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Synap~som~ ~om g u i n e ~ g  c e ~  codex reve~ two ~st in~ Na + permea~Hti~ when ~v~ent cations 
are ~moved f ~ m  the incubation. In the ~ e n c e  of Mg z+, C~  + chdation by EGTA causes a parti~ 
~tivafion ~ a vM~ge~ependem ~odotoxin-sensifive pathway, manff~ted ~ a ouab~n~ens~ve ~ s ~ r ~  
~ry ~ c ~  a parti~ depolarization ~ the ~ m a  membran~ and a low~ed ~ a ~ e m  ~ y- 
amino[ ~C]buff~te. h ad~fion the~ h a hyperpolarization d lhe mitochondfi~ membrane po~nti~. W[en 
Mg 2+ ~ om~ed from the ~cubafio~ C ~  + chdation ~duces a ~ b s t a n t i ~  larger permeabiliff wh~h is 
o~y parti~ly ~n~tise  ~ ~ f f o d o ~ n .  The ~odotoxin-insensitive componem is n ~  ~ s o c h ~ d  wi~  a 
non~pecific permeabil~ation d the ~ m a  membrane and may be ~ve~ed  by tither Mg z+ or Ca z+. 

In~oduction 

Synaptosom~ appear to ret~n the plasma 
membrane ~anspo~ properti~ characteristic of 
the ~tact terminal, and m~nt~n  plasma mem- 
brane pomnfi~s (A@L extrude C~ + and accu- 
m~ate neurotransmitte~ by a Na%dependent 
mecha~sm [1-~. In media c o n t ~ n g  mi~m~ar  
concentrations of Mg 2+ and C~ +, the permeabil- 
iff of the plasma membrane for K + is at least 
2~f im~ grea~r than for Na + [5,6]. The ~w Na + 
permeabih~ implies that A+p ~ dose to the K + 
~ffu~on po~nti~, that tittle energy ~ &sfip~ed 
in m~nt~ning A~p and that lhe ma~m~ Na + 
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Abb~ations: TTX, ~ o d ~ o ~ n ;  FCCE carbon~cya~de p- 
tfifluoromOhoxy phen~hydrazone; Te~ ~ h y d r o x ~ l , 1 -  
bi~hydroxyme~)ethyl]amino)ethanesu~honate; TPE tetra- 
phen~phospho~um; GABA, ~aminobutyrate; A ~  and 
A~o, membrar e p~enfi~s acro~ ~e ~asma ~nd mitochondrial 
memb~n~ of ~ synap~som~. 

dec~ochemic~ po~nfi~ ~ available for the ~ccu- 
mulation of m~abofites by Na + co~anspo~. 

S c h m ~ n g  [6] has reposed that the Na + per- 
meability of the synaptosom~ plasma membrane 
may be increased by lowering C~ + or Mg ~+ in 
the incubation. The permeability increase was in- 
sen~tive to ~ o d o t o ~ n  (TTX), indicating a path- 
way other than the voltage-dependent Na + chan- 
nd. Since it ~ estabhshed that Ca 2+ remov~ ~so 
increases the excitability of the voltag~dependent 
Na + channd [7], we set out to investigate the 
rdationship b~ween these two permeabilifies in 
isola~d synaptosomes. 

We conclude that two distin~ pathways for 
electrophorefic Na + entry may be seen when syn- 
aptosomes are suspended in media defident in 
div~ent cafion~ In the presence of Mg 2+, Ca 2+ 
chdation speofically increases the conductance of 
the voltag~dependent Na + channd, whi~ in the 
absence of both div~ent cations the ~ o d o t o ~ n -  
insenfifive pathway described by S c h m ~ n g  [6] is 
induced. 
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Synaptosom~ were prepared from the cerebrN 
cortices of DunNn-Harfley g~nea pigs as de- 
scribed p~viou~y [8], and were stored as pellets at 
0 ° C. Proton was measu~d with lhe b ~ t  m~hod. 

Synaptosom~ were incubmed in a medium 
contNNng 122 mM NaC1, 3.1 mM KC1, 0.4 mM 
KH2PO 4, 5 mM NaHCO 3, 20 mM N~TES, 10 
mM D-Nuco~ and 16 ~M bovine serum Nbumim 
pH 7.~ 30°C. Where indicated 1.2 mm MgSO 4 
was inifiN~ p ~ n k  In some experiments CaClz 
or N~EGTA was added a~er 5 min pr~ncuba- 
t~n  to Nve a finn c o n c e n ~ n  of 1.3 mM. 
Where EGTA was added to meNa Mmady con- 
taining 1.3 mM CaCI~, i~ pH was a~us~d with 
NaOH to counteract the adNficafion due to the 
disphcement of protons from the ch~ato~ 

Respiration and membrane pmen~a& Synapto- 
somN ~spiration was determined in a Hans~Tech 
oxygen dec~ode chamb~ (Hans~Tec~ Kings 
Lynn, U.K.). 

Te~aphen~phosphoNum (TPP) accumulation 
was quantified w~h a TPP~dective d e ,  rode as 
described previou~y [9]. Synaptosom~ (2 mg pro- 
tein/ml) were incub~ed ~ 2 ml of incubation 
medium, with adNtions of NvMent cations as 
detailed in the ~gends. 1 ~M TPP was added at 5 
min, and iu accumdm~n cNcd~ed  from a 
cM~rafion curve. A synaptosomN vNume cf 3.23 
~l /mg protein was used ~ ca~dating the mean 
~ a s y n a p t o s o m N  concenuation of TPP 0gnoring 
compa~mental~ation). 

Plasma and mitochondriN membrane poten- 
fins (A+p and &+m, respectivdy) were de- 
termined Notop~ally as d ~ e d  p~vicusly [1] 
with sub~quent modifications [10]. TPP was used 
in place of triphen~m~h~phosphonium, and te- 
uapheny~oron was omitted. 

~4C-GABA upmk~ Synaptosom~ (1.5 mg pro- 
tein/ml) were suspended in me&um with the 
ad~tion of 1 mM aminoxyac~ate. At 5 min a4C- 
GABA (0.1 ~Ci/ml; 0.5 ~M) was added. At de- 
fined times 150-~1 samp~s were centrifuged for 1 
min in an Eppendorf 5412 centrifug~ and 50 ~1 of 
supern~ant ra&oassayed. The gradient across the 
synaptosomN plasma membrane was cNcMmed 
us~g a vNume of 3.23 ~1 per mg protein [1], and 
assuming that all synaptosomes accum~Ned the 
amino acid. 
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Laaa~ dehydrogenase. Synap~som~ (2 mg 
protein/ml) were incubated ~ the p ~ n c e  of the 
appropri~e &v~ent cations. Lactate dehydr~ 
genase (EC 1.1.1.2~ was as~yed [11] in the tot~ 
incubation and ~ sup~namn~ fol~wing 1 min 
centfifugation ~ an Eppendoff centrifuge. 

Reagen~ aH-TPE ~4C-GABA, ~Rb and ~4C- 
sucrose were from the Am~sham Intonational, 
Am~sham, U.K. U~abelled T~P was from Fluo- 
rochem, Glossop, U.K. TTX, o u a b ~  Ru~e~um 
red and other ~agents were obt~ned from ~gma 
(London) Chemic~ Co., P o ~  U.K. 

R e s ~  

The resp~ation of synaptosomes incubated in 
the presence of a phyfiological Mg 2+ concen~a- 
tion is increased by some 25% when Ca 2+ ~ 
chdated by the addition of EGTA [12,13~ see also 
Tab~ I. The EGTA-induced increment ~ senfitive 
to ouab~n [13] suggesting that ~ is caused by 
enhanced Na+-cycling across the plasma mem- 
brane. Table I shows that both in the presence and 
absence of Ca 2+ there ~ a tegodotoxin-sen~five 
component of respkation, the extent of which is 
doubled by Ca z+ chdation. Therefore, under 
polarized condition~ the voRage-dependent Na + 
channd of synaptosomes can provide a pathway 

TABLE I 

SYNAPTOSOMAL RESPIRATION, INFLUENCE OF DI- 
VALENT CATIONS 

S y n a ~ o m ~  ~ mg protein/ml) were incubated ~ oxyge~ 
d e . r o d e  chamb~s ~ the presence of 0.1 mM EGTA wi~ the 
~ h ~  ad~tion ~ 1A mM CaC12 a n d / ~  1.2 mM MgSO 4 ~ 
~ c ~ d .  At 20 min 2 ~ / m l  ~ TTX and ~ 27 rain I ~M 
FCCP we~ added ~ each incubation. V~ues a ~  means± ~ 
~ r  four or five expefimems. 

~ 
~m~. ~ n -  1. ~g  p ~ -  1 ) 

+C~ + -C~ + 
+ M g  2+ 

basal 2.5 ±0.08 3.2±0.04 
+TTX 2.2±0.15 2.4±0.10 
+ T T X + F C C P  11.3±0.9 10.1±0.6 

- M g  2+ 

basal 2.8 ± 0.24 4.7 ± 0.21 
+TTX 2.2±0.11 3.2±0.23 
+ T T X +  FCCP 10.1±1.0 11.1±1.4 
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~g.  l. E f ~ s  of C ~  + and Mg 2+ on ouab~n-sen~tive ~sp~a- 
tion. Synap~somes ~ mg protein/ml) were ~cubated ~ ~va- 
~n t  cation-defident me .u rn  wi~ the ad~tion of 0.1 mM 
EGTA. The fol~wing ad&tions were made as ~&ca~d;  1.2 
mM MgSO 4 (MD; 1A mM CaC12 (C~; 2.6 mM EGTA 
(EGTA) and 0.1 mM ouab~n (O~. V~ues ~ c ~ e  oxygen 
up~ke in nm~-  min-  ~. (mg p ro te in -  a. 

for the ~ow re-enVy of Na + when Ca 2+ is absent. 
The respiratory increase induced by EGTA is 

enhanced almost 3-fold in the absence of external 
Mg ~+ (Table I). As in the presence of Mg 2+ the 
increase is ouabain-senfifive (Fig. 1). Howevec 
while the response in the presence of Ca: + shows a 
high senfitivity to TTX, in the absence of both 
divalent cations there is a fignificantly devated 
TTX-insensitive rate (Table I). Schmalzing [6] has 
reported that Ca ~+ chelators increase the Na + 
permeabifity of synaptosomes incubated in the 
absence of Mg2+; thus at 16 ~M free Ca 2+ the 
Na + permeability was largdy TTX-senfitiv~ whi~ 
a further decrease to 20 nM Ca 2+ disclosed TTX- 
insen~five cation channels [6]. 

While the respkatory consequences of Ca 2+ 
ch~afion are fimilar in the presence and absence 
of Mg 2+, oppo~te effects are produced on TPP 
di~fibufion (Fig. 2), an indicator of changes in 
d ther  A~m or ~@p [9]. In the presence of 1.2 mM 
Mg z + the accumulation of TPP increases by about 
25% when EGTA is added, while in the absence of 
Mg 2+, EGTA causes an efflux of TPP which 

10 min 

Fig. 2. Synaptosom~ TPP accumulation. Opposite effects of 
Ca 2+ chdation in the presence and absence of Mg 2+. Syn- 
aptosomes (2 mg prot~n/ml)  were incubated in the presence 
(A) or absence (B) of 1.2 mM MgSO~. 1.3 mM CaC1 z was 
added to both incubations at 5 rain. TPP accumulation was 
determined with the dectrode as described in Methods. The 
following additions were made as indicated: 2.6 mM EGTA 
(EGTA L 1 ~g /ml  te~odotoxin (TTX), 1.2 mM MgSO~ (Mg), 
4 #M FCCP (FCCP) and 30 mM KC1 (K). 

lowers the gradient by 35%. Prior to Ca 2+ chda- 
tion, the TPP accumulation is the same in the 
presence or absence of Mg 2+. 

In order to differentiate between ~ m  and 
A~p, the uptake of ~Rb  and 3H-TPP were com- 
pared [1,10]. Both in the presence and absence of 
Mg 2+, a slight but ~gnificant increase in A+m was 
observed after addition of EGTA (Fig. 3). The 
h i g h  ~ m  t ug ,he r  with the sen~tivity of resp~a- 
tion to ouab~n (Fig. 1) and the high F C C P ~  
~asab~ resp~atory control (Tab~ I) all indicate 
that no uncoupfing of the in~a-synaptosom~ 
mitochondria occurs when the incubation is de- 
prived of div~ent cafion~ Opposed to the increase 
in A~m ~ a depolarization of the plasma mem- 
bran~ which ~ enhanced 7-fold in the absence of 
Mg 2+, accounting for the oppo~te net effec~ of 
EGTA seen with the TPP-dec~ode (Fig. 2). 

If div~ent cation depletion were to increase the 
av~lability of non-spedfic cation binding ~tes in 
the terminals, an increase in TPP accumulation 



could occur due to enhanced bindin~ rather than 
a change in membrane potential. To assess the 
extent of bindin~ the accumulation of TPP and 
~Rb were compared in the presence of valinomy- 
cin and a range of K ÷ concentrations [1]. The 
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Fi~ 3. Ef~cts of Ca 2+, Mg ~+ and TTX on Affp and A+m" 
Affp and Aff~ were determined isotopically as described in 
Methods, and are presented as dif~rences from the potenti~s 
in partial control incubations. (A) 1.3 mM CaC12 and 1.2 mM 
MgSOa present. 2.6 mM EGTA and 1 ~g/ml TTX were added 
as indicated. Inifi~ po~nfi~s were ~+~ 6~7±33  mV (n = 5) 
and Aff~ 157±2 mV (n = 5L (B) 1.3 mM EGTA and 1.2 mM 
MgSO~ presenL 2.6 mM CaC12 and 1 ~g/ml TTX added as 
indicated. Inifi~ p o ~ n t i ~  A% 58~±~2  mV (n = 5L A ~  
165±2 mV (n = 5~ (C) 1.3 mM CaCl 2 initially presenL 2A 
mM EGTA and 1.2 mM MgSOa added where indicated. Initi~ 
potenfiM~ A~p 59.2 mV ( n = 2 ~  ~ 163 mV (n=2) .  ~, 
~ p ;  O, A~m. Symbols marked with a star are fignificantly 
dif~rent (P < ~05) from p~red controh. 
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rdation between TPP and ~Rb accumulation was 
not affected by Ca z+ depletion (not shown). 

No fignificant effect of TTX upon synapto- 
som~ potenti~s could be seen in the presence of 
both Mg 2÷ and Ca 2÷ (Fig. 3B), confi~ent with the 
low TTX-sensitive resp~ation in the presence of 
both cations (Table I). In the presence of Mg 2÷, 
the EGTAqnduced hyperpolafization detected 
with the TPP-dectrode was slightly enhanced when 
TTX was added (Fig. 2A). ~otopic anMyfis (F~. 
3A) reve~ed that the toxin reversed the effect of 
EGTA upon A+p, but did not abolish the 
mitochondri~ hyperpolafization. 
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In contrasL TTX could not restore TPP accu- 
m~ation in the absence of div~ent cations (Fig. 
2b). This, tog~her with the TTX-insensitive re- 
sp~atory component reve~ed in the absence of 
div~ent cations (Tab~ I) suppo~s the finding of 
Schm~fing [6] that a TTX-insensitive Na + per- 
meabifity is induced under these conditions. 

The addition of Mg 2+ to dN~ent cation-free 
medium totally reverses the effects of EGTA both 
on the TPP-dec~ode (Fig. 2B) and on the indi~d- 
u~ potenti~s (Fig. 3C). Thus in contrast to the 
TTX-senfitive permeabihty seen in the presence of 
Mg z+, which can be spedfic~ly inhibi~d by the 
addition of Ca ~+, the TTX-insensitive permeabi~ 
ity is non-spedfically inhibi~d by both C~ + and 
Mg ~+. 

The depolarization of the plasma membrane 
following addition of ouab~n is hmited by the 
Na~permeability of the membrane. The char- 
acteristic ~ow depolarization seen in the presence 
of Ca ~+ and Mg 2+ (Fig. 4B) is indicatNe of the 

low native Na + permeability, and is not increased 
by omitting Mg ~+ (compare Fig. 4A). Howeve~ 
addition of ouab~n and EGTA in the absence of 
Mg 2+ (Fig. 4C) induces a rapid and ex~nfive 
efflux of TPE which was only p a ~ i ~  inhibi~d 
by TTX (Fig. 4D). 

The accumulation of labelled GABA by syn- 
aptosomes is a function of the Na + de~rochem- 
ic~ po~nti~ ~]. It would therefore be p r e d ~ d  
that both the TTX-sensitive and insenfitNe per- 
meabifities would decrease the grad~nt of GABA 
m~nt~ned across the plasma membrane. F~. 5A 
shows that, in the presence of Mg ~+, chdafion of 
Ca 2+ causes a 45% decrease in the gradient of 
GABA across the plasma membran~ which is not 
seen when the chdator is added to TTX-inhibited 
synaptosomes. In the absence of Mg 2+ (Fig. 5B) 
the addition of EGTA induces a much more ex- 
tenfive efflux of GABA, which in this case is 
h rgdy  insenfifive to TTX. 

High concentrations of the hexav~ent cation 
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ruthenium red were reposed by SchmNNng [6] to 
inhibit the TTX-insensitive permeabifity. Fig. 5 
shows that 20 ~M Ruthenium red does not pre- 
vent EGTA ~om lowering the GABA gradient in 
the presence of Mg z+ (Fig. 5A), but does inhibit 
the additionN efflux seen in the absence of both 
cations (Fig. 5B). 

The efflux of ions ~om divNent cation-de- 
pleted synaptosomes is not due to di~uption of 
the plasma membran~ Under the conditions of 
Fig. 5B, 20 rain of divNenv cation depletion re- 
~ased only 4.4% of Nctate dehydrogenas~ com- 
pared with 3.1% in the presence of C~ +. 

D~cus~on 

Our ~sMu ~ N c a ~  thin two ~sfin~ N~sma 
membrane ~n  p~meaNfiti~ are seen on ~mow 
ing NvNent cations from synaptosomN ~cub~  
fions. The fi~t is spe~fically acfiva~d by chda~ 
~g  C~ +, is not M ~ e d  by other mdtivNent 
cation~ is sen~tive to TTX, and is e~denfly due 
to a partiN a~Nafion of the v~mg~dependent 
Na + channd. The second p~meaNfiff is oNy 
~en ~ meNa comNetely NcNng NvNent cation~ 
can be ~ N N ~ d  non-spedfically by a vafie~ of 
mdtivNent cations including rutheNum red, ~ 
TTX-insensitive but has qualitatively ~milar ef- 
fects upon ~sp~afion, membrane po~nfiNs and 
Na + dectrochemicN graNents. 

Both permeabNties a~  fully ~ v ~ s ~  upon 
r~adNtion of the r~evant cation~ and are e~- 
dently not a~oda~d  with non-spe~fic damage to 
the terminals, Nnce lactic dehydrogenase is re- 
tNned and the intra-synaptosomN mitochondria 
mNntNn Ngh membrane po~nfiNs and good ~- 
sp~atory conu~. 

A N~ma  membrane depolarization codd be 
caused Nth~ by an ~ e ~ e d  Na + p~meab~ff  or 
a decreased K + p~meabNff. C ~ a c t i v ~ e d  K + 
channds are well charac~rized in a varify of cells 
[141 ~duNng synoptic membran~ [151. However, 
a decreased K + conductance due to C~ + depl~ 
fion ~om the c~os~ woMd net be a~oNa~d wi~ 
an energy dissipation (see TaMe IX an ~ e ~ e d  
rate of ouabNn-induced depNarization (Fig. ~ or 
an effiux ef ~Rb ~om lhe term~N (Fig. 3). 

SchmNNng [6] first reported a TTX-insensitive 
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less of synaptosomN K + and gNn of Na +, wNch 
was dependent upon ~wering the extr~synapto- 
somN Mg 2+ concen~afion bdow 100 ~M, and the 
C~ + c o n c e n ~ n  bdow 1 ~M, and was Mocked 
by 10 #M Ruthenium ~d. 

The rise ~ ~ m  upon chdation of ex- 
uasynaptosomN C~ + is ma~mN oNy a ~  about 
10 min. TNs N c o n ~ e n t  with the time needed to 
deplme C~ + from the synaptosome [2,3]. The 
membrane pomntiM of ~Na~d mitochondria in 
the presence of fimiting permeant anon is highly 
dependent on the C~ + a c c u m ~ e d  [8] ~nce en- 
vy of aNons, particuNfly p h o s p h ~  by proton 
sympon preven~ the b~M up of a ~ansmem- 
brane pH graNent at the expense of ~+m" It is not 
tech~cally ~aNb~ to determine ~pH across the 
inU~synaptosomM mitochondfiM membrane. 
Howev~, the totN phosph~e of our preparation 
is about 13 nmN. mg -a and is independent of 
C~ + content [16]. It ~ therefore fikdy that matrix 
phosph~e may be fimifing in the C ~ p ~ t e  
synaptosom~ so th~ ~movM of the cation in- 
c r e a s e s  ~ m  at the expense of ApH. 
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