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External calcium, intrasynaptosomal free calcium and neurotransmitter release 
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In a physiological medium the resting membrane potential of synaptosomes from guinea-pig cerebral cortex, 
estimated from rhodamine 6G fluorescence measurements, was nearly - 5 0  inV. This agreed with calcula- 
tions using the Goidman-Hodgkin-Katz equation. With external [Ca2+] ~< 3 mM veratridine depolarisation 
(to - 3 0  mV) was accompanied by increases in intrasynaptosomal freee calcium concentrations (monitored 
by entrapped quin2) and parallel increases in total acetylcholine release. With external [Ca 2÷ ] > 3 mM both 
intrasynaptosomal free calcium concentrations and transmitter release were paradoxically reduced, providing 
further evidence for a close correlation between the two events. To support an explanation of these findings 
based on divalent cation screening of membrane surface charge (increasing the voltage gradient within the 
membrane and closing voltage-inactivated channels) surface potential measurements were made on synaptic 
lipid liposomes by using a fluorescent sudace-bound pH indicator. These experiments provided evidence for 
the presence of screenable surface charge on synaptosomes, and it was further shown in depolarised 
synaptosomes themselves that total external [Ca 2 ÷+ Mg 2 ÷ ], and not l Ca 2+ ] alone, set the observed peak in 
intrasynaptosomal free calcium. 

Introduction 

The calcium which couples nerve impulses to 
neurotransmitter release [1] accumulates by net 
influx across the presynaptic plasma membrane 
[2]. Specific (voltage-activated) Ca channels have 
been identified in mammalian brain synaptosomes 
[3] and Ca 2÷ may also enter through open Na 
channels [4]. The recent synthesis of fluorescent, 
intracellularly trappable Ca2+-indicators [5,6] en- 
ables direct measurement of intrasynaptosomal free 
calcium concentrations ([Ca 2 ÷ ] i), including some 
of the changes following depolarisation [7]. The 
experiments I now report were undertaken to 
assess, within the limits of the technique, the rela- 
tionship of [Ca2+]i and acetylcholine release to 
external [Ca 2 ÷ ] ( [Ca  2 + ]e)" 

The apparent power dependence of quantal 
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neurotransmitter release on [Ca2+]e (e.g., Ref. 8) 
could not be subjected to an analogous study in 
synaptosomes where electrical depolarisation and 
the measurement of quantal transmitter release are 
impossible. Instead, the isolated nerve termianls 
were to be subjected to maintained depolarisation 
by veratridine, which holds Na channels open [9], 
to allow comparison of [Ca2+]~ and total trans- 
mitter release to [Ca 2 +]e. 

Materials and Methods 

Materials 
Rhodamine 6G was obtained from BDH, Poole, 

Dorset, U.K. and 4-heptadecyl-7-hydroxy- 
coumarin from Molecular Probes, Junction City, 
OR, U.S.A. Quin2 (for calibration) and quin2 
ester were purchased from Lancaster Synthesis, 
Morecombe, Lancs, U.K. and Sigma, Poole, 
Dorset, U.K. Remaining materials were from nor- 
mal commercial sources. 
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Preparation of synaptosomes and liposomes 
Synaptosomes were isolated from the cerebral 

cortices of one or two guinea-pigs by the methods 
of Gray and Whittaker [10] or Booth and Clark 
[11] as indicated. The final fractions were sus- 
pended in experimental medium containing 132 
mM NaC1/5 mM KCI/2  mM C a C I J l . 2  mM 
M g C l J l . 2  mM N a H 2 P O J 1 0  mM glucose/20 
mM Tris-HC1 (pH 7.4 at room temperature). Vari- 
ations will be indicated in the text. With ad- 
ditional CaCI 2 or MgCl 2 NaH2PO 4 was omitted 
to avoid insoluble phosphate precipitation. Some 
preparations were subjected to lipid extraction as 
previously described [12]. Liposomes were formed 
from aqueous suspensions of these lipids or egg 
phosphatidylcholine by sonication [12]. 

Fluorescence measurements 
Quin2 loading of synaptosomes and the mea- 

surement of [Ca2+]i have been described in detail 
[7]. Intrasynaptosomal quin2 concentrations (mea- 
sured by comparison to free-acid standards) rarely 
exceeded 1.5 mM. The remaining probes were 
incorporated by simple mixing, in the case of 
liposomes adding the charged hydroxycoumarin 
(in ethanol) to lipid solutions at a probe/ l ipid 
molar ratio of 1 : 1500 prior to solvent evaporation 
and sonication. Membrane suspensions were stirred 
(either continuously or intermittently) when set- 
tling was noticeable or to mix any additions. Mea- 
surements were made at 37°C for synaptosomes 
and at room temperature for liposomes. 

Other methods 
After labelling internal acetylcholine by in- 

cubating synaptosomes with [14C]choline chloride 
transmitter release was assessed as previously de- 
scribed [7]. As generally noted when the bases are 
extracted and separated [13] both choline and 
acetylcholine were released together, but most of 
the released radioactivity originated from 
acetylcholine, especially under depolarising condi- 
tions (when release was complete within 10 min). 
Accordingly total dpm per mg protein was found 
to be a reliable index of transmitter release. Pro- 
tein was estimated by the method of Miller [14] 
and lipid phosphorus by the method of Bartlett 
[15] after digesting the phospholipids in boiling 
72% (w/v) perchloric acid. Intrasynaptosomal ion 

concentrations were measured by flame photome- 
try [16]. 

R e s u l t s  

Synaptic depolarisation 
The plasma membrane diffusion potential (A~bp) 

of non-depolarised synaptosomes was calculated 
from the Goldman-Hodgkin-Katz  (GHK) con- 
stant-field equation [17,18] expressed in the form: 

RT [K + ],~+ a[Na + 1¢ 
A~bp = ~f- In [K + ]i + a[ Na+ ]i (1) 

a, the permeability ratio of Na + to K +, is near 
0.05 under these conditions [19]. R, T, F and z 
have their usual thermodynamic significance. From 
several preparations in which K + and Na + were 
measured the corresponding intrasynaptosomal 
cation concentrations (given a cytoplasmic volume 
of 3/xl per mg protein [20]) were 73 _+ 3 and 23 _+ 3 
mM, respectively (both means _+ S.E., n = 5). On 
this basis the resting membrane diffusion potential 
([K+]e = 5 mM) was - 4 8  _+ 1 mV (mean _+ S.E., 
n = 5 ) .  

Rhodamine 6G fluorescence was examined in 
preparations from an isosmotic Ficoll-based tech- 
nique [11]. These synaptosomes were reportedly 
purer (ibid) than those obtained from sucrose 
gradients (e.g., Ref. 10). It was hoped thereby to 
minimise interactions of the dye with non-syn- 
aptosomal material. For potential measurements 
the protocol described by Aiuchi et al [21] was 
followed and the authors' expression describing 
the voltage dependent phase-partitioning of the 
dye in synaptosomal membranes may be written in 
the form: 

~,/M= RT (l_e_~a%/ar) 
Fa+p (2) 

A/A' is the ratio of phase-partition coefficients 
(each representing bound/ f ree  probe) in test 
medium and high-K + medium (primed). In the 
latter typically [K+]e>~ 137 mM (i.e., fully de- 
polarising, Eqn. 1). The equation was solved 
numerically for A~bp for the various conditions 
examined. A resting membrane potential of - 4 9  
_+ 2 mV (mean_+ S.E., n = 9 preparations) de- 
creased after 10 min of depolarisation with 150 



/~M veratridine to - 30 + 5 mV (mean + S.E., n = 
3). 1.5% (v /v )  ethanol (present at up to about  1% 
( v / v )  after adding ethanolic veratridine) did not 
itself reduce A+p ( -  53 + 4 mV, mean + S.E., n = 
3). 

Ca-' +-entry and neurotransmitter release 
Following veratridine-depolarisation entrapped 

quin2 initially reported a phase of  net Ca 2+ influx 
(but will have buffered fast transients). This was 
followed by a period of maintained [Ca2 + ]ielevated 
(Fig. 1) which was the value measured. Membrane  
depolarisation, by  bringing A~bp closer to the Ca 2 + 
equilibrium potential ( +  120 mV in these experi- 
ments) should favour active extrusion with even- 
tual reduction of [Ca2+]~ to below resting levels. 
Several reasons may be advanced for the changes 
actually seen [7], including incomplete closure of 
Ca channels. In these experiments Ca 2+ entry 
through open Na  channels may also occur. Ad- 
dit ion of the 'calcium'  channel blocker verapamil 
[22] did in fact reduce [Ca2+]i (Fig. 1). 

Several lines of  evidence converge to suggest 
that  {Ca2+]~ determines the rate of synaptic neu- 
rotransmitter  release and further experimental 
support  is provided in Fig. 2. The expected in- 
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Fig. 1. lCa 2+ ]i and veratridine-depolarisation. Superimposed 
traces of the fluorescence of quin2 loaded and, immediately 
afterwards, unloaded control synaptosomes, continuously 
stirred in physiological medium containing 1 mM CaCI 2. 150 
#M veratridine added at A, 200 btM verapamil at B. [Ca 2+ ]i 
was calculated from calibrating traces [6]. 
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Fig. 2. External Ca 2+, [Ca2+]i and transmitter release, in 
medium containing 150 ~M veratridine. For 'transmitter re- 
lease' (see Materials and Methods) each point represents the 
mean of three experiments for which the S.E. was normally less 
than 15% and in each of which the trend wi~h increasing 
[ Ca2÷ ]i was the same. The lines are drawn for guidance only. 
For [Ca 2+ ]i results for two experiments are shown. The points 
in parentheses represent predepolarisation values. 

crease in transmitter release as [Ca2+]e was raised 
was succeeded by a definite decline with still higher 
[Ca 2+]~. Similar findings have been reported from 
more physiological preparat ions [23-25]. The 
noteable finding here (illustrated in Fig. 2) is the 
demonstra t ion of a corresponding peak in [Ca2+]~ 
in each of several preparations examined. The 
close correspondence between these two rather 
unexpected maxima contributes further support 
for a close connection between [Ca2+]~ and trans- 
mitter release. A plausible mechanism for these 
observations [23,25] was now examined. 

Membrane surface potential in synaptic lipid lipo- 
somes 

Divalent cation screening of surface charge will 
reduce the outer membrne  surface potential (~k0) 
and [K+]adjacent  ot the membrane  (to an extent 
predicted by the Boltzmann distribution). This 
accordingly increases the K+-component  of  the 
membrane  diffusion potential [23,25]. The result- 
ing increase in the voltage gradient within the 
membrane  promotes  closure of voltage-inactivated 
channels. Further  raising external divalent cation 
concentrat ions will increasingly reduce Ca 2 ÷ entry 
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and transmitter release. The membrane potential, 
measured across both electrical double-layers, re- 
mains constant. This interpretation could explain 
the present findings if synaptosomes have surface 
potentials screenable by divalent cations. 

These essential preliminary questions were ex- 
amined after incorporating the surface bound pH 
indicator 4-heptadecyl-7-hydroxycoumarin into 
synaptosomal lipid liposomes. Because dye fluo- 
rescence (377 nm excitation, 452 nm emission, 
uncorrected wavelengths) is proportional to the 
degree of dissociation of the hydroxyl group [26] 
the Henderson-Hasselbach equation predicts 
half-maximal dissociation (and half-maximal fluo- 
rescence) at a medium pH equal to the pK of the 
membrane bound dye [26]. The pK in phosphati- 
dylcholine liposomes increased in charged syn- 
aptosomal lipid liposomes following the attraction 
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Fig. 3. Divalent cations and surface potentials in synaptic lipid 
liposomes. In the main figure each point represents the aver- 
aged results from two sets of lipid extracts. '/So was measured 
from shifts in the pK of a surface-bound hydroxycoumarin in 
medium containing only Ca 2+ (closed circles) or Mg 2+ (open 
circles), o was found from the slopes of the inset graphs to 
allow construction of the ideal screening curves in the main 
diagram. 
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Fig. 4. Total [Ca 2+ ]¢ requirement for the [Ca 2+ ]i peak in 
veratridine-depolarised synaptosomes suspended (with continu- 
ous stirring) in media with various [Mg 2÷ ]¢. The four prepara- 
tions (separate symbols) had been quin2 loaded in normal 
medium containing 1 mM MgCI 2 and 0.5 mM CaC12. 

of protons (from the dissociation of water mole- 
cules) towards the membrane/solution interface. 
From the Boltzmann distribution, 

~0 F 
pX'= pX- 2.3Rr (3) 

where pK'  and pK refer to charged and uncharged 
interfaces. The equation was solved for ~k0. 

To investigate divalent cation screening, the 
liposomes were suspended in a simplified medium 
containing only the cation of interest so that the 
Gouy expression could be applied: 

sinh - zF~° 136 o 

2 R T vr~ ( 4 )  

where o is the surface charge density (e-  per 0.01 
nm 2) and C is the total cation concentration in M. 
[X2÷], with X =  Ca or Mg, was varied between 50 
#M and 5 mM to obtain the data summarised in 
Fig. 3. The inset graphs confirm the validity of the 
Gouy expression for this analysis and their slopes 
yield surface charges of e- per 120 nm 2 and per 
90 nm 2 in CaCI 2 and MgCI2, respectively. The 
values are not unreasonable, and the lower charge 
in Ca medium reflects the fact that more Ca 2+ 
than Mg 2+ actually binds to specific anionic phos- 
pholipid head groups [27]. As ~b 0 exceeds RT/F 
(24.4 at 20°C), the sinh function approximates to 
half the exponent, and ~b 0 tends to change by u p  



to - 2 9  mV for a 10-fold change in [X2+]¢. Be- 
cause of the (expectedly) low values for o in these 
lipid-only preparations, this occurred only when 
[X2+]~< 10 -4 M. Similar screening may be as- 
sumed to occur in the original synaptosomes (which 
cannot be so directly investigated). 

External calcium and magnesium and [Ca: +] i 
If increases in the concentration of external 

Ca 2+ act essentially to reduce [Ca2+]i in de- 
polarised synaptosomes by a screening mechanism 
a similar effect should be produced by any exter- 
nal (divalent) cation. This prediction was now 
tested by varying [Mg2+]~. Synaptosomes were 
loaded with quin2 in normal medium containing 
0.5 mM CaCI 2 and 1.0 mM MgCI 2 and were 
resuspended in appropriate media for the experi- 
ments described in Fig. 4. 

It is clear that [Ca2++ Mg2+]¢, and not [Ca2+]~ 
alone, led to the paradoxical peak in [Ca2+]~ as 
[Ca2+]~ was increased, and this strongly supports 
an interpretation of the effect in terms of the 
screening of surface membrane charge. Slightly 
higher total external divalent cation concentra- 
tions were required at high [Mg2+]~, consistent 
with an effect of Mg 2÷ (or [Mg2+]i) on Ca2+-con - 
ductance, or possibly attributable to more Ca 2+ 
than Mg 2÷ binding to specific charged groups (as 
mentioned earlier). 

Discussion 

Membrane potentials obtained from the con- 
stant-field equation and from rhodamine 6G fluo- 
rescence measurements agree well ( - 4 8  and - 4 9  
mV). Rhodamine 6G fluorescence also corre- 
sponded closely to K+-induced variations in mem- 
brane potentials measured electrically in cultured 
neuroblastoma cells [28]. The extent of veratridine 
depolarisation reported here (some 20 mV) is 
therefore likely to be reasonably accurate. The 
findings in this study (Fig. 2) concerning de- 
polarisation-induced Ca 2+ entry offer further sup- 
port for a correlation between [Ca2+]i and trans- 
mitter release, most persuasively advanced by Katz 
and Miledi [2] who demonstrated that presynaptic 
depolarisation at the neuromuscular junction be- 
yond the Ca 2+ equilibrium potential actually de- 
creased release. 
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When seeking an explanation in terms of a 
screening effect on membrane surface charge 
[23,25] for the paradoxical reduction in [Ca2+]~ as 
[Ca 2+]~ was increased, surface potential measure- 
ments were made on liposomes [26] rather than on 
synaptosomes themselves, which could have been 
damaged by the large pH changes (up to 6 Units) 
required. The results showed that such an effect 
was quite tenable, but the experiments where ex- 
ternal [Ca 2+] and [Mg 2+] were varied together 
offered more compelling evidence in its favour in 
that the peak in [Ca2+]i depended on the total 
external divalent cation concentration rather than 
on [Ca 2 +]e alone. 

Investigations of ion permeabilities in excitable 
tissues have come to rely heavily on sophisticated 
electrophysiological techniques such as noise anal- 
ysis and single-channel recording [29] and the 
measurement of gating currents [30]. These meth- 
ods together with the use of ion-sensitive micro- 
electrodes cannot, however, he applied to mam- 
malian nerve terminals because of their small size 
(typically 0.5 ~m diameter). One important ap- 
proach involves the use of biochemical isolation 
techniques, in particular the incorporation of 
membrane vesicles into voltage-clamped planar 
lipid bilayers for single-channel recording (e.g., 
Ref. 31). 

The normal function of Ca channels does, how- 
ever, appear to rely heavily on cellular metabolism, 
especially systems for cyclic nucleotide generation 
[32]. It is therefore likely that synaptosomes will 
continue to be widely employed to furnish parallel 
physiological models for reconstituted systems. For 
example, the implication here that Ca channel 
inactivation in mammalian brain synaptosomes is 
voltage-dependent (rather than [Ca 2 + ]i-dependent) 
is consistent with the results of the isotope flux 
studies of Nachshen and Blaustein [33], and pre- 
cise details of the inactivation mechanism in re- 
constituted systems [31] will be of interest. 
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