of
DAT to processes associated with addiction. Interest-
ingl.u", deletion of the DAT also leads to anterior
pituitan' hvpoplasia, dwarfism, and an inabil ity to
lactate. all apparent consequences of the elevated
dopamine concentrations which reduce the hypotha-
lamic content of growth hormone-releasing hormone
ancl down-regulate the dopamine receptors on pitu-
itarv lactotrophs (Boss6 et al., 1997).

A more detailed examination of amphetamine ef-
fects in the DAT knockout mice has provided additio-
nal support tor the importance of DAT for the releas-
irrc uction of amphetamine in dopaminergic neurons
(Jones et  a l . .  1998).  Ertracel lu lar  dopamine concen-
tnrtions. as dctcrminc-d bv microdialysis in freely mov-
inq aninruls.  do not change af ter  amphetamine admin-
i \ tnr t ior l  in nr icc l r rckine the DAT. but increase 1O-fold
in  w i l t i - t rpe  r r r i cc .  S imr la r lv .  vo l tammet r ic  measure-
nlcnts o1'cr t raccl lu lar  dopamine in str iatal  s l ices show
lrnrphctanr int ' - induccd increases onlv in s l ices f rom
rnicc that  havc- ln intact  DAT gene. However,  e leva-
t ion o1' thc o ' toplasmic dopamine concentrat ion alone
tklcs not appelrr sutficient to cause efflux: when a fast
lct ing rescrpine- l ikc compound is used to displace
tloparninc t 'rom the vesicles in wild-type animals, efflux
is rrot  c lbsen'ed unlcss amphetamine is added. In the
lrbscncc of  thc plasma membrane carr ier  am-
phcturninc c iur  st i l l  d iminish st imulated release, con-
,s istcnt  rv i th the drugs enter ing the cel l  by l ipophi l ic
di l ' lusion i . rcross the plasma membrane and subse-
qucnt lv  caus inq  r  e  s icu la r  dep le t ion .  Never the less .
Dr\T is reclLr i rc 'd for  lmphetaminc to promote do-
purninc c l ' f lur .
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4. VMAT-2 knocknuts - supersensitivity and quantal
release

The targe tcd disrupt ion o1'  t l ic  ge nc encoding
VMAT2. the prcdominant ' r 'esicular monclant inc car-
r ier  in brainstcnl  and nr idbrain re_gions. not ol lh con-
firms thc importance ot' VMAT fur bc:havior and
monoamine content but also reveals the t ight  l inkage
bctween transporter cxpressiolr  and the amount of
neurotransmit tcr  stored within cach svnapt ic I 'esic lc
(Forr et al., l t)91'. Takahashi ct al., l9()7: Wang et al.,
19971. Al though their  brains appear grosslv normal
and nronoamincrgic ccll group and pathwa)'s appear
indistineuishable l 'ronr rvild-tvpe l ittermates. nelvborrr
homozy'gcltes shorv decrcased spontaneous motor ac-
t i r i t r ' .  feccl  poor lv and die rv i th in a few'  davs af tcr
bir th.  Both monoaminc storage zrnd vesicular rc leasc
are sucrclv impaired. but amphctamine promcltes
dopaminc rc lease and. in v ivo,  incrcases mor,ement.
i rnprores l 'eccl ing and al lows the nr icr--  to sun' i rc-  for
Io r tgcr  per ioc ls  o f  t in te  (Fon c t  a l . .  1997) .  These v iv rd
exper inrcr l ts sLrggcst i j 'neurohunroral '  contr ibut ion o1
dopunr inc in mcl tor  control  that  is  consistcnt  wi th
thcrupics for  Purkir . lsort  s diseasc which c lcvate thc:
ar ai labi l i t r  of  doprrnr incrgic ugonists in a c l i f fusc fash-
ion .  Fur thernrorc .  thc  ind ica t ion  tha t  amphetanr rne
can st inrulatc-  dopant inc cf f lu.r  in t l ic  lbse ncc o1'r 'esic-
ular storcs l l ' f i rnrs thc importancc of  thc plusnur
membranc D,\ ' f  rn thc drug's r-rctr t ru.

I  n  i re te  rozr  gous  udu l t  m icc .  c r t racc l lu la r  s t r iu tu l
doprnr ine  lcvc ls .  as  r i c l l  as  K  -  and an tphc tarn inc-
st in iu latcd dopanr inc rch-asc are dinr in ishcd. but t l i r - :
nr ice sholr  a dranrat ic adapt ivc supcrsensi t i r  i t r  to thc
locorr iotor c l ' fccts of  aponrorphinc.  cocuine .  i inr-
phc tanr inc  and c ' thano[  ( \ \ ' ans  c t  u l . .  1997) .  ln  ad t l i -
t ior t  thc \ ' \4.- \ - l ' l  hctcroz\golcs t lo r l t ) t  derclop ut i t l i -
t to t l r l  \e  n \ i t rz ; . r t ro r . t  t t l  l cpe  l r t c t l  l rd r t r in r \ t l  l r t i r )n  t ) l  co-
c t i i n c . . \ n o l l t e r  u r t r L r l )  t r b s c r r e t l  t h l t  i n  t l t e  h e t c r t l z r -
gou:  \ ' \1 . \  [ - ]  knockout .  r i r r t l thc t l r tnmL '  c f ] i r iu lce  t i  i r rco-
nro t ( ) r  bc i r l i r  io r  i r r r t  t l tn r in i t i re  t l  i re  i i ' r r  ro r l i  rc \ r ; r r r i  r i r
tnclrsurct i  in l r  cont l i t  iotr . ' r l  p luct '  1t t  e t 'e t 'e r tce te :1
( ' l -ukuhrrshi  e I  . r1. .  I  ( / ( ) l  ) .  \ \  hcn cr) f i )p i .u 'dt l  u r t i r  t i tc
r r  i ld - t i  pc  s t r i r in .  \ ' \ { . \ l - i  hc tc rozr  go tc :  l l r r  e  l ru l l  t l r c
\ ' \4AT l  p ro te  in .  hu l f  thc  n ronor r r i r re  cor l t cn t .  l rnd  l t r l l '
thc  V 'N, { ' \T  l c t i r  i t r .  ( 'u l tu re  s  l r r t t l  s l i cc  [ r rcpr r i r t r ( )n :
f rom nr ic lbruin regiorts ol '  thcsc nr icc rc lca\e l r l )pro\ l -
rn l r tc lv  hu l t ' l r s  much c lopaminc  us  thc i r  no l r t . r r l  l i t t c r -
n r i r t e s .  s u g g c s t i n s  t h u l  t h c  r a t c  o l ' r ' c : i c l r ' r c c r c l i n g
ercccds  thc  ra tc  o t ' r ' cs ic lc  h l l ing .  o r  a l tcnur t r re  h ' .  l l t i r t
a reclucccl  numbcr ot '  r 'c-s ic lcs l ' turc V'N, lAl-  I l rcscnt
(Fon c t ; - r1 . .  IV t l71 .  [Jccausc  ncunr l  l i c t i r i t v  t l c tc r t t t i r t cs
t l t c  n r tc  o l '  r  cs ic lc  rcc_rc l i r rg .  t l r c  n i t t s t  sL tp t ' i s t t t c  i r r rp l i -
cat iorr  ot '  the sc t int i i r rgs is that  thc sr  stcnr () l tcr i l tc :

ncar l r  sct  1- lo i r t t  ' , lhcre t tcurot l t l  i ic t i r i t i  ut t t l
t ransportcr  erpre ssion clr r ' l  i r r t lue r tcc r lL l i tnt i . r I  s i / , r :  .

5. Structure-function relationships and drug action

Thc sequence conseryation among the transporters
for clopamine and norepinephrine has guided the
studv of transporter functions. Studies of site-specific
transporter mutants and chimeric proteins have
pointcd to amino acids and domains involved in subs-
trate specificity and psychostimulant interactions. The
analysis of chimeras has provided correlative informa-
tion on the domains that contribute to the unique
properties of each carrier, such as its specificity for
ditferent substrates or its sensitivity to selective in-
hibitors. For the monoamine transporters, chimeric
proteins have been constructed from domains of DAT
and NET (Buck and Amara, 7994, 1995; Giros et al.,
1994) and from human and rat SERT (Barker et al.,
1994: Barker and Blakelv, 1996). Although the func-
tional domains are neither fully defined nor spatially
determined, the evidence collectively indicates the
importance of amino acids in transmembrane regions
l-3 and transmembrane regions 9-ll for substrate
affinit"'. while sequences in transmembrane regions
5-8 contribute to substrate translocation efficiency
and inhibitor interactions (Buck and Amara, 1994,
1995: Giros et al., 1994\. Other results using SERT
chimeras befween human and rat homologs indicated
that the comparatively higher affinity of the human
transporter for tricvclic antidepressants could be at-
tributecl to a region which is C-terminal to TM7, and
that for imipramine itself. may be ascribed to any of
fi i 'e ciivergent anrino acid residues in TM12 (Barker et
al . .  1994).  Further pursui t  led to ident i f icat ion of  a
single anrino acid. 586 (phenylalanine in hSERT, va-
linc' rn rSERT) as being a principal determinant for
t l r is  af f in i t -v di f ' ference (Barker and Blakely,  1996).

Mutagenesis of  s i tes conserved among monoamine
transprortcrs hrrs suggested the differential importance
o1 rpcc i f i c  rcs i t lucs  in  TN{ l  (D79)  and in  TM7 (5356,

53-r t t1 1n thc nr l  D,Al '  for  uptakc funct ion and tor
h in t l rns  thc  coc l i inc  un l r logue CFT.  Rep lacement  o f
, rn  r r : i x r f r tc  rcs id l rc  u i th in  

- f lV I l  (D79)  w i th  a lan ine
or s l rc inc lo iv 'crccl  thc binding af f in i tv of  I rH]Cm bv
\c \c l t -  to  l ( ) -1 i r ld  u ' r thout  l t t fec t ing  i t s  8n , , , . * .  These
n.rr-r tut ions ulso reduccd the apparent af f in i ty for
[ ' l l ]D. \  uptukc i rncl  stronglv rcduced i ts l 'n, . ,* .  but
thcir  nrorc str ik ing cf fcct  was to lorver the potency of
do l ranr ine  fo r  inh ib i t rng  [ 'H ]CFT b ind ing  by  >20-
told.  ln contnrst .  nrutat ions of  ser ine residues in TM7
nrrr in l r  u l ' fcctccl  substratc t ranslocat ion and had l i t t le
cf fcct  on binding of  [ ' t { ]CFT: rcplacement of  ser ines
3-5h : incl  3- i9 rv i th alanine or glvcine substant ia l ly
rcduccr l  thc  I , , ,  ,  fo r  [ 'H ]DA t ranspor t  (K i tavama e t
r t l . .  I9q l )  w 'hcrcus  a l i rn inc  subs t i tu t ions  fo r  res idues
- l - i ( t  r ind 35i  prcfcrcnt ia l lv  e lcvated the Vn ̂,  of
[ ' t l ] l r4 l ' l '  tnu lspor t  (K i tavamu e t  a l . .  1993) .  These
rr l ' r591- l  at ions suggcst thut  i t  is  possible to part ia l ly

9 1
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dissociate some transporter domains affecting translo-
cation from others influencing both cocaine analog
binding and substrate movement. The data which
have been nost sought after - but not yet found -

is the evidence for structures which strongly modulate
cocaine analog binding but affect neither dopamine
recognition nor translocation. If such results were
found, they would lend credence to the idea that a
cocaine 'antagonist' might be identified which would
not itself elevate extracellular dopamine levels.

Interestingly, even though the D79A and D79G
mutants strongly affected the binding affinity of both
CFT and dopamine (Kitayama et al., 1992), recent
chemical structure-activity studies suggest that what is
in common is not a direct ionic interaction of the
wild-type aspartate with positively charged amine
groups in both dopamine and cocaine. Analogs of
cocaine lacking a protonated nitrogen either due to
N-sulfonyl substitution (Kozikowski et al., 1994) or N
replacement (Meltzer et al.. 1997\ sti l l  potently block
both dopamine uptake and transport-inhibitor bind-
ing by DAT.

In a few regions, site-directed mutations in residues
conserved between biogenic amine transporters have
revealed comparable changes in function. A pair of
conserv'ed cvsteine residues in the large extracellular
loop berween putative TMs 3 and 4 appears to form
disulfide bonds in both rDAT (Wang et al.. 1995) and
rSERT (Chen et al., 1997:. Sur et al., 1997). Mutation
of either of the two residues results in a diminution of
expression due to problems in trafficking of the
transporter to the membrane, but replacement of
both cvsteines with serines appears to alleviate this
deficit. In TSERT. the double mutant C200S-C209S
can be biotinylated at the cell surface to a similar
extent as the wild-type transporter, however. it also
displays deficiencies in cocaine analog ( B-CIT) bind-
ing and 5-HT transport  that  mav be at t r ibutable in
both cases to decreased affinit ies for sodium ions
(Chen et  a l . ,  1997).  This is the f i rst  report  suggest ine
that the large ertracel lu l i i r  loop contr ibutes to l igand
or ion binding or substrate translocation bevond regu-
lat ing the level  of  expression. Ear l ier  studies had
demonstrated that mutat ions in the large cxtracel lu lar
loop of  hNET inf luenced expression. but these muta-
tions prevented glycosvlation of the loop and inhib-
ited trafficking of transporters to thc cell surface
(Mel ik ian et  a l . ,  1996: Nguyen and Amara. 1996).

A more classical photoaffinity labeling strategv has
also been used to studv the structure and function of
the DAT from rat striatal preparations. Two radi-
olabeled photoaffinity l igands react covalently with
different regions of rDAT, presumablv within trans-
nrcnrbrane domains.  The reagent I r r : I ]DEEP (based

on the flexible GBR se-ries of DAT ligands) incor-
poratcs into the N-te rminal  hal f  of  DAT r ,vhcreas the

phenyltropane derivative [ '2sI]RTI-82 (which more
closely resembles cocaine) labels a distinct, more C-
terminal region (Vaughan and Kuhar, I99O. Based
on peptide-directed antibodies, trypsin proteolysis and
carbohydrate digestion data, the authors show that
[r25I]DEEP incorporates into a peptide that termi-
nates before TM 3 whereas [t25l]Rtt-82 labels a
region comprising TMs 4-7. Nrhough there are sev-
eral caveats to the interpretation of the results of
photoaffinity labeling, these data support the possibil-
ity that different classes of DAT inhibitors bind to
distinct regions of DAT. In light of data showing that
several potent inhibitors of DAT have quite different
potential for abuse, it is intriguing to entertain the
possibility that such differences in addictiveness could
result from interactions with distinct domains of DAT
(Rothman and Glowa, 1995).

Structure-function relations of the VMATs have
been explored extensively by chimeric and site-di-
rected mutagenesis strategies. After the recognition
that TMs 5-8 and 9-72 from VMAT2 are both re-
quired to confer VMAT2-like pharmacolory to
chimeric constructs (Peter et al., 1996), a hunt was
made to identify key residues contributing to sero-
tonin, histamine, dopamine, tryptamine, and tetra-
benazine sensitivity by substituting VMAT1 residues
into a VMAT2 background (Finn and Edwards, 1997,
1998). Though it was found that some single amino
acid substitutions could switch the affinities for partic-
ular l igands, these studies reveal that the relation
between transporter structure and function is highly
complex. Not only was it found that multiple residues
could contribute to individual functions, but also that
particular residues were determinants in multiple
processes. Furthermore, work on VMATs also de-
monstrate that the interactions between transmem-
brane domains are important for function (Merickel

et al.. 1991).

6. Transporter-mediated currents and drug actions

Monoamine transport across the plasma membrane
involves the cotransport of additional ions along with
neurotransmitter. Depending on the net charge of
substrates and ions translocated, the process could be
erpected to be electrogenic. Estimates of the ionic
stoichiometry of monoamine carriers have come pre-
dominantly from experiments measuring the ionic de-
pendence of init ial rates of substrate transport. Ear-
lier work examining the ionic dependence of activa-
tion of []H]substrate transport provided data consis-
tent with ion stoichiometries in which norepinephrine
and serotonin are cotransported with one sodium and
one chloride ion. whereas dopamine is cotransported
with two sodium ions and one chloride ion (Rudnick

and Clark, 1993). In mammals, serotonin transport
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also appears to involve a countertransported potas-
sium ion which. in principle, rvould make the transport
cvcle electroneutral. Holvever, electrophysiological in-
vestigations of neurotransmitter transporters reveal
that all are electrogenic and that their electrical be-
haviors are considerablv more complex than would be
expected from a simple picture of  cotransport  of  Na-.
Cl . and substrate (reviewed bv Sonders and Amara,
1996: Lester et al.. 1994).

Cloned neurotransmitter transporters have been
studied directly using voltage clamp techniques to
assess macroscopic currents in heterologous expres-
sion systems including Xenoptts laeris oocytes and
mammalian cells. Substrates were seen to elicit trans-
membrane electrical currents. referred to as 'trans-

port-associated currents' that are dependent on the
presence of  extracel lu lar  ions Na* and Cl- .  Current
measurements wi th the c loned biogenic amine
transporters demonstrated that more charge moves
during transport than would be expected for stoichio-
metr ic coupl ing of  dr iv ing ions and substrate
molecules - in some cases onlv slightlv more though
in other cases. hundreds of  fo ld greater charge than
substratc flux. Using Xenopus oocytes to express
TSERT. Mager et  a l .  (1994) found that measurements
of I rH]serotonin uptake velocirv and serotonin-et ic i ted
currents in paral le l  oocvtes v ie lded rat ios of  5-12 net
charges per serotonin molecule t ranslocated. Concur-
rent measurements of  dopamine uptake and of  do-
pamine-elicited currents in single hDAT-expressing
oocytes also erhibit net charge/substrate flux ratios
in excess of  those predicted bv i ts putat ive coupl ing
stoichiometry of  DA-/2Na- / |Cl-  (Sonders et  a l . ,
1997).  Gal l i  et  a l .  (1997) have examined the Dro-
sophila SERT using similar techniques and report
large discrepancies betw,een charge and serotonin flux.
Large disparit ies betwcen charse and substrate flures
have also been ohsen'ed in HEK-293 cel ls stabh'-
t rans fec ted  rv i th  hNET (Ga l l i  e t  a l . .  1995)  and w ' i th
hSERT (Qian et  a l . .  1991).  These studic 's indicate the
cxistence of  currcnts that  are act i r . 'ated bv substrate.
but arc not accountcd t t l r  b l  thc apparcnt stoichiome-
trv of  substratcs and zcosubstrate ions dur inq t ranslo-
ca t ion .

fh is dissociat ion bef i .veen charge and substratc
movement suggests that  t ransporters share some ot
the character ist ics of  l igand-gated ion channcls (see

a lso  L in  e t  a l . .  1996:  Ga l l i  e t  a l . .  1997) .  The ana logv
bc trvee n t ran sporte rs and ch an n e ls is fu r th e r
s t r e n g t h e n e d  b y  t h e  o b s e n ' a t i o n  t h a t  s e v e r a l
t ransporters manifest  macroscopic currents that  are
thermcldvnamical ly 'uncoupled'  f rom substrate t rans-
locat ion per sc.  Str ik ing examples of  t ransporters
ll 'hich give rise to uncouplcd currents can bc l 'ound irr
the exci taton'  amino acid t rar tsportcr  (EAAT) fanr i l r
which displav anion f lurcs that  arc sated trv sub-

strates. such as glutamate and aspartate, yet the an-
ions that comprise the current are unrelated to the
cotransported ions required for substrate transloca-
t ion (Fairman et  a l . ,  1995).

Additional currents that have been described for
biogenic amine transporters include ' leak' and 'tran-

sient'currents. Leak currents are also uncoupled from
substrate translocation since they can be observed in
the absence of any substrate and yet are blocked by
transporter ligands, such as cocaine for DAT, fluoxe-
tine for SERT, and desipramine for NET. Transient
currents are thought to arise from Na * ion binding,
conformational change, and/or ion flux in response
to step changes in membrane potential (Mager et al.,
1993, 1996; Lu et al., 1995). Some studies have re-
vealed that the ionic and pharmacologic sensitivities
of the transient (Mager et al., 1994) and leak currents
(Mager et al., 1994; Galli et al., 1995; Lin et al., 1996;
Cao et al., 7997; Sonders et al., 1997\ are distinguish-
able from those of the Na/Cl-dependent transport-
associated currents. For instance, leak currents of
hDAT and rSERT appear to be predominantly car-
ried by protons while the rSERT is also somewhat
unique in that part of its transport-associated current
is carried bv protons (Cao et al., 1997). Though it is
not yet known whether transporter-regulated ion
fluxes have physiological consequences, electrophysio-
logical studies have revealed unanticipated complexity
in the function of neurotransmitter transporters. Such
tools allow transporters to be investigated with higher
resolution than other methods presently used, and
thcv mav facilitate the development of therapeutic
agents
tailored to modulate very particular transporter ac-
tions as our appreciation of carrier mechanisms im-
proves.

What other functions could additional conduc-
tances associated with transporters have? Two intrigu-
ing papers suggest that the transport-associated cur-
rcnts mediated by electrogenic GABA and glutamate
transporters may themselves trigger intracellular sig-
naling. One group has reported that GABA-evoked
transport currents in isolated skate retinal horizontal
cells are of sufficient magnitude to depolarize the
cclls and cause the opening of voltage-sensitive cal-
c ium channels (Haugh-Scheidt  et  a l . ,  1995).  In the
GH3 pituitary cell l ine, others have demonstrated
that entn of glutamate through a sodium-dependent
transporter was also capable of causing an influx of
calc ium (Vi l la lobos and Garcia-Sancho, 1995).  In both
studics,  the invest igators demonstrate that  the
pharmacological and ionic-dependence of dihydro-
pr ridinc-scnsitive calcium entry was consistent with
the actions of substrate acting at transporters rather
than at  c l ther receptors.  Taken together these studies
sLlpport  the hvpothesis that  t ransporter-mediated cur-
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rcnts.  gcnerated ei ther by cotransport  or  by the exts-
tcnce of  thermodvnamical lv uncouplcd conductances.
can al ter  membrane potent ia l  and suggcst a greater
d i re rs i tv  o l '  ro lcs  fo r  neuro t ransmi t tc r  t ranspor te r  in
rcqulat ing the act ion of  neurotransmit ters in the CNS.

7. Summary

The neurotransmit ter  dopamine l ies at  or  near the
center of  current theor ies of  drug abuse and depen-
dence. Mult ip le l ines of  evidence indicate that  do-
paminergic cells play key roles in a variefy of moti-
vated behaviors. Accordinglv, it is not surprising that
cocaine and amphetamines - some of the most widelv
used i l l ic i t  drugs -  e levate extraneuronal  dopamine
concentrations through their actions on the plasma
membrane dopamine transporter. From the point of
view of developing novel pharmacological interven-
tions for the treatment or prevention of psychostimu-
lant abuse. pract ical  benef i ts mav ar ise f rom an im-
pro'n 'cd understanding of  ho'ul '  neurotransmit ter
t ransporters operate and horv drugs interact  lv i th
them.
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