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S UMMA1tY

Wimeni ouabaimi and labeled serotommimi (m4C�5�I IT) 0)1’ muorepintephmt’ine (31I-NE) ate sinmiul-

taneously intm’oduced iumto) a suspeumsioni o)f isoilmuted uiem’ve enudinugs (svnuaptosonmmes) in Ki’cbs-

bicam’homiate soiutiont, the ituitial accuummuiati()n of 311-NE by the s�’mimtptosommies l)m’iio’eeds for
a few mmminutes, theni ai)ruj)tly stops. Wheni ouabaimi is first incubated with synimiptoisimunes iti

the absence of substrate, time initial aceummmulation of ‘4C-5-iIT subsequemitlv added is blocked.

Thus, mmlapse of timmme is required for time inmhibiton’y effect of oinmtbaiui to develop. Momm’eover,

Na+ must also be pm’esenmt with the oiuabain. 1mm contrast, oumubmitmi iuihibits (Nmu� + K�’)_

ATPase activity immmimiediately. It appears, theref ne, that oumtbaimu blocks time aeeumtuulation

of amine by atm indirect process resultimmg fm’ommithe imuimibitionu oif (Na� + K+)_,%Th)mLs(!. The
indirect process requires Na� and is probably the increase mm time immtm’acehlulat’ Na�’ o’omueentm’a-

tiomi which occurs iii the preseumee of ouabaimm.

INTRODUCTION

Recemmt studies have simowum timat so(lium

iomms are esseumtial for the uptake amid stom’-

age of tritiated umorepinephrimme I OTT_NE)

by sympathetic mmem’ve endings mm the rat
heart (1-4). Mom’eover, timese Na�-stimmmu-

hated processes are conmpctitively immhibited

by K#{247}(5). Time uptake and storage of both
‘H-NE and labeled scrotonin (14C-5-HT)
by rat. brain synaptosomes (pinched-off
mmerve endings) also require Na�, and timese

processes likewise are inhibited by K� (6,

7). Our findings have led us to postulate

that catecholamines are transported across
time neuronal menmbrane by a transport
mechanism involving a carrier having a high

affiumity for time amiume at time outer nemuronal
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ummemimbraume suu’facc, �vhmere time Na� commeen-

tm’atioum is higim amid tue K� commcemitm’ation is

low, and a low affimmity for time anminc at the
inmnem’ surface, where the K� commcemmtration
is higim anmd time Na� commceumtration is low

(5, 6). Time Na� amid K� gradiemmts upon

wiiicim this mecimammisimm depeumds are mm’main-
tamed by time Na� pummip associated with
(Na� + K�) -ATPase in the nmeummbm’amme (8,

9).

The l)rolsenmt report describes time effects

of ouabaimm ommthe uptake amid accimnmulation
of NE and 5-HT by symmaptosomes from
rabbit hraium. Time results suggest that

ouabaium (hoes not imihibit tue amniume trans-
port system directly, but acts iuidim’ectly by
i’educing time Na�-K� gu’adiemmt. timm’ough the

inhibition of ATPase. The nmodel traumsport

system proposed by thus labou’atory for NE

(5) is also applicable to 5-HT.
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M �

\Imlle New Zealamici rabbits, �veigimimmg

2.0-2.5 kg, w’em’e killed by cervical disloca-

tiomm. Ihaim’ bu’ains �s’ere iummunediately ito-

umiogeuuized imi a imomnogenizem’ with a loosely

fittimug pestle hmavimmg a clearance of 0.25 mm.mm
(10) itt 9 volttmmmcs of ice-cold 0.32 M sucrose

comitainmiumg io� � c��#{247} � i i ) . Time homoge-

umate ��‘as ccnmtm’ifinged at 1000 X �i for 10

nuimm, aumi�l the seohiumiemmt was washed onice

withu 0.32 �i sucu’ose. lime supen’natammt fluiI

aumd �vmisiuinigs w’eu(’ conml)immcd anmol ccmmtu’i-

fnmgeml at 10,000 X 1! for 20 mitt. Time l)cllet

was smnsl)o’nuiied mm 0.32 M sucm’osc, aumd 5-10

iiml o)f t im(’ susp(’umsiouu were layeu’eoh over a

dis(’onut inmuomms smncr(isc gracliemmt coumsistiimg of

5 mmmlof 1.4 �r, 7 mmmlof l.2�m1, 7 intl of 1.Oiu,
amid 5 mmml of 0.8 �‘si sucrose. Time gradient
W’a� eeuut n’ifugeil at 55,000 >< g for 120 mmmiii
iii a ummo)ilel L2-63B Becknman ultracenmti’i-

fuge equippeil �vithm a SW 25.1 rotor. Time

svnmaptosoutmes that equilibi’at coT at. time 1.0-

1 .2 M iuut(’m’piiase weu’e i’enmovecl by aspira-

tioum. snspenmded w’itim aim equal voluumme of

w’ater, mmml allowed to stand fom’ 20 mm.

Time smmsj meumsioum was tiuen ceumt u’ifuged at

15.000 � q for 20 nmium, time supeu’mmatant

fluid was iliseardeol, and time svmmaptosonmcs
wcu’e fimialiv suspemmded in 16 ml of various

umuedia. Time flmmah svmiaptosonmme suspension

averaged 0.2 mug of pm’oteimm per milliliter.

Time syumaptosonme coumceumti’ation was kept
ho\v to pr(’\’euut rapid disappearanmce of sub-
stn’ate. Fou’ exanmphe, suspemmsiouis containing

1 .5 lug of pu’oteium per mihiihiter nimetahohized

80#{176}�of C-S-UT (20 nmg ‘nnh) withmium 3 mm.
Time aceummmulationi anmd total uptake of

“C-S-ITT (Nuclear-Chicago, 56 ummCi/m-

nmmoie I on’ 3H-NE (New Eumglanmd Nuclear,

7.4 Ci 7ummimiohe) wen’e oletcu’minmed after in-

troiluetionu of the hiogeumic aumminmes into syn-

aptosonmme suspensions and inmeuhation of the

latter mm anm Ebcu’bach watem’ hathm shaker

mm mmmi mitummosphere of 93% O2-5� CO2 at

37.3#{176}.Ouahain w’as addled i)efore or simul-

(aumeouslv with the amimmes. Details of time

schedules lou’ time additioim of iumhihitor and

mumiimme are given withm time tables and figures.

Ahiqmuots (4 mmml) of thud’ smnspeumsioum were

n’o’nmmoveol a ft en’ various periods of incuha-

t mum and cooleil ium mm ice bath. wit ii shak-

hug, to stop the tranmspom’t of anuimmes. The
aliquots were cemmtm’ifuged for 5 mm at
10,000 X g ; the supernataimt fluid was

saved, amid time I)elietS ��‘crc rimused thmree

tinmes w’ithm Km’ebs-bicam’boumate solutioum ammd

again cemmtrifuged. Time pellets were homog-

emmized imm 3.5 mmmlof distilled water for the
estinuationt of radioactivity amid protein.

T��’o-mmmilhilit en’ saunples of time om’igiimal
supermmataumt fluid ammol l)ellet extract were
acidified w’itim 2 N I’ICl to 0.2 N, amid time

amuuimmes amid umietabolites ��‘ere separated as
dcscm’ibed below for countinug by liquid scimm-

tillatioum spectu’onmuetm’y. To nmeasum’e proteiui, a

1-mimi l)01’tiOtI of time ou’iginmmil aliquot w’as

assa’ve(l liv time ummethmo(I of Warbum’g amid

Chuu’istiamm (12).

Seu’otomuium was ext macted by time mnetimod

of Bogolaumski et al. � 13) , aumol 5-hmydu’oxy-
immmloiea(’etic mteiol was (‘xtm’acte(l by time
utmethod of lTdemmfriemm(I et (Ii, ( 14) . After

incimbatioum, time sumn of 1”C-5-HT amid 1’C-
5-imydroxyindoleacetic acid was less than
time amount of 1’C-5-HT added at the

hegimumminug of time iumeiuhation. Time (liffcr-

(‘nec was aeeounmted fou’ by radioactive ma-
terial simowinig time eimu’ommiatograpimic 1)101)-

ei’tics of 1”C-S-im’volroxvtrvptopimol (15).

This radioactivity was inmehuded mi time
total fon’ time demmummiumated pm’odmncts. Raohio-

active NE ��‘as isolated by time method of

Haggenmdal (16).

AT Pase activity mu rabbit svmmaptosomes
was estiummated by the nmet.imod of ITosie
(17). Symmaptosounes in 0.32 M sucrose were

fm’ozenm aimol stored ovcrnigiut w’itim little or
no effect oum ATPase activity couuupared

w’ith uuommfi’ozcnm symuaptosoummes. Time temper-

atun’e of the 2-nil suspeumsioum of synapto-
sonmmes was allowed to risc to 37#{176}in the

wateu’ i)atim; ouabain was timeum introduced

mm vau’iomns conmcentrations, amid 5 mm hater
0.2 uimi of Tu’is-ATP (17) was introduced
inmto time inmcuhatiomm mixture to give the

finmal eonmeenmtrationm of 3 m�r. Tn testiumg for

a deiaveol actioum of ouahaium, ATP and

omnahain were inmt roduceci togetimem’ into the

suspensioum aftem’ time usual wan’nmmimug period.

Time synmiptosonme suspeumsionms mm the ATP-

ase cxperinmmcnts contained 0.1-0.3 mg of

pu’oteinm pem’ sanumple.
After various periods of incubation, the



TABLE 1

Effect o.f OU(lb(mUi Oil metabolmsmn of i’i(”_,�_Jh7’

Synaptosomes were iiucmubated fun’ 10 miii iii Ki’ehs-hicarbonate smmhttioni in hue l)m’(’5em1t’(�of van’ious coti-

cent ratio)mts of ouabainu. ‘4C-5-HT wmis t hen mudded to I hte sotspemusion to mmfinmd con ucetu Irat ioiu of 20 ntg/nml,

aumd the symiaplosonmies were again incubated for 20 nmin. The datmi represent the anmounut mif tmmetaholismmm,

expressed as a percentage of time amimue origimually pu’esemut; the mmcctmmoulatiiui of ‘4C-5-IIT, expressed as the

concent rat iomm mmmlio of imutracehlular to) ext i’acellular mmnmirue; mind the total I m’ansport, which is defimied as
‘4C-5-HT accimmruulat e(l by the syimmupt osomes plus totmil14C_(lem1Im)imuLmtt,�(l met ai)olites iii the Smmspemtsio)Ii, ex-

pressed as mmpercentmge of time mimimue originmilly present. Figmmres in pan’enthueses refer to nitmmnh men of experimenuts.

5-HT metabolized Accumulation ratio Total tramuspom’t

Medummn ±51) ±81) ±5!)

% %
Krehs-bicau’bonate, no oual)aimu (5) 32. 1 ± 13 32 ± iS 47. 2 ± 13
10-6 M ouabain (3) 24.6 ± 11 24 ± 6 44.9 ± .5

10’ M oumihain (6) 15.5 ± 7 5.2 ± 3 17.0 ± S

10� M ouahaum (6) 14.6 ± 6 3.5 ± 1 16.6 ± 6

10’ M ommahain (4) 10.5 ± 8 4.2 ± 2 12.6 ± 7

TABLE 2
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enzyme reaction wras stopped with 0.5 ml
of 20% trichloracetic acid. 1-lydrolysis of
ATP was detci’mmmimmed fu’omu inorganic pimos-

phate in 2 ml of the suspeimsionm. Pimospimate

was estimated by the method of Bereumblum
and Chain (18) amid expm’csscd as micm’o-

moles per minute per milligram of I)roteilm.
For the ATPase experiments, protcium was

measured by the method of Sutherland et

at. (19) . All ATPase expcritnemmts were run

in duplicate.

RESULTS

Effect of ouabain on 1C-5-HT metabo-

hem in synaptosomnes. Time following studies
were carried out to deternuinc whether
ouabain blocks the accumulation of 5-HT

in synaptosomes by an action on the mem-

bm’ammc tramTuspoi’t or omu time storage vesicles.

This qucstiomm camu be anmsw’em’ed by counpar-

imug time effects of drugs omu accunmulation
anmol mmmetabohismn of exogemmous ammmiumes, pro-
vided that botim processes take place in

time smime cell. To show that botim pm’ocesses

take place imm the saumue cell we take advan-

tage of tue fact thuat ommlv mmcrve tissue can

accumulate exogeumoius amiuimmcs, causing the

iumt-em’umal couiceumtu’ationm to exceed greatly the

external coumceuutn’atioum. Mom’cover, mono-

amine oxidase is knmow’n to he located imm

umerve cmudiumgs I 20) . Timims, ommabain or a

lack of Na� inhibits l)othm accunnmlatiomm and

metabolism, indicatimig timat. time same cells

are iumvolved imu both processes (5, 6) . For
additional pu’oof we have made use of time
fact timat ium synaptosonmes, rescrpiume in-

Effect of omiabain on ni(-tabo!isrn of ‘H-,VE

Symuapt osomnes were izucubmoted for 10 mniru in I’�Tu’ebs-hicarbonat e solmut im)mm �s’ith amid �vithtoiut 10”mi imuabain.

Tritiated NE was thmemi a(lded to time suspemisioru to a fun! concentm’mmtion of 5 mmg/nml, amid thue sytimipto-

somes were again imicumbated for 20 nmiu. TIme datmi repm’esettt lime mmnmotmnt of metabolism, expressed as a

percentage of time anuitme originally presenml ; time accumuiatio)um of ‘H-NE, expressed as time comuco!nt,ratiomm

ratio of intraceilulam’ to extrmmcdllmmlar amine; mind Ihe total uptake, whichm is defimied as ‘11-NE acemumulatecl

by the synaptosomnes nuns total ‘H-dearmiiiuated metabolites in time smuspension. Figures imm pareulimeses

refer to nmnmi)er of experiments.

Medium

‘H-NE metal)ohze(l

±SE

Acemmflhtlal ion rmul io

±SE

Totmol mipimike

±S1’

0-’
/0

Krebs-bicarbomtat
10-i M ouabain

e(4)

(4)

U;’
/0

8.5 ± 2.7

3.3 ± 2.1

29.0 ± 4.2
2.6 ± 0.8

(.
0

19.0 ± 2.5
5.2 ± 4.0
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hui)its mieem.mtmmulmtt ionu but, utulike ouabain,

also immo’n’easos mimetaholisuim. In the pu’esenmce

of a ummonmoanuminme oxio [misc inmimibiton’, nmmetaho-

lismni of ammmntmes is blocked ammol tlm(’ mtbilitv of
synmaptosomimes to accutmmmnlat e mmnuminmesis me-

stou’e(l (6) . Timus, reserpine pm’cvenmts time

ccli fm’om stom’immg amimmes and blocks ac-
cummuu hat ioui by enmablinmg monoamine oxidasc

to metabolize free anmimues (6, 20). Wheum
time monoamiminc oxidase imu imei’ve ermdiumgs is
blocked, the intact transport process lo-

cated in time cell memimbramuc causes time cell

to accumulate amines.

In accord withm time above discussioum,

8

4,-.

L
0

I I I

4 8 2 6 20

MINUTES

Fin. 1. Effect of vojriomms concentrations of ommabain

on accmmmnmmlution of ‘mC-J-HT in rabbit syitaptosomne�

suspeimdo-d in K robs-bicarbonate so! mition

Synaphosotimes were warutmed at 37#{176}for 10 mini;

‘4C-5-HT (20 mug/mI amid various concemttrations of

ouabmiinu were thten added simultaneously. The

synaplomsome suspeitsion was sampled for assay of

5-ITT and protein at various time periods. The curves

represenut time miverage amud staumdard deviation of

four experimemuts.

Table 1 shows tlmat vam’ious conmceumtu’atioums

of oual)ain produced a niarked (lecm’ease iii

the mnetabolisnm, accumuuulatiotm, ammd total

uptake of exogeumous #{176}4C-5-HT, iumdicatimmg

that uum(’mmmbu’anme tramispon’t had beemt iii-

imibited. Fable 2 shows siuumilar effects of

ouahainu omu time mmmetaboiismmi mind accummmula-

tionm of H-NE.

32

FIG. 2. Effect of prior incubation of synaptosomes

wit/i ommabain on the accumulation of subsequently
added ‘�C-5-HT by rabbit synaptosomes suspended in

Krebs-bi carbon ate solution

Sytiaptosomes were warmed at 37#{176}for at lea,st

5 nun amid timen inucubated with ouabain (10-#{176}rim) for
various time periods. The schedule of preliminary

incubations with ouabain was arramiged so that all

samples were exposed to the warm environment for

the same lemigth of time (15 mm) before the substrate

was introduced immto the suspension. ‘4�-5-HT
(20 ng/nil) was then pipetted into the suspensions,
which subsequently were sampled for assay of
‘�C-5..HT amid protein at various periods of time.

The effect of a 10-mm immcubation with 10’ rim

ouabain on accumulation of 5-HT is also shown to
indicate maximum effect of inhibitor. The curves
represent time average and stammdard deviation of
five experiments.



40

0

z
0

.J

0
0

35

30

25

20

5

no

5

0
-5 0 +5 +10 +15 +20

MINUTES

MECHANISM OF BIOGENIC AMINE TRANSPORT. mm. 597

Mol. Pharmacol. 5, 593-604 (1969)

Effect of ouabain on 1�C-5-HT accumu-

lation. Figure 1 shows the effects of various

concentrations of ouabain on the accumu-
lation of 14C-5-HT by synaptosomes when

substrate and inhibitor were simultaneously
added to the suspensions. At a concentra-

tion of 10-’ M, ouabain only partially
blocked the accumulation of 5-HT during

the first 5 mm. After 5 mm, however, the
accumulation of 5-HT was almost com-

pletely inhibited. These results suggest that
ouabain did not act immediately, but re-
quired some time to block the process re-
sponsible for the accumulatioum of 5-HT.

Higher concentratioums of ouabaium also

failed to block the accumnuiatiotm of the

amine immediately. Timese data immdicate
that the immitial rate of accumnulatiomm was
not appreciably affected by ouabaium and

that the effect of the itmimibitom’ omi amuiime

accumulatiomu was delayed.

Effect of prior incubation nit/u 01W ba in

on 14C-5-IIT accumulation. Figure 2 siuows

that when synaptosomnes were inmcu bated
with ouabaimu (10-’ si), the initial accumuu-

lation of ‘4C-5-HT by imerve endimugs was

decreased by a factor proportional to time

duratiomu of the priol’ incubation. Accumnu-
lation was virtually blocked by incubation
for 10 mimm witim a high concentration (10-s

FIG. 3. Effect of Na+ on accminzmilation of ‘4C-5-HT by synaptosomes incm,bateol ‘in a .Va+_free medium con-

taining various concentrations of ouahain

Synaptosomes were incubated for 5 mimi with ouabain in a Xa+_free solution (isotonicity maintained by

sucrose) containing all other electrolytes normally present in Krehs-bicarbonate solution (KRB). At zero

time, Na+ and/or 14C-5-HT were added to final concentrations of 20 ng/ml and 143 mn, respectively.

Accumulation of ‘4C-5-HT in the Na+�free medium without subsequent addition of Na+ is also shown

(bottom curve, designated 0 Na�’). For comparison, the dashed curve shows the effect of a 5-mm preliminary
incubation of synaptosomes with Na+ amid ouabain on accumulation of ‘4C-5-HT added at zero time. The

curves represent the average and standard deviation of five experiments.
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M I of t ho dm’ug. flmese olata again iumdicate

timid a mneasurablo’ t nmme lag pm’cccdes time

full effects of oualmainu.

Effect (m,f \a - l(l(’h’ (Ia l’ill (7 pi’ioi’ in cuba-

tion wit/u ouabain on C-5-HT accainula-

tion. Previous stiluhmo’s hmave siuownu tluat

5-lIT is miot aceunmmulatcd l)y syttaptosomcs
iui mi Na �-fm’ee suspenusion 6 . 1mitt t limit this

h)m’Ocess is m’est.orei I i)V time athi lit mit of time
iomu as siuow’um mi Fig. 3. 1mm time Imm’eseumt
st tnohies svnmapt osomumes were mmmcmilimit o’ I fom’ 5
umminm iii a Na�-fm’ee nuediuni mm flue lu’eseumee
of ouahainu l0� or 10� �i ) 5 umuinm hmlt(’m’

1 C-S-lIT and Na ( 143 imm�i were aololeil

to time suspcuusionu. At first , momusii lenal ile

mimiuotiiit s of 5-lIT were acctmnmulateul by time
svmuah)tosoulmt’s. but time late o)f ao’o’umum mumhat ion

sloweol eonsiulem’miblv wit huint 5 nmmium(o’ommmpare

w’itim Fig. 1 ‘I . These i’o’siilt� simouhul also be

eonmmpmin’ed w’itim those itt Fig. 2, w’huichu show

limit. svnuaptosoinmes ‘[0 i uot a(’o’munumu late 5-

I IT mmft em’ they have 1meemm mcml lat mi I with

ouimilaiu#{236}in t hum’ I ut’oS( lt(’o 0) f Na nmou’mal

Ku’h)� -(ilut ion I

‘rhmum�. if ‘‘numijmto’ommtes w’en’e inmeul)ated

with ouabaimm in time l)l’escnce of Na�, there

was imo accumulatioum when the amimme was

subsequemitly added. If synaptosonmes were

inucubated with ouabaimm imm time absemuce of

Nat, timerc was temimporary accumulation of

anmmiiue whmemm substm’ate amid Na� wem’e added.
Therefore, incubation witim ouabain alone
was iiot sufficient to block accunmulation
whtemu auumiime was introduced into the me-

dium. These facts simow that the develop-
mcmmt of time blockimmg effect of ouabain on
time ti’anspom’t of subsequently added amine

depemiols upoum the simultammeous presence of

Na� withm ouabain.

Effect of prior incubation with ouabain

on iH�.VE accumulation.. Figure 4 shows

that w’hen ouabain aimd ‘H-NE were simmmui-

tanmcouslv mtdcled to time suspcmmsion time

amumiume accunmmulated iuuitiahhy, but time proc-
ess stopped after 5 mini (comuupare with Fig.

1). The armmoituut of 3H-NE immitially accum-
ulated imi time h)reseimce of ouabaimm dccm’cased
as time ihmu’atiomu of time pn’ehinuimmary incuba-

tionm was iumcrcascd (comimpam’e witim Fig.

2). Acctnuumulatioum wa� milnumost counpietely

Krebs Control

10

0
� 8H
.0

z
0

.o 6-

� 4 �- Ouoboin 105M

�2 � 10 Preuncubation

4 8 2 16 20

MINUTES

Inn. 4. U/u et ut prior iimc,mbatmon Of .‘I/Jim(I/JtOIOliles on time ozeo’mmnm 1I(ItmOIm of stmbsoqueimlly (lol(l((l 3/f ..VE by

roibbmt symmaplosonmes smmspo’ndid ill Kro’lms-bmco,mbonate .solmmtiomm

The experumuomi t al design was I hue samume as descrihued in 1”ig. 2. Time [31 1-XE] was .5 mig/mh. The cmmrves

repm’esemmt 1hue average of I htn’ee experiuitenut 5.
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blocked by a lO-mimium immcul)ationm with 1O�

M ouai)ainm. These expem’niuemmts imudicate that
a lapse of tiumuc is m’equired fom’ time full
effects of ouabain to develop.

Effect of Na� lack dating prior incuba-

tion wit/u ouabain 0,i 3II-_�E accumulation.

After irmcubat ioti of svmmapt osoumucs wit ii

ouahain imi a Na�-fm’ee ummediunu ou’ a immedium
low mm Na� (25 ummM) , ailditioumal Na� (143

imm� ) ohio! nuot restore time i�i’ocess of ac-

cuummtuhationm of 3I1-NE (Table 3) . The rca-

T�ni.i- 3

Effect of prior i,mcmm!malioim ii’itim ommabai,m on restoration

of ‘II-.’\’E accmmmmuuulation oiu a(l(liimq ,\a+ (�j

.\(l’’-(l(fiCiilim I ?mm(di,mnl

Symi aptosm )nies �ven’e i item ml)aI ed fu ur .5 mmmimu in N ad’-

deficient nme(hiunt (Xmm’�-free or 2.5 mmi�t Na4 ntade
isotomiic V��it hi smu(’ni)s( 1 (Jimahain, 1 � mm on’ 1 ()5 �t,

was present during I his period. Then Nz�� � a(l(le(1

at zero tinie Iii mm fun! co)mucent m’ati(mn m)f 143 n�m,

togethuer w’ith 3l1�XI (4 rig/nil , mmmud i hue syn:u�)to-

sonies wei’e i!i(uibmlted fimr 20 mmliii. Na4’-deficiemit

unedimt comm I ai 11(11 a 11 mit her ions nominally cummitmmiimed

in 1\.rel)s-lmicui’l)o)zlate solutimmmu. 1�mmm’cmumiipal’isoii, lime

effect of mm5-ntin prehinminary incubation of ommahain

(iii Kn’ehs-hicarboinmmte souluttion) on lime mt(’(’umiiimtl:itiOIi

of ‘11-NE is also represemuted. Nunmbers in paremi-

theses refer lo time mmtmmmmberof experimenits. The low

[Nal, 25 m�m, was added becmmuse accitniimlation in

the Nmt+_fmee medimmnm was only part i:illy m’estored

by the addit ion of Nat

Prelinuimuan’v imio’muhumitiuimu

nieoliumni

- ‘ Ao’o’umnummlmI iimum

[()mummhnmiml] [Nmi�’] mit imm ± SI)

rim mn

0 0 8.3±4.1(7)

10� 0 2.3 ± 0.3 (7

0 25 17.6 ± .5.5 (7)

10� 2.5 2.8 ± 0.3 (7

0 i43a 18.2 ± 3.2 (6)
10� 143a 2.0 ± 0.4 (7)

a I’%i’eh)”m-hMcai’h)o)iuate sohmtiouu.

son why ouabain affects NE accumulation

differently from 5-HT accumulation (Fig.

3) is not kumown, although it is possibly

related to the fact that the addition of Na�
to a Na�-free synaptosome suspension did

not completely restore the ability of the
synaptosonmes to accumulate NE even in

the absence of ouabain.

TABI,n 4

Effect of mai’iomms inorgaimic ioim� mm .1 TP(Ise

actirit!J 11l s�jimuptosonmes

Synaptmusommies were iricmmh:iteil in l)lastii tutl)eS in

a st:lmu(lam’d mnedimmn� of 150 rant Tm is bmuffer (p11 7.4),

1 mont I;1)TA, amid 4 mn \lg � ‘. Xa�’ ( 12(1 immni) anu(1

1,.�+ (�0 n�nt) �ven’e mudded ) as ii m(hi(’at e(,I imu the table)

.5 niminu before or togethuem’ wilhu .#{176}m..�fP(3 unni, final

concent I ratiu)n i . Thin latter I in�e s(’h(duile is iulemut ified

by the word ‘added.’’ in cmumuupare tlie (fleet of

ouabain on .\.TPase aol ivitv wit it I hat of Ni5 + K5

deficieiicy, otmabain ( 10� mm) was imicmul uat ed with

s�’mummptumsnmmmes in time standan’d meolimuni fmmn’S nmtini

before t he adlit iou umf AT P. Figm mm’es iii pa iou 1hueses

refer to niummher of expen’inutemmts.

Na - -�- I’� ‘

I mu’muIm:mt mull nteilimmnm iii lm�mt\

�Ig� �, Na, l’�
/_timm‘ml

II

I’ mm, i nm� ± ‘-1)
41 ± 1)11.5 3

mmmmlm I) 21 4- 0 1)5

-f- I\’ umhlemi I) -5.5 ± I) 12 2

mmmat main

-f- K’ mild I) 17 ± 1) l)� 2

,\lg I 1’�� aolohimh 1 2)) ± 1)1)1 2

�Ig� )N’:i rmlileml I) 11 ± I) 1)1 2

TABlE S

Effect o,f’ ouab(Iilm on (.Va5 + I’”)-.t TPa.sc (uctmm-ity

Syniapt osonmes were iiucmnbai ed in thue st mmndard

Trim hnnffet’ mne(hiumn (p11 7.41 conutaituing 1 nmni

EDTA, 4 mm Mg�’, 12)) man Na”, 20 nmmm N”, anul

ouumiI)ain nt various ciincerit itt iomus. .\.fter 5 miii,

ATP m�’mmsimit rodmmceol at 3 runt. ‘Fhuo �)em’(’o’mut:ige immhuibi-

(ion is relmitive to (Na5 + K’ )-ATPa.se activity,

which is defimted htem’e mis (hue diflen’ence bet weemu total

ATPase activity in the stmmrmdard meditum amid mmooua-
bain, and ATPase a(’tivity in the standard mediuni
containing 10’ rimomnabaimi (see the text). Figures in

parentheses refer to numuben’ of expem’iments.

Inhiihmitiomt mf

(N:u� + I\.�)-

(Na5 + K�)- ATPase

[Ouabain} ATPase activity

j.mmnolc P1/mimi,m //

activity

rim mnq (±�SI) %
0 (4) 0.27 ± 0.03 0 ± 12

10’ (2) (). 26 ± 0.01 5 ± 2

106 (2) 0.21 ± 0.04 11 ± 9

10’ (4) 0. 11 ± 0.02 84 ± �
l0� (4) 0.09 ± 0.01 9.5 ± 2

10� (3) 0.08 ± 002 100 ± 11
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Fin. 5. Effects of 000b(liim mim time /)l’eseimCe of .\a’ aim! K5 on (.\‘ci + K�)- A 7Pase activity in synaptosomnes

S�’naptosomes wem’e fim’st wam’mned for 3 mmmm befom’e ATP was introduced imuto the suspemtsiomm. #{149}-�,

couutn’mmlsymuaptosounes were mflO.’mmhmite(liii 0.15 mmTris hiunffer, pFI 7.2, containtimmg 1 mn EDTA, 4 mn Mg�,
120 mutni Na’, amid 20 mn K5. � ATP and omuahiaimi were added togetiter to final coiicemmtratiomts o)f

3 ntmm minuol 10’ rim. OO, effect of Na’ + K’ omission. (Na5 + K5)�ATpase activity is expressed as

niivriiniiiles of phtospiiate n’eliased from ATP per nminuute pen’ nmihhigram of proteimu. Tue curves represemit time

avom:uge mmii standard deviation of four experimemuts.

Effect of ouabain on ATPase activity.
rflme time lag betw’een the addition of oua-

baimm to syimaptosoines and its blockade of
anmimme accummmulatiomm suggested that the imm-
hmibitiomu nnigimt be a secotmdary effect of
ouabaimm, perhaps related to cimaumges in ioum
gradienmt.s. Timis possibility was inmvestigated

by comumpam’inmg the tinme coum’ses of the
bloekaole of amimme accumulatioum and the

mnhmibitiomm of ATPase activity, simmce it is

well knmow’n that ouabain iumhmihits (Na� -J-
K�) -ATPase (21). For the purposes of this
study, time difference between ATPase ac-

tivity in the presemuce of Na�, K5, and Mg�
aumd activity iii time presence of 10’ M

ouabaium w’as taken to iumdicate the
Na� + K�) -ATPase activity (Table 4 and

Fig. 5).

Temporal development of the inhibition

of (Na� + K�) -ATPase by onabain. Figure

6 .shmows that the activity of the (Na� +

K�) �TPase was completely blocked when

ouabain (10� M) was added together with

ATP at zero time oi’ wheim time ATP was

added after the symuaptosommmes had beeuu

mnucubatcd witim ouabain Iou’ 5 mmmiii. In cacti

case, the data are i’epu’esented by a simugle

straight limme which extrapolates back to

zero, indicating timat theme was no initial
time lapse iii the actioum of ouabain on
ATPasc comnparabhe to that on amine ac-

cuumuuhatioum (compare Fig. 6 with Figs. 1

amid 2)

Table 5 simows the iumhmibitioui of (Na� +
K�) -ATPasc by m’au’ious eotmeeumtratiomus of

ouahaium. At 1 O-� M, ouahaiui blocked time

I Na� + l@ -ATPase liv 84%; iii conmtn’ast,
this eommcenmtu’atioum of ouab:tium i)locked ac-

cunmulatiomm of 14C-5-HT by onmiy 20% aftem’
the first 5 nmmium(Fig. I) . Aften’ a I0-iumiim
nucubatiomu, however, this sanmme conmcemmtra-
tiomm of ouabain blocked amine accumula-
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FIG. 6. Effect qf prior incmmbatm.omm of symmaptosoimmes im’mtimomiahain oim (.\‘a� + K’)-.-t I Poise uetim-zly

Thue memlnnmn wmis the smimne a.s tue control solutioni iii Fig. 3. ()muahmmin (10� rim) was added togethuer with

ATP after 10 mimi of wai’miiug ( 0 0), or 5 miii before ATP miff er 3 mimi of warmimig (�-�).

(Na’ + K’)-ATPase activity is expressed misiiiFig. 4. Time cmii’ves represenit thie average of fomur experimemmts.
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tion by 75% �Fig. 2). Time maxiituumn

inuimibitorv effect of ouabainu omm (Na� + K’� -

ATPase ammd omm time accunmulatioum of ‘4C-5-

lIT was pm’oduced by a eommeentu’atiomi of

10_i M.

DISCUSSION

Dengler et al. (22) first demonstrated

that ouabain could block the accunmulatioum

of NE by brain and heart slices. Carlsson
et al. (23) suggested that ouabain exerts
this effect by inhibiting the transport of
NE across the cell membrane rather thaum

by acting on storage granules. Later,

Pletschcr et al. t24) pm’esemmtcd eviolence

that otmabaimm blocks time transport of 5-HT

into platelets by an action oum time cell

memnhramme. The present studies imudicate

that ouai)aifl acts oum time umeurommal mem-

brauie since it protect-s exogemmous 5-HT

fm’oumm nuctabohisimu by nmoumoanmiiue oxidase
witimimu time cell.

Time results of the present study also
simow that there is a lapse of time before

ouabain blocks the transport process. rrhe

fiumdiiigs of other investigators that ouabain

only partially inhibits the uptake of NE

and metaramninol (22, 25, 26) is probably
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basei I tiit t lie aecumnulat ioum of t lie amine

t lmmtt t akes l)lttce l)efOl’e ouabaimm has conu-

I)l(’t(’l�’ iilocl�’d time tn’anusj)omt. l)1’OceSS. Table
I slmomvs that somime 5-IFF is mumetabohized by

symmaptosonmtes, evemu t hmough ouabain 1 Q3

:M ) humis miliitOst cotumphetelv b)locked accumumu-

imitionu 0)1 tue mmuiuittes. It � I)u’0l)ttb)l(� that

tiuis ml(’mlnnuimuationm is l)u’oihltc(’d liv imiommo-

aumuinue OXi(hlse Itoiti 0 lmlnimag(’ol synuaptosonies

amm(l (net’ mumitocimouuilm’imi. 1mm this i’egtu’oI, 1�’itz

aunol Stefauuo,- usimug time iumtact l)em’fused

hte:in’t , have fouumml that oumtbaitm comumpletely

biloo’ks t lue nmmetaholisumm of mmfused N E.

‘l’o) elmueimlmite thu imuecimaimismn 1)V mvlmichu

omnal)muimm l)lOCks the aoi’euummmmlatioum of ho-

genuio’ mintunuo’s liv svimal)toonies, (hue 1)05-

5jb)�l�tim’ mm’a� coumsiiien’eml that this effect

nmigi It 1(511 It fu’oumm in uhti I mit ion of mimemtihu’�tne
(Nmt + i;:� � -:\:I’Pmi�e. lime pl’(’Setmt stl.I(l3�

is mint mit tO’uiil)t toi muusw’t’u’ the questiomm

w’lmet lit’i’ oimmil miinu 1)lO(kS anmiume t rauuspom’t

(iiu’(’(’t l:u�’ thmu’oughu time imuhtihitioum of A�FPase

01’ iumiliu’o’(’t lv timi’oiugii t lie effects of �-\..TPase
iumlmihitionm out ioum distu’ihiint ioum. 1mm the fim’st

iilaee t Ii(’ inmhmil)it 01’’’ effeots of oumihaimu oum
Na + K� -ATPmise antml oum anttinme tm’aums-

pout diff’en’ mm their tenmmpon’al development.
Although ouahaum mit eoumcenmtn’atioums of 10�

M on’ ummou’e blocks ATPase ahummost imunmiedi-

mutely, it pu’ooiuees conmmplete indmihitioui of the

in’���s thuat. aeemnuumimlates 5-HT only after
a delay of 5-i 0 ummium.How’even’, after in-

emnbationm witim ouabaium for 10 miii, both
ATPase anmd tn’ammspon’t of time aumiiimes are

almost coumipletelv blocked. Time relatively
slow onmset of time blockade of aminme ac-
euumminlatioum suppou’ts time view’ that this

aetiomm is secondary to time inhmihitionm of
(Na + K’)-ATPase.

Time question au’ises w’hmethmen’ time immhmibi-

f-ion of uumetahohism of exogeumous ATP is a

mmmeasun’e of ATPase inhihitioum w’ithmiuu the

nerve endiumgs. It- is knmow’n timat ATP is

nmetai)olized intracehiularly and that exoge-

nous ATP cannot peumetrat-e membranes

(8’). It is possible, therefore, that the en-

zvme activity we have immeasured took place

mm fn’agnmmeumted synmmmptosomes on’. alterna-
tivelv, timat. rabbit i)raini svumaptosomes are

2 F. Leitz anmi F. Stefano. unpublished oh-

s(’rm’ations.

1)em’uuietlile to ATP. Jim aumy case, other
stimolies luave slmownm that, ouabainu blocks ion

tI’mtumspom’t iti mmem’m’e amid imeart alnuost mm-
mimeoliately (27, 28)

Iii mint att(’mnl)t to show thuat time efie(’t of

oi�mmih )ainu out mimimimue t m’amuspom’t is seCOnm(Iam’y

to cimmmnmges mm celhinlmiu’ eleetn’olyte commcemmti’a-

tiont, w’e lumive founud tiuat blockade of amumimme

accunuitn hat ioui I4-V otmahmiini (I(’I)(�ut(lS up�ti time

P1’(’s(’umco’ of iNa� mm thu(’ ummediunuu. Fom’ cx-

aimuple, if symma�)tosonuies mine inmclmi)ated lou’

5 nminm w’itim ouabaimm mu time pu’esenice of Na�,

time tn’mtnmsl)on’t of 5-lIT is commmpletelv

blocked. FIow’eyen’, if svnmmll)tosomumes ate mm-

ctui)mlteii lot’ time santie heumgtiu of tiuume w’itim

Oltal)mtinu mm time mul)seutce of Na�, time immtro-

(Ilnetioum of Na� into time external Immedium

n’estou’es time tn’atisl)ot’t of time ammuimue for a

l)(’u’iO(I of mIi)OIit- 5 mint. 1mm commtm’ast, ouabaimm
conuplet(’ly imlocks ATFase w’luetimem’ Na5 is

pn’(’setmt 01’ absenmt- dun’inmg pn’iom’ inmcuhation
w’ithm time iuuhuii)itol’ ( Fig. 5 amid Table 3).

These fiumohings sugg(’st timmit- mumoi’dem’ to in-

Imibit tn’anmspon’t, ouai)aium mumust have tinmmc to

cause ani iumcu’ease mm time absolute iuutm’acehlu-

lar [Na� � , timus ehiumminuatimug time ti’ansnmmenm-

imu’minie � Na�1 gu’adieumt. that is established

whuen exogenous Na� is added to the Nii�-

fu’ee l)u’el)al’atioim. TTTow’e\’em’, w’hen 5-ITT is

aolde(l to synmaptosoimmes that have beeum

inicubate(1 P1’(\’i0�m5lY with omnai)ain iii time

pn’esenmee of Na�, the anminie does umot ac-
cumulate, pn’esiimmimibly because the non’mal

Nmi’ and K5 eoumeenmtn’atioum gn’adients are

du’ast-icallv altered. rFiii type of expeu’inmment

is similar to tlmat m’eported by 1ff amid
Wilbm’andt (29) mm them’ study of time up-

take of iodi(le liv time pei’fused timvi’oid

glanid. To otun’ knuow’leilge, 0mm’ expen’imermt

is flue first of this design in wimich aim

on’gaimic nmolecmnle was used as subst.m’ate.
Time eyiilenmce we hmave pm’eseumte(l supports

omun’ umiodel of time anumiume tn’aumspou’t mmmccha-

imisnmm locateil in time mmeuronal membrane (5.
6) . Thus iuuodel is patterimed after similar

numodels for sugan’ (30) and aminmo acid

tn’mumsport (31) . Aminme ti’anusport is visual-

ized as being cai’rier-nmediated (32, 33), and

time affinity of time carrier for the amine is
regulated by electrolytes. Outside the cell,

time affinmity between carrier and anmine is

high, since affinity is increased by high
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[Na�j amid low [K#{247}j(5, 6) .3 Iumtracellulam’ly,

the affinity betweemm carrier ammd amimme is

low, because the iuut-racehlular [Nat] is low

aumd time high [K�] m’eadily amutagommizes time

effect of time Na’ on time cam’rier (5) .� There-

foi’e, at time imuumer meimubramme surface both

amimme and Na’ are released fm’om time car-

i’ier ; the anmimme is stored or metabolized,
anmd time Na� is punmped out of time cell by

the (Na + K�)-ATPase mmmechaiuismmm. Thus,

time nmou’mnal asymmetrical distribution of

Na� amm(I J�m- across time cell meummbm’ane

causes time affinity of time carrier for anuimme

to i)e less at the inmnmeu’ nmiembu’amue surface

thanm at time outer sum’face. mu accom’cI with

thu.’ cOumCepts of Wili)n’anmolt atmol Rosemuberg

I 34 1 , time uumevemi (hitm’il)lmtionm of affiumity

lavom’s active tm’aumsport. It is thmei’efom’e p05-

sii)he timat time emmeu’gy for active transport
of annines is pi’ovidecl 1)�m’ time asymnnmetm’ical

mlistrii)utioum of Na� acm’oss the cell nmo.’mmm-

i)u’aume, as l)ostmnlated lot’ otimem’ sui)stances

t30, 35) . If so, the trammspon’t w’ould
tnltinmately lie n’eguhated by (Na� +
J��) -�\,TPase, w’liicim nnainmtaium the ioumic

gu’a Iiemmts.

Uuabaimm blocks aminme ti’anmspou’t by mu-
cm’easing time immti’acehlulam’ [Nat I amid (he-

cu’easiumg [K�1 timu’ougiu the inmhmii)itionu of

Na� + K�)-ATPase. Timis hmypothmesis is ifl

accord with time wehl-kniow’nm fact, reccmmtly
also shownu for isolated nmerve cells (36)
that ouabaium iuucn’eases time iumtn’acellulau’

Nmi� 1 aiud n’ehinces fK� . [‘lie tn’anmspon’t

pn’ocess caum i)e blocked em’enu before time
cvtoplasmmmic Na� i’eachmes a nuem�’ steady
state, as shown by the finding that the Na�
may prefereumtiahly accumulate at the mem-
brane, at least dmurinug the early stages of
ouabain aetiomi (37). As a result, time affinity

of time carrier for aminme at time bummer mimem-
bane surface would he iumereased, eliminating

time ummevenm distributioum of affinity; hence
the anmine would temud to rcmainm on the
can’u’ier. Active transport would now’ come to

a halt, because the cycle of anminme attach-
nmment anmd release hmas been StOi)pcd.

Omme difficulty with the above model is

time failum’e of NE transport. uuumlike that of
5-1-IT, to be restored when Na� is added to

Pumpumhhishoml obsm’rvatiouts.

synaptosomnes that have �)1’eviously been

incubated with ouabain imu time absemmce of
Na�. Time sigmuificaimce of this differemmce is

ummdem’ inum’cstigationm. (Jmmc possible explana-
tiomm is that NE is ti’ammsportecl by a carrier
which ittust first be PhmOsPlmom’Ylated before

it can ti’ammsport NE. Wimen Na� is added

subscqumemmthy , tranmsport remmmaimms inhibited

becaumse the cam’rier cammnot be pimosphoryl-
ated mvhmenm �-\.TPase has beeum inactivated by

ouahain.
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