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SUMMARY 

The influence &external cations on 45CaZ+ efftux from CaZ+-loaded synapto- 
somes has been examined The synaptosomes were pre-loaded with 45Ca2+ by incu- 
bating the suspensions in potassium-rich media for 2 mm The suspensions were then 
dduted into "efflux" media containing a "normal" (5 mM) K + concentration, the 
content of Na + and Ca z + was varied, as noted below Etttux of  45Ca2 + was measured 
for a 2-mln period (except for "zero-time" samples), and was terminated by filtering 
the suspensions on 0 3 #m cellulose acetate filters 45Ca2+ retained on the filters was 
determined by liquid sclntJllation spectroscopy The difference between the 45Ca2+ 
in the "zero-time" samples ( . . . .  Ca z + load") and in the samples incubated for 2 mln 
was taken as the '~5Ca1+ efflux 

45Ca2+ loss into Ca2+-free efflux media containing ethyleneglycol-bls-(fl- 
amlnoethylether)-N,N'-tetraacetlC acid (EGTA) was markedly influenced by the Na + 
concentration nearly 80 ~o of the 45CaZ+ was lost from the synaptosomes if the 
media contained 132 mM Na +, but only about 7 ~ was lost in 2 mm if 97 ~ of the 
Na + was replaced mol-for-mol by choline In media containing 1 2 mM Ca z+ and 
132 mM Na +, the 45Ca2+ uptake by synaptosomes previously loaded with 4°CaZ+ 
was significantly less than 45CaZ + loss from synaptosomes loaded with 45Ca2 + Thus 
there was a net efflux of Ca / + from the Ca2+-loaded synaptosomes, this efflux was, 
presumably, Na + dependent 

In media contamlng 1 2 mM 4°Ca2+ and only 4 mM Na +, the 45Ca~+ efflux 
from 45CaZ+-loaded synaptosomes was significantly greater tf most of the external 
Na + (128 raM) was replaced lsomotlcally by L1 + rather than by chohne, guanldme 
or glucose This observation may be evidence for a CaZ+-Ca2+ exchange which is 
promoted by LI + Both the Na+-dependent and the Ca2+-dependent Ca z+ effluxes 
were inhibited by Mn z+ The data are consistent with a Ca z+ carrier mechamsm 
which can extrude Ca 2+ m exchange for Na + or for Ca 2+, the latter being activated 
by L1 + These properties bear a striking resemblance to those of a Ca z+ efflux 

Abbreviation EGTA, ethyleneglycol-bls-(fl-amlnoethylether)-N,N'-tetraacetlc acid 



296 

m e c h a m s m  which has been charac te r ized  in squid axons Thls mechanism ma~ there- 
fore have evolved fairly ear ly on m the his tory of  the ammal  k ingdom 

INTRODUCTION 

It  has tong been known that  Ca z + plays a crmcal  role m the t ransmi t te r  release 
process  at  p resynapt lc  terminals  [ l ]  A l though  the precise role o f  Ca 2+ is uncertain,  
there  is now ample  evidence tha t  t ransmi t te r  release is associa ted w~th entry  of  Ca 2 + 
[2-5] and  a rise in the concen t ra t ion  of  internal  iomzed  calcium ( [Ca2+] , )  [6] In 
order  to remain  m s teady Ca z+ balance,  the C a  2+ which enters the terminals  dur ing  
act ivi ty  must  be subsequent ly  ex t ruded  The avai lable  da ta  indicate that  the [Ca 2+ ], 
Is no rma l ly  cons iderab ly  lower than [CaZ+]o (the external  Ca 2+ concen t ra t ion)  In 
bo th  inver tebra te  and  ver tebra te  neurons ,  [Ca 2+ ], may  be of  the order  o f  10 o M or 
less [7, 8] Since the cy top lasm of  resting neurons  IS negative,  with respect  to the 
external  medium,  this means  tha t  the Ca / + must  be ex t ruded  agains t  a large electro-  
chemical  gradxent 

In a large var ie ty  of  tissues [8], including squid axons [9] and  m a m m a h a n  
per iphera l  nerve [10], Ca z+ efflux appears  to depend,  in par t ,  upon  the presence of  
N a  + m the ba th ing  med ium Ca z+ efflux f rom 45CaZ+-loaded bra in  slices is also 
dependen t  upon  external  N a  + [11-13] These results have been taken as evidence 
tha t  the Ca 2+ efflux revolves a c a r e e r - m e d i a t e d  counterf low exchange o f  Na  + for 
Ca 2+ the movement  of  N a  + into the cells, down its e lec t rochemical  gradient ,  may 
p r o w d e  some of  the energy for "uph i l l "  Ca 2+ ex t rusmn [8, 9] 

Iso la ted ,  p inched-of f  p resynapt lc  te rminals  ( synap tosomes)  f rom brain  homo-  
genates re ta in  cons ide rab ly  func tmnal  integri ty [14] they have membrane  potent ia ls  
[15], and  can accumula te  Ca 2+ and release t ransmit ters  when t r iggered by depola r -  
Izing agents  [4, 5] As m the case o f  the o ther  neural  tissues men tmned  above,  the 
efflux of  4 5 C a 2 +  f rom pre - loaded  synap tosomes  reqmres  the presence of  N a -  ~n the 
ba th ing  m e d m m  [16, 17] This suggests that  as evolut lonal ly  divergent  tissues as 
sqmd axons and  m a m a h a n  central  neurones  may  have very s imilar  mechanisms  for 
ex t rud ing  Ca 2 + 

I f  a carr ier  mechan i sm is, indeed,  involved in the exchange of  Na  + for Ca 2+ 
it may  also medmte the exchange ("exchange  di f fus ion")  [18] of  Ca 2+ for Ca 2* that  
ms, under  some c i rcumstances  Ca 2+ efflux may  depend  upon  external  Ca a t  Th~s 
appears  to be the case in the sqmd axon,  where a p o m o n  of  the Ca 2+ efflux is m lact  
dependent  upon external  Ca 2+ [9] Fu r the rmore ,  the Ca02+-dependen t  Ca "~+ efflux 
Is p r o m o t e d  by LI + [19, 20] perhaps  indica t ing  tha t  dur ing  Ca2+-Ca  2+ exchange the 
enter ing Ca 2 + is a c c o m p a m e d  by Ll + 

In  o rder  to see how closely the Ca 2 + carr ier  mechanism m m a m m a l i a n  ner~ ou~ 
tissue resembles  tha t  o f  sqmd axons,  we have examined  the effects of  external  mono-  
valent  ca tmns  on the efflux of  Ca 2+ f rom 45CaZ+-loaded synap tosomes  in the pres- 
ence and  absence of  external  Ca 2+ The results indicate that  LI + IS much more 
effective than choline or  guamdln lum m p romot ing  Cao2+-dependen t  Ca 2+ efflux 
The da ta  ob t amed  m the presence o f  N a  + are more  difficult to in terpret  because,  
unhke  these o ther  monova len t  cat ions,  N a  + p romotes  Ca 2 + efflux even m the absence 
o f  external  Ca 2+ [16, 17] 
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MATERIALS AND METHODS 

Preparation of synaptosomes Synaptosomes were prepared f rom whole rat 

brain homogenates  by differential and sucrose density gradient  cen tnfuga t lon  [21] 

The original Gray  and Whi t taker  procedure  [21] was altered shghtly [22] to reduce 

the mlcrosomal  contamina t ion  m the crude ml tochondna l  pellet (P2) the S 1 super- 

natant  was centrifuged for only 25 mm at 10 0 0 0 × g  and 4 °C The resulting pellet 

(P2) was re-suspended with a manual  homogenizer  in fresh 0 32 M sucrose (equal 

to the vo lume decanted)  and again centrifuged for 25 mm at 10 000 × g  The pellet 

f rom this spin (P'2) was re-suspended m 0 32 M sucrose, and the suspension layered on 

the &scon tmuous  sucrose gradient  [21] Fol lowing a 2-h cen tnfuga t lon  at 65 000 × g 

and 4 °C, the materml at the 0 8-1 2 M sucrose interface ( " synap tosomes" )  was re- 
moved  and diluted with approx 10 volumes of  ice-cold Ca2+-free Na  + + 5  K ÷* Ah-  

quots  o f  this suspension were centrifuged at 9000 × g for 4 mln at 4 °C The super- 

natant  solut ion was decanted,  and the pellets were resuspended and mcubated as 
described below 

Solutions The composi t ion  o f  representative experimental  solutmns is shown 

m Table I In order to m a m t a m  l so tomoty ,  mtermedmte  monovalen t  cat ion concen- 

trat ions were obta ined by mixing appropr ia te  solutions (e g Na  ÷ + 5  K ÷ and L1+--  

5 K ÷, or L l + + 5  K ÷ and c h o h n e + 5  K +) In a few instances MnCI 2 was added to 
some of  the solutions (see Results)  

Expertmental procedures In order to return the synaptosomes to a physio- 

logical steady state, the pellets f rom the 9000 × g cen tnfuga t lon  (0 6-0 85 mg protein)  

were resuspended m 0 5 ml of  N a + + 5  K + and equdlbra ted  for  12 mm at 30 °C 

Calcium loading of  the synaptosomes was mJtmted by the addi t ion of  0 5 ml of  

TABLE I 

COMPOSITION OF REPRESENTATIVE SOLUTIONS 

In ad&tlon to the constituents hsted m the table, all solutions also contained, m mmol/l MgCl2, 1 3, 
NaH2PO4, 1 2, glucose, 10, Tns base, 20 The solutions were buffered to pH 7 65 at 25 °C by titration 
w~th malelc acid All solutes were reagent grade, or highest grade avadable Glass-dlstdled water was 
used for all solutions The salt concentratlons are expressed as mmol/1 

Solution NaCI LICI KCI CaClz EGTA 

Na + -t-5 K + -1-Ca z+ * 132 0 5 1 2 0 
Na++5 K + (0 Ca2+) ** 132 0 5 0 0 
Ca2+-free Na++5 K + * 132 0 5 0 0 5 
137 mM KC1 sahne~Ca 2÷ 0 0 137 1 2 0 
Ll++5 K++Ca z+ 0 132 5 1 2 0 
Ca2+-free L + + 5  K + 0 132 5 0 0 5 

* In some solutions, all of the NaCI was replaced by an eqmmolar amount of chohne chloride 
(-- chohne+5 K+÷Ca z+ or CaZ+-free chohne+5 K +) or guamdme HCI (= guamdme+5 K + -~- 
Ca z+ or CaZ+-free guamdme+5 K +) In glucose+5 K + +Ca 2+ and CaZ+-free glucose +5 K +, the 
132 mM NaCI was replaced by 264 mM glucose 

** The Ca 2 + content of th~s solution, measured by atomic absorption spectroscopy, was 3-4/t M 

* See Table I 
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137 m M  potass ium ch londe / sahne  [5] con ta in ing  4SCa z+ (specific ac t lwty  _ 2 :~C1 
per  ~tmol Ca 2+ m the final I 0 ml suspensmn)  After  2 m m  of  m c u b a t m n  at 30 C 
with ~5Ca2+, 0 3 or  0 4 ml o f  well-s t i r red synap tosome  suspensmn was p lpe t ted  into 
an  e r lenmeyer  flask conta in ing  10 ml o f  an app rop r i a t e  efflux so lu tmn (see Table  1 
and  Resul ts)* In some instances the so lu t ion  was Ca2+-free chohne-4 5 K +. these 
samples  were m~xed and  lmmedmte ly  fi l tered to de termine  the a m o u n t  o f  45Ca 
load ing  All  o ther  samples  were mixed  with solut ions  at  30 ~C, and  were incubated  
for 2 mm and  then fil tered as no ted  previously  [17], Ca 2+ efflux is hnear  for abou t  
2 mm 

The synap tosome  suspensmns were vacuum filtered on pre-washed 0 3 l lm 
pore d iamete r  G e l m a n  or  Mflhpore  cellulose acetate filters Each filter was then 
rapid ly  washed with 15 ml of  me-cold c h o h n e +  5 K + , tr ials with protein-free sol utmns 
indica ted  that  after one 15-ml wash only abou t  0 5-1 ",, o f  the counts  remain ing  on the 
p ro te in -con ta in ing  filters could  be a t m b u t e d  to ex t r a - synap tosomal  4~Ca z + 

The washed filters were t ransfer red  to l iqmd sclntf l latmn count ing  vmls, 10 ml 
of  to luene /Tr i ton  X-100 scmtd l a tmn  cockta i l  [23] was added,  and  the sampleb v~ele 
coun ted  m a Packard  T n c a r b  l lqmd scmtd la t lon  counter  Small  ahquots  of  the ~ ~Ca-" ~ 
m c u b a t m n  solut ions  were also coun ted  m order  to compute  the 4SCa 2+ specific 
ac t lwty  in the load ing  so lu tmns  The pro te in  content  o f  synap tosome  pellets from 
each exper iment  was de te rmined  on an au to-ana lyzer  by the method  of  Lowry et al 
[24], bovine serum a lbumin  was employed  as a s t andard  

Ca l cmm efflux was c o m p u t e d  as the difference between the 4 SCa 2 + remain ing  
in the synap tosomes  (1 e on the filters) af ter  the 2-mln efftux per iod  and  the 4SCa2+ 
content  fmmedla te ly  after loading  

RESULTS 

Ertetna!  Na +-dependent Ca 2 + efflu'~ 
As repor ted  previously  [17], when Ca 2+ is omi t t ed  f rom the efflux m e d m m  (to 

minimize Ca2+-Ca  2+ exchange) ,  the loss o f  i so tope  f rom 45Ca2+- loaded  synap to-  
somes is largely dependen t  upon  the presence o f  N a  + in the ba th ing  m e d m m  Slmdar  
results  were ob ta ined  in the present  s tudy as shown in Table  II ,  on the average.  79 ". 
of  the 4 5 C a 2 +  was  lost f rom 45CaZ+-loaded synap tosomes  incubated  in CaZ+-free 
Na  + -  5 K + for 2 m m  at 30 uC However ,  if the external  N a  + concent ra t ion  was 
reduced  to 4 m M  by lsosmot lc  subst i tu t ion of  chohne,  only 7 °o of  the r ad loacuve  
label  was lost  dur ing  a 2-mm incubat ion  (hne 6). the 45Ca2+ efflux was only shgh tb  
greater  (12-22 °o) if LIC1 (hne 4), g u a m d m e  HC1 (hne 8) or  glucose (hne 10) was 
the NaC1 replacement  

The re la t ionship  between external  Na  + concen t ra tmn  and  4SCa" + efflux into 
Ca2+-free media  is d lus t ra ted  in F ig  I A  The da t a  were ob ta ined  with mixtures  of  
CaZ+-free N a + ÷ 5  K + and Ca2+-free chohne-~-5 K + There is very htt le Ca 2+ efftux 
into so lu tmns  conta in ing  a b o u t  4 m M  N a  + At  shght ly  higher  external  N a  + concen-  
t ra t tons ,  Ca z+ efflux rises s teeply,  it then appears  to level off as the external  N a  + 
concen t ra tmn  ~s increased stdl  fur ther  Al though ,  as no ted  earher  [ t7] ,  this curve 

* Bet.ause of thin dllutlort procedure the rmmmat Na + toncentratlon during eft]u\ m the 
nominally Na+-free solutmns ~as 4 mM 
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Fig I ( A )  Effect  o f  e,~ternal N a  + c o n c e n t r a t i o n  on  -;SCa2+ eff lux into  C a 2 + - t r e e  s o l u t i o n s  N a  * 
,~as repla•ed i s o s m o t l c a l l y  by  c h o l i n e  T h e  o r d i n a t e  s h o w s  the percent  o f  the  ; ' C a  -,+ load  lost d u r i n g  
a 2 - r a m  efftux p e r i o d  D a t a  f r o m  sl'~ s y n a p t o s o m e  p r e p a r a t i o n s  f r o m  the current  study are  sho ,~n 
E a c h  p o i n t  o n  the  g r a p h  represents  the  m e a n  o l  three  C a  2 + eff iux d e t e r m i n a t i o n s  f r o m  o n e  s y n a p t o -  
s o m e  p r e p a r a t i o n ,  two  to f o u r  di f ferent  e x t e r n a l  N a  + c o n c e n t r a t i o n s  ,aere tested m e a c h  e x p e r i m e n t  
T h e  curves  w e r e  c a l c u l a t e d  f r o m  the e q u a t i o n  [17] 

AI *ca-" + 

/~/Ca2 ~ i / ~ N a  ~ ~ ' l  

1 \ [ N a  +1o! 

w h e r e  ~/CaZ+ IS the C a :  ÷ e f l lux  to any ex terna l  N a  + ~ -oncentrahon  ( [ N a  ~ ]o)  T h e  m a x i m a l  Ca-' ~ 
efflu•, A]*Ca2+, has  a v a l u e  o l  8 0 ° o  o f  the Ca  z+ load  lost  per 2 m m ,  K N l ÷  is the a p p a r e n t  m e a n  ha l l -  
s a t u r a t m n  c o n s t a n t  for  e x t e r n a l  N a  +, w i t h  a v a l u e  o f  18 m M  T h e  e x p o n e n t ,  n, has  a v a l u e  o!  1 ( ) 
2 I ) or  3 ( - -  -) (BJ C a l c i u m  eff lux f r o m  s y n a p t o s o m e s  g r a p h e d  as a f u n c t i o n  o f  the  e l ec tro -  
c h e m i c a l  gradient  for  s o d i u m  lENa+ - -  Vm~mb, in m d h v o l t s )  T h e  d a t a  are f r o m  the s a m e  e x p e r i m e n t s  
as A T h e  a v e r a g e  m e m b r a n e  p o t e n t i a l ,  Vmemb, o f  s y n a p t o s o m e s  In the  eff lux s o l u t i o n s  ~ a s  a s s u m e d  
to  be 4 5 m V  [15] T h e  c a l c u l a t i o n  o f  the  s o d i u m  e q m h b r l u m  potent ia l ,  E N a + ( - - 6 0 1 o g  r N a + ] o  
[ N a  + ]1), was  based o n  the a s s u m p t i o n  that  the  in ternal  N a  + c o n c e n t r a t i o n ,  [ N a  + ]~, was  40  m M  T h e  
l ine  was  d r a w n  by eye  
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appears to be slgmold, it is dlffficult to be certain of the preose relationship between 
the Na + concentration and the Ca 2+ effiux A Hill plot of these data (log [Mca2+/ 
(Mca2 +*--Mca2+)] versus log [Na + ]0, cf caption to Fig IA)  had a least-squares slope 
(Hill coefficient) of 1 8 ± 0  2 The data may therefore be consistent with a mechanism 
that requires more than one (perhaps two) external Na + to activate the effiux of one 
C a  2+,  perhaps by Na+-Ca  2+ exchange [17] I f  this is indeed the case, and if energy 
derived directly from the Na + electrochemical gradient can be used to extrude C a  2 + 

against its electrochemical gra&ent [8, 9], then Jt would be of interest to examine 
the relationship between the Na + electrochemical gra&ent and the C a  2+ effiux 
C o n s e q u e n t l y ,  C a  2+ effiux data from Fig 1A have been graphed as a function of 
the calculated Na + electrochemical gra&ent in Fig IB In these calculations the 
resting membrane potentials (Vmemb) was assumed to be --45 mV [15], irrespective 
of the concentration of Na + or choline in the efflux solution I f  chohne is slgmficantly 
less permeable than Na + [15], the Vmemb would be more negative at lower external 
Na + concentrations, so that the points at small ENa+-- Vm~mb values would be shifted 
to the right For the calculations of  the sodium equlhbrmm potential (EN.+), the 
internal Na + concentration ([Na + ],) was assumed to be a constant 40 mM Smaller 
values of  [Na + ],, or a posmve correlation between [Na + ], and [Na + ]o (the external 
Na + concentration), due to inward leak of Na +, would also tend to make the curve 
steeper at low ENd+-- Vm~mb values The correlation between C a  2 + effiux and the Na + 
electrochemical gradient is readily apparent (Fig 1B), and is not markedly affected 
by the precise values chosen for Vm~mb and [Na + ], However, the foregoing considera- 
tions indicate that there may be s~gnlficant dewation from hneamty especmlly at low 
values of ENd+ 

Net Ca ̀ '+ loss from Ca2 +-loaded synaptosomes 
The magnitude of the Ca z+ effiux from 45CaZ+-loaded synaptosomes into 

Na+-contalnlng solutions, about  2 5-3 ttmol Ca2+/g protein per mm (Table II), is 
considerably greater than the resting Ca z + influx of about 1 ttmol Ca 2 +/g protein per 
mm (ref 5 and unpublished data ofEctor ,  A C and Fried, R C ) This suggests that 
the Ca 2 + efflux, even into Ca 2 +-contaInIng solutions, may involve a net loss of Ca 2 + 
from the synaptosomes In order to verlf2¢ this posslblhty, both Ca 2 + efflux and Ca 2 + 
influx were examined m comparably treated synaptosomes from a single preparation 
(Table I l l )  Some synaptosomes were loaded with 4 5 C a  2+ in  the manner routinely 
employed for all other efflux experiments Ahquots of  these suspensions were then 
added to N a + + 5  K + containing non-radioactive CaC12, and the efflux of 45Ca2+ 
was measured (Table III ,  line 1) The K+-rlch Ca2+-loadlng solutions used for other 
groups of synaptosomes contained only 4°Ca z+ , after Ca z+ loading, 0 4-ml ahquots 
of  these synaptosome suspensions were added to flasks containing 10 ml N a + +  5 K + 
labelled with 4 5 C a 2  + SO that the C a  2 + uptake could be measured (Table II1, line 2) 
The results (Table I I I )  show that in this experiment the total Ca 2+ efflux was about 
9 2 limol Ca2+/g protein per 2 mln, while Ca 2+ influx was only about 1 6/~mol CaZ+/g 
protein per 2 mln Thus, there was a net C a  2+ loss of about 7 6/~mol C a E + / g  protein 
per 2 mm It seems clear, f rom the data in Fig 1 and Table II, that this C a  2+ effiux 
must be externally Na + dependent, since Ca 2+ effiux declines significantly when ex- 
ternal Na + is replaced even in the presence of external Ca 2+ This Na+-dependent 
C a  2 + effiux may involve an exchange of Na + for C a  2 +,  thereby implying that Na  +- 
Ca 2 + exchange plays a critical role in net Ca 2 + extrusion 
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External  Ca 2 +-dependent Ca 2 + efflux 

The squtd giant axon is particularly well-suited for Ion flux studies, and exten- 
swe investigation of the Ca 2 + efflux m this preparation indicates that an exchange 
of Na + for Ca 2+ is probably involved [9, 19, 20] Under some circumstances, the 
same transport  mechamsm appears to mediate an exchange of Ca 2+-for-Ca 2+, th~s 
type of exchange is particularly prominent when L~ + ~s the predominant external 
monovalent cation [19, 20] To see ff a slmdar Ca2+-Ca 2+ exchange occurs in synap- 
tosomes, the external Ca 2 +-dependent Ca 2 + efflux was examined as a function of the 
monovalent cation composmon of the effiux solution The results of  these experiments 
are given in Table I I  and F~g 2 The main observation ~s that the extra efflux of 
45Ca2+, when 1 2 mM 4°CAC12 ts added to the efflux solution (ACa + in Table II)  is 
considerably greater m the presence of 132 mM LIC1, than w~th choline chloride, 
guanldme HCI or glucose present In Ca2+-free medm, replacement of external 
chohne by Ll + was much less effective in mmulat lng Ca 2+ efflux (see ALl+-chohne 
column in Table I I )  In the two experiments in which all four solutions (LI ÷ 4-Ca 2+ 
and choline + C a  2+) were tested simultaneously, the 45Ca2+ loss increased from 
11 84-7 1 (n ---- 6) to 15 54-4 3 (n ---- 6) percent when L1 ÷ replaced chohne in the 
absence of Ca 2÷, and from 24 8:L6 4 (n = 6) to 45 54-4 6 (n = 6) percent m the 
presence of external Ca 2+ (n is the number of determinations, the 45Ca2+ load 
averaged 7 524-0 41 gmol Ca2+/g protein for these two experiments) These results 
are consistent with the ~dea that, as m sqmd axons, CaZ+-Ca ~+ exchange is activated 
by L~ + 

°i 

, ~ l l L l l l l l  
so ' ~  . . . .  go 

EXTERNAL L,+CONCENTRATION (mM) 

+ ¢5 2+ Fig 2 The relat ive Ll -s t imulated Ca e f f lux f romsynap tosomes  graphed as a function of  the Lt + 
concen t ra tmn an the efflux solu t ion  The efflux solu tmns  were maxtures of  L~ + + 5  K + and chohne + 
5 K + , they all conta ined  1 2 m M  CaC12 The data  are the averaged values (-kS E ) f rom four exper- 
iments ,  the two end-points  and  two of  the three ffltermedlate points  were obta ined (m t r lphcate  
samples ) m each exper iment  The mean  2-mm efflux into chohne + 5 K ÷ (1 e 0 m M  LI ÷ ) was 22 ± 4  °/o 
of  the 45Ca2 ÷ load,  and  56-k 5 70 into Ll + + 5 K +, the mean  45Ca 2 + load for these exper iments  was 
6 705_ 1 22 / tmo l  Ca2+/g  prote in  The curve was calculated from the equat ion  

Mca2 + -- ~/*Ca 2 + 

1 + KL~ + 
[Ll+]o 

where Mca2 + IS the relatlvc LI +-stlmulated Ca 2 + cfflux at any external LI + concentratlon (ILI + ] o) 

The apparcnt maxlmal LI +-stlmulated Ca 2 + effiux, M'ca 2 +, had a value of I 2 0 e 20 % greater than 
the efflux into LI +-k 5 K +), and the apparent half-saturahon constant for Ll+, KLt +, was 30 mM 
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The L1 + concen t ra t ion  dependence  o f  the 4 SCa2 + efflux into Ca z +-contaInIng 
solut ions  is i l lus t ra ted m F ig  2 The efflux solut ions  consis ted of  mixtures of  El + + 5 
K + and  c h o h n e + 5  K + in these exper iments  The curve of  F ig  2 shows that  the LI ~ 
s t imula ted  c o m p o n e n t  of  the 4 5 C a  2+ eft]ux appears  to saturate ,  with a ha l f - sa tu ranon  
value (KL, +) of  abou t  20-30 m M  L1 + 

In the presence o f  NaCI,  the a d d l n o n  of  CaC12 to the efflux solut ion general ly  
i n h i b i t e d  4 5 C a  2+ efl]ux slightly (Table  I I )  The la t ter  f inding is different from observa-  
t ions made on sqmd axons,  where the add i t ion  o f  Ca 2 ~ to N a + - c o n t a m m g  external  
med ium s t imulates  Ca 2+ efl]ux [9, 19, 20] I f  a ca r r le r -medla ted  Ca 2+ t ranspor t  
mechanism is involved,  the da t a  in Table  II  may  indicate that  under  the condi t ions  of  
these exper iments  m synaptosomes ,  N a + - l o a d e d  carr iers  tend  to cycle reward  more 
rap id ly  than  do  Ca 2 +- loaded carr iers  

The influence oJ manganese on 45Ca2 + efftuA 
In squid axons (Blausteln,  unpubhshed  da t a )  and  barnacle  muscle fibers [25], 

the external  N a + - d e p e n d e n t  Ca z+ efflux IS inhib i ted  by Mn 2+ To see if Mn 2+ also 
i n h i b i t s  C a  2+ extrusion f rom synap tosomes ,  the effects of  this ion were tested on the 
L l+-s t lmula ted  (external  CaZ+-dependent )  Ca 2+ efflux, and  on the N a +-de pe nde n t  
Ca 2+ efflux The results are given m Table  IV Exper iments  1 and 2 show that  2 4 m M  
Mn 2+ reduced  the Ca 2+ ef f luxln to  L1 + + 5  K + by abou t  33 %o, and 5 0 mM Mn -~+ by 
a b o u t  55 o,) This p re sumab ly  reflects the inhib i t ion  of  CaZ+-Ca 2+ exchange,  since 
most  of  the Ca 2+ efflux into k l+-contamxng so lunons  is Ca 2+ dependent  (Table l l )  

Exper iments  3 and 4 show the effects of  Mn 1+ o n  " 5 C a 2 +  efflux into N a * -  
conta in ing  solut ions  in bo th  exper iments ,  the efflux was s)gnlficantly Inhlblted by 
5 0 m M  Mn 2+, but  only sl ightly so by 2 4 m M  M n  2+ The in te rpre ta t ion  ot expel l -  
merit 3 is somewhat  ambiguous  because the efflux solut ions conta ined  I 2 mM 
4°CaCl2,  so that  it Js difficult to tell whether  the Mn 2+ inhibi ted Na+-C,I  2~ Ol 
Ca 2+-Ca 2+ exchange Since the add i t ion  of  e thyleneglycol-bls-( /~-ammoeth~lether)-  
N ,N ' - t e t r a acenc  acid ( E G T A )  to the efflux solut ions  would have chela ted Mn 2+ 
as well as Ca 2+, ,t could  not  be added  m these exper iments  Therefore,  m e \ p e n m e n t  
4, ahquots  o f  the incuba t ion  suspension (conta in ing 4~Ca2+) were di luted 40-fold 
into the efflux solut ions  which conta ined  nei ther  added  4°CaCI2 nor  I rGTA Thu~ the 
specific act ivi ty of  the Ca 2+ m the efflux solut ions  was abou t  the same as that  m the 
incubat ion  solut ions,  a l though the CaC1 z concent ra t ion  was reduced from I 2 mM 
to abou t  3 2 / , M *  Nevertheless,  about  68 o of  the 4SCaZ+ was lost from the ~ n a p t o -  
somes dur ing  a 2-ram efl'iux per iod  in 66 m M  Na  + '-66 mM choline 5 K * This 
net loss o f  Ca 2+ is appa ren t ly  N a + - C a  2+ exchange and not  Ca2+-Ca  2 '  exchange 
The observa t ion  that  Mn 2+ also inhibi ted the Ca 2÷ efflux in this exper iment  is 
therefore  consis tent  with the idea that  it inhibits  N a + - C a  2+ exchange 

The Mn 2+ exper iments  also provide  evidence that  the N a +-de pe nde n t  and 
Ll+-s t lmula ted  losses o f  45Ca2+  f r o m  synap tosomes  are not  s imply manl fes tauons  
o f d e s o r p n o n  of  Ca 2+ from superficial b inding  sites If this were the case, the add~non 
of  more  divalent  ca t ion (Mn 2+) would have been expected to increase, ra ther  than 
decrease  the loss o f  ~SCa 2+ from the synap tosomes  

* Measured by atomk, absorption spe~.troscopy 
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DISCUSSION 

The da ta  descr ibed above  indicate that  the efflux of  C a  2 + l rom synap tosomes  
depends  upon  bo th  monova len t  and  divalent  cat ions  in the bathing medium In the 
absence of  external  Ca 2+, C a  2+ efflux is a lmos t  exclusively external  Na  + dependent  
in the absence o f  N a  + and  presence of  Ca 2+, Ca 2+ efflux is s t imula ted  by L1 + Both 
the Ca2+-dependen t  Ll+-St lmulated Ca 2+ efflux and  the N a + - d e p e n d e n t  Ca 2+ 
efflux are inhibi ted  by Mn 2+ These proper t ies  are s t r ikingly s imilar  to the proper t ies  
o f  the Ca 2+ ext rus ion  mechanism in inver tebra te  nerve and muscle fibers [8, 19 20, 
25], this suggests that  a very similar,  if  not  identical ,  mechanism is involved in Ca 2+ 
ext rus ion in these evolu t lona l ly  divergent  p repara t ions  

If this view Js correct ,  it would mean that  some o f  the deta i led kinetic and  
StolChlometrlc Ca 2+ flux da ta  ob ta ined  in sqmd axons may also be appl icable  to the 
i n a m m a h a n  central  nervous  system F o r  example ,  several types of  da t a  f rom squid 
axons [19, 20] indicate that  the Ca 2+ efflux may  involve an exchange of  three N a  +- 
for-one Ca z + Some of  the synap tosome  C a  2 + efflux da ta  (see Fig 1A and ref  17) are 
much more  difficult to evaluate  than  are comparab l e  squid  da ta  (see Fig 3 o f r e f  19) 
and  app rop rmte  rel iable N a  + influx [20] and vol tage dependence  [19, 26] da ta  are not  
ob ta inab le  m synap tosomes  Consequent ly ,  es t imates  of  N a + - C a  2 + exchange Stolchlo- 
metr~ in this p repara t ion  canno t  be made with any degree of  confidence However  
m vle~ of  the obvious  similari t ies between C a  2 + effiux f rom synap tosomes  and  s q u i d  

axons it seems reasonable  to at  least consider  the possibi l i ty  that  a three- for -one  
exchange mechanism may also occur  in synap tosomes  This idea is suppor t ed  pm- 
mari ly  by the evidence for Ca2+-Ca2+ exchange repor ted  above  (Table II  and Fig 2) 
Perhaps the most  s t ra igh t forward  model  which can account  for  thls Ll+-St lmulated,  
external  Ca 2 +-dependent  Ca z + efflux is a t r anspor t  mechanism which must  be loaded 
with both  Ca 2+ and L1 + at  the external  face o f  the membrane  in o rder  to effect a 
comple te  cycle o f  the Ca 2 ÷ t r anspor t  system In squid axons there is evidence [19, 20] 
tha t  Na + may also be effective at  the s~te w h l c h a c c o m m o d a t e s  LI +, a l though this may 
not  be the case in synaptosomes ,  where (see Table  l l )  the add i t ion  of  Ca 2 + to external  
media  conta in ing  Na  + appears  to inhibi t  C a  2+ e f f iux  

Previous studies on internal  N a + - d e p e n d e n t  Ca 2+ influx (presumably ,  the 
N a + - C a  2 + exchange mechanism work ing  in reverse) in synap tosomes  [17] may shed 
some hght on the external  site which accommoda t e s  Ca 2+ In the la t ter  exper iments ,  
external  N a  + was found  to compete  with Ca 2+ , the Ca z+ influx was inversely related 
to the square o f  the external  Na  + concent ra t ion ,  which may  imply that  two Na + 
compete  v~th one Ca 2+ 

On the a s sumpt ion  tha t  a single carr ier  mechanism can mo~e Ca 2+ ei ther  in 
or  out,  across the synap tosome  p lasma  membrane ,  the a fore -ment ioned  observat ions ,  
taken together ,  suggest that  the external  sites must  be occupied by ions with a net 
charge of  3 t (for example ,  three N a  +, or  one Ca 2+ and one LI +) in o rder  to permit  
the t r anspor t  mechanism to cycle I f  this is the case, and  if the mechanism is electrogenlc 
( that  is, it effects the net  en t ry  of  one posmve  charge in each cycle, as may  occur in squid 
axons [I 9, 20, 26]), then the energy l ibera ted  by the influx of  three N a  +, moving  down 
their  e lec t rochemical  gradient ,  may, in principle,  be coupled  to Ca 2~ extrusion,  so as to 
drive Ca z+ up its e lec t rochemical  gradient  At  equi l ibr ium the re la t ionship  between 
the lomzed Na + and  C a  2+ concen t ra t ion  gradients  would  then be given by  [9] 
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[Ca2+l ' [Na+]] (1) 

Wi th  a m e m b r a n e  potent ia l ,  Vmemb, of  - -60  mV, and  an  N a  + concen t ra t ion  rat io ,  
[ Na+ ]o/[ Na+ ]l o f  abou t  10, the p r o p o s e d  mechanism could  use energy f rom the N a  + 
gradient  to  ma in ta in  [Ca2+], in the physiologica l  range of  1 10-6-1  1 0 - 7 M  
[7, 8] in intact  neurons  On the rmodynamic  grounds,  a coupled  mechanism of  this 
type would  no t  necessari ly need a direct  input  of  metabol ic  energy (clearly, metabol ic  
energy is requi red  at  least  to  main ta in  the N a  + gradient ,  v ia  the sod ium p u m p )  How-  
ever, avai lable  da ta  [17] are insufficient to rule out  a direct  metabo l ic  energy input  to 
the Ca z+ ext rus ion mechanism In squid  axons,  where ln t racel lu lar  A T P  and lnor-  
game ion concent ra t ions  can be independent ly  cont ro l led  [27, 28], D iPo lo  [29] has 
found  that  a l though it is not  absolute ly  required,  A T P  does facil i tate N a + - d e p e n d e n t  
Ca z+ efflux This  effect might  be due to an ATPase ,  ana logous  to the (Na  + + K + ) -  
dependent  ATPase  which is revolved in N a  + ext rus ion f rom most  an imal  cells [30] 
One other  possibi l i ty  is that  an energy-r ich molecule may  catalyze the t r anspor t  
process  wi thout  actual ly  being degraded,  as occurs wi th  A T P  dur ing  N a + - N a  + 
exchange media ted  by  the sod ium p u m p  [31] Unfor tuna te ly ,  these al ternat ives  
canno t  be r igorous ly  explored  m synaptosomes  or  most  o ther  m a m m a l i a n  p repara -  
t ions Nevertheless,  the evidence tha t  s imilar  Ca  2+ ext rus ion mechanisms may  opera te  
m synap tosomes  and  in squid  axons suggests tha t  synap tosomes  may  be a convenient  
source o f  p lasma  membranes  f rom which to isolate and  character ize  Ca 2 + "ca r r i e r s"  
with the proper t ies  no ted  above  
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