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Ca?* Sensitivity of Synaptic Vesicle Dopamine,
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The effect of C& on the uptake of neurotransmitters by synaptic vesicles was investigated in

a synaptic vesicle enriched fraction isolated from sheep brain cortex. We observed that
dopamine uptake, which is driven at expenses of the proton concentration gradient generated

across the membrane by thé-ATPase activity, is strongly inhibited (70%) by 5aM C&*.

Conversely, glutamate uptake, which essentially requires the electrical potential in the presence

of low CI” concentrations, is not affected byGaeven when the proton concentration gradient

greatly contributes for the proton electrochemical gradient. These observations were checked by

adding C&" to dopamine or glutamate loaded vesicles, which promoted dopamine release,

whereas glutamate remained inside the vesicles. Furthermore, similar effects were obtained by

adding 150uM Zn?* that, like C&", dissipates the proton concentration gradient by exchanging
with H*. With respect toj-aminobutyric acid transport, which utilizes either the proton con-
centration gradient or the electrical potential as energy sources, we observedtrat 8@

do not induce great alterations in theminobutyric acid accumulation by synaptic vesicles.

These results clarify the nature of the energy source for accumulation of main neurotransmit-

ters and suggest that stressing concentrations 8f @ar?* inhibit the proton concentration
gradient-dependent neurotransmitter accumulation by inducimmiip uncoupling rather than
by interacting with the neurotransmitter transporter molecules.
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INTRODUCTION response to neural activity (1-3). Classical transmitters
are accumulated in synaptic vesicles by distinct proton

Synaptic vesicles are the primary organelles in- electrochemical gradientAgH")-dependent transport

volved in storage and quantal release of neurotransmit-activities that differ in the extent to which they rely on

ters, which is a highly coordinated process at the nervethe chemical 4pH) and electrical4¢) components of

terminal. Alterations of neurotransmitter vesicular this gradient (1,4-10).

transport activities certainly modify the levels of neuro- In previous investigations we found that sheep

transmitter available for quantal release and provide abrain synaptic vesicles contain a®J&i* antiport sys-

mechanism for the regulation of synaptic function in
Abbreviations: Acridine orange, bis[dimethylamino]acridine;
1 Centro de Biologia Celular, Departamento de Biologia, Universi- CCCP, carbonyl cyanide m-chlorophenylhydrazone; EGTA, ethyl-

dade de Aveiro, 3810-193 Aveiro, Portugal. eneglycol-bisB-aminoethyletherN,N,N’,N"-tetraacetic acid; HEPES,
2 Centro de Neurociéncias, Departamento de Zoologia, Universidade N-2-hydroxyethylpiperaziné¥-2-ethane-sulfonic acid; Oxonol VI,
de Coimbra, 3004-504 Coimbra, Portugal. Bis-(3-propyl-5-oxoisoxazol-4-yl-)pentamethine oxonol; Tris, 2-

8 Address reprint request to: Maria Paula Poldnia Gongalves. amino-2-hydroxymethylpropane-1,3-didijtH*, proton electrohem-
Tel: 351-234370776; Fax: 351-234426408; E-mail: pgoncalves@ ical gradient;ApH, proton concentration gradienA¢, electrical
bio.ua.pt potential.

75

0364-3190/01/0100-0075%$19.50/0 © 2001 Plenum Publishing Corporation



76 Goncalves, Meireles, Neves, and Vale

tem, which actively transport €aacross the mem-  KCl, 50 uM EGTA and 10 mM Tris-HCI (pH 8.5)ApH mediun;

- freH 2) in contrast, maximal electrical gradient was achieved in the ab-
brane, essentla”y at expenses of component sence of permeant anions by using a medium containing 60 mM su-

of theApH" generated by the_ pr_oton pumping ATPase crose, 2 mM MgS@Q 150 mM potassium gluconate, 501 EGTA
(11-13). Consequently, €adissipates thépH under and 10 mM Tris-HSO, (pH 8.5) @¢ mediun) or by using a medium
conditions (free C4 concentratior» 100uM) that ac- containing 60 mM sucrose, 2 mM MgClL50 mM potassium glu-
tivates the exchanger (11). Furthermore, the antiporterconate, 50uM EGTA and 10 mM Tris-550, (pH 8.5) @g+CI”

e + P : _ mediun); 3) intermediary conditions were achieved in a medium con-
has low affinity for C&" and low selectivity, since var taining 60 MM sucrose, 2 mM MgCI15 mM KCI. 135 mM potas-

ious cations appear to be exchanged with protons ac;,m, guuconate, 5uM EGTA and 10 mM Tris-HCI (pH 8.5)
cording to their ionic radius in the dehydrated form: (apH/ag mediun), so that an proton electrochemical gradient with the
Zn?* > Cd?* > Ca* (12). two componentspH andA¢) was produced. The reactions were

In this work, we studied the impact of €4d* an- initiated by adding 0.21M [*H]dopamine, 5uM [*H]glutamate or
tiport activation in the uptake of dopamine, glutamate 450 uM [*H]GABA after 50 s incubation in the presence of 200

. . . ATP-Mg (except otherwise indicated). At designated reaction times,
and GABA by synaptic vesicles isolated from sheep aliquots of 800ul (800 pg protein) were rapidly filtered under vac-

brain cortex. The criteria for this neurotransmitter se- yum through Millipore filters HAWP (@ 0.4%m), which were

lection relays on their different transport characteris- washed with 12 ml of the reaction medium without neurotransmitters,
tics, which depend differently on th&pH and A¢ C&" and ATP-Mg. The radioactivity of the filters was measured by
components of thApH+ (14_23)_ The implications of liquid scintillation spectrometry and the amount of neurotransmitter

hiah | il 2 P . h accumulated in the vesicular space was calculated by subtracting the
igh intracellular C& or Z concentrations on the amount of radioactivity retained in the filters under conditions of H

neurotransmission process are discussed. pump uncoupling (presence of il CCCP) from the total amount
retained in the presence of ATP-Mg and absence of CCCP. Filter
blanks were determined by filtering aliquots of reaction medium with
the respective radiolabeled neurotransmitter. The values for neuro-
EXPERIMENTAL PROCEDURE transmitter uptake were expressed as pmol/mg protein.
Measurements of\pH and A¢ by Fluorescence Quenching.

Materials. All reagents were analytical grade. Carbonyl cyanide ATP-dependent proton transport was measured by following the flu-

n-chlorophenylhydrozone (CCCP), ATP and bis[dimethylamino] orescence quenching Ow acridine orange (25'2_7)' while tiep )
acridine (acridine orange) were obtained from Sigma. Bis-(3-propyl- 2670SS the synaptic vesicle membrane was monitored by measuring

5-oxoisoxazol-4-yl-)pentamethine oxonol (oxonol VI) was supplied ATP-dependent fluqrescence quenching ofﬂi\/BoxonoI _VI (28).

by Molecular Probes. [7,8H]Dopamine (1,702 TBg/mol), 4-amino- The membrs_me vesicles _(600 or 9,0@ proteln/ml) were |npubated
n-[2,3-*H]butyric acid (3,256 TBg/mol) and L-[@]glutamic acid at 30°C in d|fl_‘erent reaction media (2 ml), as |nd|_cated in the leg-
(1,665 TBg/mol) were purchased from Amersham International, ends o'f the flgures. Proton transpo.rt_ emhigenerat_lon across the
Bristol, UK. synaptic vesicle membrane were initiated by adding ATP-Mg. For-

Isolation of Synaptic VesicleSynaptic vesicles were isolated ~ Mation ofApH andA¢ were checked by promoting their elimina-
from sheep brain cortex according to the procedure described byt'on V‘,”th the protonophorg CCCP (10M). The flgorescence
Hell et al. (18,24,25). The brains were cut in small pieces, frozen in emissions were measured in the presence i¥12acridine orange )
liquid nitrogen and crushed to form a fine powder that was homog- &1d 3-34M oxonol VI at 525 nm (slit width 3.0 nm) and 612 nm (slit
enized in a solution containing 0.32 M sucrose, 10 mM HEPES-K width 10.0 nm) using an.exc'ltatlon wavelength of'495 nm (slit width
(pH 7.3), 0.2 mM EGTA, 0.5ig/ml pepstatin and fig/ml leupeptin. 2.5 nm) and 591 nm (sl+|t width 5.0 nm), respectively. The fluoreS-
After centrifugation during 10 min at 47,000the supernatant was ~ C€NCe changes due to” knovements were followed by using a
collected and centrifuged again for 40 min at 120,§00he ob- Perkin-Elmer computer-contro_lleq spectroflgorometer, Model L$-50.
tained supernatant was layered onto a cushion of 0.65 mM sucrose Treatm,ent of the D‘ataSta_tlst_lcaI‘anaIysm was performed using
and 10 mM HEPES-K (pH 7.3) and centrifuged for 2 h at 260¢000 the Student’t tes{two-tailed dlstrlb_utlon; two-sample une_qual vari-
The resulting pellet was resuspended in 0.32 M sucrose and 10 mMance) ang values are presented in the legends of the figures.
HEPES-K (pH 7.4) and, after centrifuging for 10 min at 27,600
the supernatant containing the purified synaptic vesicles was col-
lected, frozen in liquid nitrogen and stored-a&0°C. This method RESULTS
allows preparation of a highly pure synaptic vesicles fraction as re-
vealed by assa_ys of immynoblotting and marker enzymes activity Since the transport of neurotransmitters into synap-
(18,24). Analysis of protein was performed by the method of Gor- . . . . +
nall et al. (26). ticvesiclesis energ(_atlcally supported by fheH™ across

Neurotransmitter Uptake AssayBopamine, glutamate and  the€ membrane, we investigated how’Cmay affect the
GABA accumulations by isolated synaptic vesicles were measured by Storage capacity of synaptic vesicles with respect to the
rapid filtration and scintillation counting. In order to shift theH* neurotransmitters, dopamine, glutamate and GABA.
from ApH to Ad, maintaining the totaApuH* unchanged (16,18), the Fig. 1 shows that dopamine uptake by synaptic

membrane vesicles (1 mg protein/ml) were incubated &€ 8@Qiring vesicles is essentiallv dependent on cOMDo
5 min, in the absence or in the presence of BA0CaCl,, in the fol- y p fpH p

lowing incubation media: 1) to achieve maximal chemical gradient, nefnt of theApH*. About 7 pmpl of dqpamine/mg pro-
we used a medium containing 60 mM sucrose, 2 mM MdG0 mM tein are taken up whefApH is maximal andA¢ is
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Fig. 1. AuH*-dependent dopamine uptake by isolated synaptic vesicles. The vesicles were inculfitddmiedium(left pane)), ApH/A¢
medium(central pane) andA¢ medium(right panel) in the absenceopen symbo)sand in presence of 1 mM ATP-Mgl¢se symbols Uptake
assays were performed as described under “Experimental Procedure”. Values represent theSBezfnthree separate experiments. The
inserted figures represent the magnitude ofAlhga,c,@ and the magnitude of thipH (b,d,f) across the synaptic vesicle membrane under
the experimental conditions used. T andApH were visualized by quenching of 318 oxonol VI and 2uM acridine orange fluorescence,
respectively, as described in “Experimental Procedure”.

negligible (presence of QI(Fig. 1,left pane). In con- enough foApH formation, were required to obtain sub-
trast, whem¢ is predominant as compared to hygH stantial glutamate accumulationB2 pmol/mg protein)
component (presence of impermeant anions), we ob-(Fig. 3,left pane). Under conditions of higher concen-
served that dopamine uptake is strongly reduced totrations of Ct (17 mM), at whichApH exists (Fig. 3,
(0.9 pmol/mg protein (Fig. Tjght pane). Even when central pane), there was an increased glutamate accu-
both componentsApH and A¢, are simultaneously
contributing to theAuH* (Fig. 1, central pane€), the
dopamine uptake is significantly reduceéd® (omol/mg
protein), indicating that dopamine transport is essen- 6
tially achieved at expenses of a large chemical gradient
of protons. Under the various conditions studied, the
ApH andA¢ magnitudes were evaluated by recording
the fluorescence changes of acridine orange and Ox-
onol VI, respectively (Fig. 1, inserts). Association of
dopamine uptake to the*hHhump activity was checked
by comparing these results with those obtained in con-
trol assays performed in the absence of ATP (Fig. 1).
The dopamine accumulation by synaptic vesicles
was strongly reduced0%) by C&" under the opti-
mal conditions of maximaApH, whereas no Cain-
hibition was observed under conditions of higth
where there is even a slight increase in the synaptic
vesicle dopamine uptake (Fig. 2). When bagH and
Ad components existed, the inhibitory effect of?Ca
was reduced[(45%, suggesting that it was partially 0
neutralized by the stimulatory effect observed under
conditions ofA¢ component predominance. Fig. 2. Effect of C&* on the active3H]dopamine uptake by isolated

In contrast to dopamine uptake the glutamate synaptic vesicles. The vesicles were incubatedipil, ApH/A¢
' andA¢ media in the absencgrgey barg and in presence of 5¢M

transport SySt?m of synaptl_c. VESIC|e§ was |CM38( C&* (black bar3. Uptake assays were performed as described in
pmol/mg protein) under conditions of higppH and low “Experimental Procedure”, and the reactions were carried out during

A(l) (Fig. 3, left pane}. It appears that the main energy 8 min. Active fH]dopamine uptake activity was calculated as

for thi t itter t tA | described in “Experimental Procedure”. Values represent the
source for this neurotransmitter transportAg, al- meanx SD of six separate experiments.

though negligible amounts of Q4 mM), which are not  *P < 0.001.
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Fig. 3. AuH*-dependent glutamate uptake by isolated synaptic vesicles. The vesicles were inculzggiddniedium(left pane), ApH/A¢
medium(central pane) andA¢ medium(circles) or A¢ + ClI- medium(triangleg (right pane) in the absenceopen symbolsand in presence

of 1 mM ATP-Mg (lose symbols Uptake assays were performed as described in “Experimental Procedure”. Values represent th&Dnean
of three separate experiments. The inserted figures represent the magnitudAdofatee,f) and the magnitude of thpH (b,d,g,h) across
the synaptic vesicle membrane under the experimental conditions usefd Bmel ApH were visualized by quenching of 3u oxonol VI

and 2uM acridine orange fluorescence, respectively, as described in “Experimental Procedure”.

mulation (1148 pmol/mg protein). However, we could tributed as main energy source, whereas there was no
not distinguish whether this is due to a-@lducedApH inhibitory effect whenA¢ was the predominant com-
enlargement (Fig. 3central panel insert) or to a  ponent for the energetic support of the neurotransmit-
concentration-dependent effect of "Gdn the trans-  ter transport (Fig. 6). Interestingly, €alid not alter
porter, as previously suggested (21,22,29). This ques-GABA uptake whe\pH andA¢ simultaneously exists
tion was clarified by analysis of the €aon the
glutamate uptake by synaptic vesicles (Fig. 4). We ob-
served no CA effect either in the absence Ab or 200
when theApH component greatly contributed to the
ApH* (Fig. 4). Furthermore, a significant stimulatory ef-
fect of C&" was observed whelp was the predominant
component of thé&uH" in the presence of low concen-
trations of Ct (Fig. 4). These results indicate that the
glutamate transport system preféds as energy source
and it does not utilizes thtspH energy even in the pres-
ence of non-limiting Cl concentrations. Under these
conditions, the\pH dissipative effect of Gadid not de-
crease glutamate uptake, suggesting that highetmits
optimal glutamate uptake by interaction with the trans-
porter (30), rather than by generation of a lakgél.
Concerning the GABA uptake by synaptic vesicles,
we observed that similar amounfd86 and 100 pmol/
mg protein) are accumulated by using eitherpkl or
the A components as energy source for the process
(Fig. 5,left and right panels Under intermediary con- 0
ditions, when both components contributed for the
ApH*, GABA update was slightly increased (292 pmol/ Fig. 4. Effect of C&* on the active3H]glutamate uptake by isolated

m rotein) (Fig. 5central pane), suggesting that an synaptic vesicles. The vesicles were incubated\pi, ApH/A¢,
9p ) ( 9. oF P ) 99 9 A¢ + ClI~ andA¢ mediain the absencegfey bar$ and in presence

elgctrochemical grgdient has not a great advantagg relof 500 UM Ca* (black barg. Uptake assays were performed as
atively to the efficiency observed when the chemical described in “Experimental Procedure”, and the reactions were

or electrical gradient are operating in separate. carried out during 8 min. Active'ifijglutamate uptake activity was
calculated as described in “Experimental Procedure”. Values

. The. GABA uptake by synaptic vesicles was represent the meanSD of five separate experiments.
slightly inhibited (1L6%) by C&" only whenApH con- *P < 0.01.

150

100

ACTIVE PHIGLUTAMATE UPTAKE
(pmol/mg protein/8 min)
W
<




Ca?* Effects on Neurotransmitter Uptake by Synaptic Vesicles 79

@ [/ TP ApH © /ATP ApH/A(p ZATP A(p
L T
600 () 600 | 600  ®
=N [G) (e
=
55450 - g 450 | g o 450 g
- i P
< E =z “cecp =z Zmin Sccep
:Ensoo - 300 | 300
M=
< g (]
O E150 - 150 | 150 |
g8
0 IQ 1 1 i 1 0 1 i 1 L 1 0 I 1 1 1 1
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
TIME (min)

Fig. 5.ApH*-dependent GABA uptake by isolated synaptic vesicles. The vesicles were incubapétinredium(left pane)), ApH/A¢ medium
(central panel andA¢ medium(right pane) in the absenceopen symbo)sand in presence of 1 mM ATP-Mgl¢se symbo)s Uptake assays
were performed as described under “Experimental Procedure”. Values represent the $iearf three separate experiments. The inserted
figures represent the magnitude of th¢ (a,c,@ and the magnitude of thé&pH (b,d,f) across the synaptic vesicle membrane under the
experimental conditions used. Thé andApH were visualized by quenching of 3u81 oxonol VI and 2uM acridine orange fluorescence,
respectively as described in “Experimental Procedure”.

across the membrane, suggesting that, under these corFigs. 2, 4, 6), we investigated the action of'‘Gehen
ditions, C&"™-induced dissipation ofApH does not in-  added to vesicles previously loaded with the various
hibit GABA uptake as it is similarly energized By. neurotransmitters (Fig. 7). In these conditions, we ob-

Considering the effects of €aon the uptake of  served that C4 rapidly induced complete release of
dopamine, GABA and glutamate by synaptic vesicles dopamine from the vesicles (2 min), whereas GABA
release was not greatly sensitive t&'Gand glutamate
remained inside the vesicles. Interestingly, we ob-
served that the various loaded vesicles responded to
Zn?* addition in a manner similar to that observed for
c&* (Fig. 7). It appears that 2h like C&*, promoted
liberation of the AH-dependent neurotransmitter
(dopamine) by dissipation dipH as they exchange
with protons through a previous reported antiport sys-
tem (12). The accumulation of the other neurotrans-
mitters is not significantly affected by these cations
since they are strictly or faculatively depedent on the
Ad, respectively.
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100 DISCUSSION
Synaptic vesicles are important reservoirs to pack-
S0 age the neurotransmitters for secretion after neuron
stimulation. Therefore, alterations in their mechanisms
of transport may have strong consequences at the phys-
0 iological level.

2 Since C&" ([bOOUM has revealed uncoupling
Fig. 6. Effect of C&" on the active JH]GABA uptake by isolated i i i i

synaptic vesicles. The vesicles were incubatefipH, ApH/A¢ and pro_p_ertles Wl.th respect to synaptic VeSIC.lé pump

A¢ mediain the absencegtey barg and in the presence of 5Q01 act|V|ty (13), its effect on the neurotransmltte_r storage_
Ca* (black bary. Uptake assays were performed as described in capacity of these vesicles appears to be bioenergeti-

“Experimental Procedure”, and the reactions were carried out during cally relevant. We observed that €atronaly inhibits
8 min. Active PH]GABA uptake activity was calculated as described y ) gy

in “Experimental Procedure”. Values represent the me&b of six dOP_amine aC(?U”‘U'ation under Condi'_[ions of hlmH
separate experiments. but it has a stimulatory effect whekp is predominant
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Fig. 7.C&*- and Zrit*-induced release of neurotransmitters from isolated synaptic vesicles. The neurotransmitter loading of theogsicles (
circles) was performed with®H]dopamine inApH medium(left pane), [*(HJGABA in ApH/A¢ medium(central panel and PH]glutamate in

A¢ + CI~ medium(right panel) as described in “Experimental Procedure”. When indicated (at 5 mfi)(clmse circle} or Zr?* (close
triangleg were added to perform a final concentration of 500 orfMQrespectively. Active neurotransmitter uptake activities were calculated
as describes in “Experimental Procedure”. Values represent thesnf@rof five separate experiments.

(Fig. 2). We also observed that, under conditions of
non-limiting ATP concentration (1 mM), the inhibitory
effect of C&" is not visualized (results not shown).
Under these conditions, the protons released in ex-
change with C#% are rapidly taken up by HATPase
activity and, therefore, nd\pH dissipation occurs.
These results indicate that €anhibits dopamine up-
take by dissipating th&pH rather than by interacting
with the transport system. Indeed, dopamine loaded
vesicles are rapidly discharged of dopamine by adding
Ca* or Zn?*, which appears to be also translocated by
the cation/H antiport activity previously observed in
synaptic vesicles (12). The €sstimulatory effect ob-
served under conditions & predominance is evident

porter utilizes exclusively thA¢ component oAuH*
as energy source for the transport process.

The transport system for GABA was operative
either under conditions of higkpH or highA¢ (Fig. 5),
and no additive amounts of GABA were taken up under
conditions of significant contribution of both com-
ponents ApH andAd) (Fig. 5), which indicates that,
essentially, only one component is required without
preference for anyone. €ahad a significant stimula-
tory effect on GABA uptake by the vesicles irda
medium whereas no effect was evident ApH/A¢
mediumand a slight inhibition was observed iMdpH
medium As C&*-induced membrane hyperpolariza-
tion may neutralize the effect dfpH decrease in a

but dopamine uptake is greatly reduced as compared toApH/A¢ medium it appears plausible that no net?Ca

that observed in d4pH medium This evidence support
the assumption that a coupled proton counter transport
is required for dopamine accumulation agdH pro-
vides both the energy source and the counter idipsi(
mediun), as previously reported (31).

In contrast to dopamine transport, glutamate up-
take strictly depends afsp, but it requires Clanions
(Fig. 3). By analysis of the Gaeffect, we observed
that C&" has a slight stimulatory effect when gluta-
mate uptake is carried out in thpH/A¢ medium
whereas a strong stimulation occurs in thg + Cl™
medium It appears that Gainduced membrane hyper-
polarization may substitute (in a certain extent) the
lack of optimal Ct concentration (17 mM). However,
high A¢ does not support glutamate uptake in com-
plete absence of Cland there is no effect of Ca
(Fig. 4, A¢ mediun). Furthermore, the lack of &ain-
hibition of glutamate uptake under conditions of high
ApH (ApH mediunp clearly shows that glutamate trans-

effect is observed under these conditions.

The C&" effects described above represent real
evidence to demonstrate the type of energy source for
accumulation of neurotransmitters by synaptic vesi-
cles and they appears useful to distinguish the actual
function of Cf in promote direct activation of the glu-
tamate transport system. Furthermore, the results indi-
cate that conditions of €astress ¥ 100uM) may alter
neurosecretion by emptying synaptic vesicles of neuro-
transmitters whose accumulation is sensitiveApid
dissipation. In fact, various investigators observed that
after prolonged stimulation, synaptic vesicles decrease
their acetylcholine content in correlation with uptake
of C&* by the vesicles (32,33). In spite of the low
affinity for Ca*, synaptic vesicles C&H* antiport
may be physiologically important as high®eoncen-
trations are reached in specific microdomains neéf Ca
active zones (34). Under these conditions synaptic vesi-
cle C&" loading should allow forward Gaextrusion
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by exocytosis. At this level of neurosecretion reaction 15.
cascade, at which the cell recovers its ionic gradients,
full activity of the C&*/H* antiport should occur, since
the cell may be ATP-deficient due to both increase
ATP hydrolysis by activity of the ion pumps (NE&*-
ATPase and Ca-ATPase) and decreased ATP synthe- 17,
sis by mitochondria in consequence of their*€a
induced depolarization. In conclusion, these results
support the hypothesis that synaptic vesiclé' Bt
antiport may participate in ruling cell recovering after
a neurosecretory event.
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