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Secret ion of t r a n s m i t t e r s  by nerve  endings and of ho rmones  by gland ce l l s  t akes  p lace  by exocytos is ,  
i.e., Ca-dependent  interact ion between s e c r e t o r y  g ranu les  and c o m p l e m e n t a r y  s i tes  on the inner sur face  of 
the p resynapt ic  m e m b r a n e s  or  cell  m e m b r a n e s  of the gland cei ls .  One r e su l t  of this he tero logous  m e m b r a n e -  
m e m b r a n e  interact ion is the secre t ion  of t r a n s m i t t e r s  o r  ho rmones  into the ex t r ace l l u l a r  medium [1, 2]. It is 
c la imed [5] that the t r i gge r  stage of exocytos is  may  be faci l i ta t ion of adhesion of a fixed s e c r e t o r y  granule  
(adherent to the cell m e m b r a n e  during excitat ion of the cell) to another  " t r ans i t "  s e c r e t o r y  granule .  Under" 
these c i r c u m s t a n c e s  the two granules  fuse toge ther  into one, f rom which the t r a n s m i t t e r s  o r  ho rmones  a re  
l a te r  sec re ted  into the ex t race l lu la r  medium.  This hypothes is  is supported by data of e lec t ron  mic roscopy ,  
showing that during depolar izat ion of nerve  ending m e m b r a n e s  there  is some dec r ea se  in the number  of syn- 
aptic ve s i c l e s  (SV) in the t e rmina l s  [2]. This hypothesis ,  bes ides  he tero logous  m e m b r a n e - m e m b r a n e  in te r -  
action, also pos tu la tes  a homologous type of interact ion,  i.e., fusion (aggregation) of s e c r e t o r y  g ranu les  with 
one another.  The views examined above have s t imulated the study of Ca-induced aggregat ion (fusion) of dif- 
fe ren t  s e c r e t o r y  granules ,  in mos t  c a s e s  of chromaff in  g ranu les  of the adrena l s  and l i posomes  [2, 3, 5, 6]. 

In the investigation descr ibed  below some c h a r a c t e r i s t i c s  of aggregat ion and swelling of isolated SV 
f rom ra t  bra in  were  studied. 

EXPERIMENTAL METHOD 

The SV fract ion was isolated f rom whole bra in  of r a t s  weighing 150-200 g [10]. F o r  this  purpose ,  un- 
purif ied synaptosomes  were  obtained f rom a 10% bra in  homogenate  (0.32 M sucrose ,  20 mM Tris-HC1, pH 7.4, 
0.1 mM EDTA) af ter  r emova l  of the nuclei (10,000g, 10 rain), subjected to osmot ic  shock, a f t e r  which the r e s i -  
due was suspended in dist i l led wa te r  (4 ml of wa te r  to res idue  obtained f rom 1 g of bra in  t issue) .  After  f r e e z -  
ing at -20~ and thawing the suspension was centr i fuged at 18,000g for  30 min and the supernatant  was then 
centr i fuged at 120,000g for  40 min. The res idue  thus obtained was the SV fract ion.  The f rac t ion  was sus -  
pended in 0.25 M sucrose ,  containing 20 mM Tr i s -HCI ,  pH 7.4, and kept  for  1 week at - 10~ The p r e p a r a -  
tion, f rozen once only, was used in the work. Pro te in  was  de te rmined  by L o w r y ' s  method.  
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Fig. 1. Effect of Ca ++ on aggregation of rat brain SV. Ordinate, Isc (change in Isc after addi- 
tion of Ca ++ , in % of initial value). A, B, C) 10 -5 , 10 -4 , and 10 -3 M CaC[ 2 respectively, 1, 2, 3) 
0.05, 0.1, and 0.2 mg protein/ml respectively. Here and in Figs. 2-4 mean results of 5-7 ex- 
periments given. 

Fig. 2. Effect of Mg-ATP on Ca-(Mg)-induced aggregation of suspension of rat brain SV. Or- 
dinate, Change in Isc after addition of bivalent cations (in % of initial value). A, B, C) Concen- 
tration of bivalent cations 10 -5, 10 -4, and 10 -3 M respectively, a) Ca++; 2) Mg-ATP + Ca++; 3) 
Mg++; 4) Mg-ATP + Mg ++. Effect of aggregation during combined action of Mg-ATP (I raM) and 
cations was calculated relative to Isc measured after addition of Mg-ATP. 

Aggregation of SV in keeping medium (2 ml) was recorded by the change in intensity of scattering of light 
(Isc) at an angle of 90 ~ at 37~ with mixing, on an MPS-4 spectrofluorometer (Hitachi, Japan). The initial val- 
ue of Isc of the SV suspension was unchanged during incubation for 60 rain in 0.25 M sucrose, 20 rnM Tris-HCl, 
pH 7.4, 100 #g/ml. The change in aggregation (or volume) of SV under the influence of various factors was 
estimated as a percentage of the original value of Isc. In all experiments the dilution effect was taken into ac- 
count on addition of the substances. ATP-Na 2 (neutralized to pH 7.4) was obtained from Reanal, Hungary, col- 
chicine and cytochalasin B were obtained from Serva, West Germany, and dissolved in 96% ethanol (final eth- 
anol concentration in the samples 1~); dicyclohexylcarbodiimide (DCCD) and carbonylcyanide-m-chloro- 
p h e n y l h y d r a z o n e  (CCCP)  w e r e  o b t a i n e d  f r o m  S e r v a  (Wes t  G e r m a n y ) ,  and a l so  d i s s o l v e d  in 96% e thano l  (f inal  
e thano l  c o n c e n t r a t i o n  1%). C o n c e n t r a t i o n s  of  Ca ++ and Mg ++ s o l u t i o n s  w e r e  d e t e r m i n e d  by c o m p l e x o m e t r i c  
t i t r a t i o n  [4]. 

EXPERIMENTAL RESULTS 

With an i n c r e a s e  in the  p r o t e i n  c o n c e n t r a t i o n  in the SV s u s p e n s i o n  f r o m  0.05 to 0.5 m g / m l  a l i n e a r  in-  
c r e a s e  in the  va lue  of I sc  w a s  o b s e r v e d  (in m e d i u m  wi thout  Ca++), and t h i s  could  be ev idence  of  the  a b s e n c e  

o f  " s e l f - a g g r e g a t i o n "  of the v e s i c l e s .  

Ca +-{- ions  induced  a g g r e g a t i o n  of b r a i n  SV wi th in  the  c o n c e n t r a t i o n  r ange  of  10 -5 -10  -3 M (F ig .  1); the 
e f f ec t  w a s  m o s t  m a r k e d ,  m o r e o v e r ,  f o r  h igh Ca ++ c o n c e n t r a t i o n s  (1 raM). If Ca  ++ was  u s e d  wi th in  the  c o n c e n -  
t r a t i o n  r a n g e  of 10 -4 -10  -5 M the i n t e n s i t y  of  SV a g g r e g a t i o n  w a s  independen t  of the  p r o t e i n  c o n c e n t r a t i o n  of the 
v e s i c l e s  (50-200 pghnl) .  H o w e v e r ,  wi th  h i g h e r  Ca ++ c o n c e n t r a t i o n s  (1 mM) the d e g r e e  of C a - i n d u c e d  a g g r e g a -  
t ion  of SV d e p e n d e d  on the p r o t e i n  c o n c e n t r a t i o n  of the  v e s i c l e s .  The  i n c r e a s e  in I s c  u n d e r  the  inf luence  of 
b i v a l e n t  c a t i o n s ,  i n c i d e n t a l l y ,  r e a c h e d  a m a x i m u m  (the c u r v e  f l a t t e n e d  out  on a p l a t eau )  in the  c o u r s e  of 5-7  
min .  Al l  v a l u e s  shown in F i g s .  1-4 t hus  r e l a t e  to 7 ra in  a f t e r  a d d i t i o n s  of the  ca t i ons .  

In the next  e x p e r i m e n t s  the  p r o t e i n  c o n c e n t r a t i o n  of the  SV s u s p e n s i o n  was  100 t t g /ml .  It wi l l  be c l e a r  
f r o m  F ig .  2 tha t  the  e f f ec t  of Ca ++ and Mg ++ in a c o n c e n t r a t i o n  of 10-4-10 -5 M on a g g r e g a t i o n  of SV was  a l m o s t  
i d e n t i c a l .  M e a n w h i l e ,  if the  c o n c e n t r a t i o n  of b i v a l e n t  c a t i o n s  w a s  10 -3 M the  d e g r e e  of  SV a g g r e g a t i o n  was  
s i g n i f i c a n t l y  h i g h e r  in the  p r e s e n c e  of Ca ++ than  in the  p r e s e n c e  of  Mg ++. It  was  found tha t  Ca- induced  a g g r e -  
ga t ion  of  b r a i n  SV wi th  Ca ++ in a c o n c e n t r a t i o n  of  1 m M  took  p l a c e  f a r  m o r e  i n t e n s i v e l y  at  pH 5.0 than at  pH 
7.4. T h i s  w a s  p e r h a p s  due to n e u t r a l i z a t i o n  of the  n e g a t i v e  c h a r g e  on the  SV m e m b r a n e  s u r f a c e  at  n e u t r a l  pH 
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Fig. 3, Dependence of aggregation (A) and de- 
gree of swelling (B) of SV suspension on KCI 
concentration. Abscissa,  KC1 concentrat ion(in 
raM); ordinate, change in Isc (in % of initial). 
Ionic strength of solution remained constant on 
account of a corresponding decrease  in sucrose  
concentration. Results  of two experiments  shown. 
Swelling was induced by addition of Mg-ATt  ) (1raM), 
aggregation by Ca ++ (1 raM) against the background 
of Mg-ATP. 

Fig. 4. Action of H+-ATPase blockers  DCCD and 
CCCP on swelling and aggregation of suspension 
or  rat  brain SV. Abscissa,  incubation (in min ) ;o r -  
dinate, Isc (in %). 1) Ethanol (1~0); 2) Mg-ATP (1 
raM); 3) CCP (40 gVD; 4) DCCD (50 ;zM). 

values. As has already been stated, Ca-induced aggregation of sec re to ry  granules  is a known fact. In par t icu-  
lar,  it has been descr ibed for rat  brain SV [3], the electr ic  organ of the skate [6], and the neurohypophysis [5]. 
It is considered that Ca *+ ions neutral ize the charge on the SV membrane,  bind with negative charges  of mem-  
brane proteins,  phospholipids, and mueopoiysaccharides, and mainly with the COOH groups  of phospho l ip ids -  
the principal components of the SV mernhrane, and they thus screen e lect ros ta t ic  interaction between SV [2, 3]. 
Exocytosis  of t r ansmi t t e r s  (or hormones)  is an exclusively Ca-dependent p rocess ,  during which Ca ++ ions ex- 
e r t  their  action in concentrat ions of about 1 ~M, against the background of a high Mg ++ level (about 1-3 raM). 
Although in the present  exper iments  some selectivity of action of Ca ++ was observed compared with MK ++ in 
relation to aggregation of rat  brain SV, this can hardly be regarded as physiological,  for it was observed when 
the cations were presen t  in quite high concentrations.  

Considering that exocytosis  is an iMg-ATP-dependent and Ca-induced p roces s  [3], in the next  se r ies  of 
experiments  the Ca-induced aggregation of brain SV was studied in the presence  of Mg-ATP. A pre l iminary  
study was made of the action of Mg-ATP on the osmotic p roper t i es  of SV. In the present  exper iments  addition 
of Mg-ATP (0.5-2.0 mlVi) caused a decrease  in Isc (P < 0.05) of the SV suspension, indicating swelling of the 
SV. This p r o c e s s  of an increase in volume of the brain vesic les  was exhibited most  intensively in the p r e s -  
ence of 1-2 mM Mg-ATP. Under the influence of Mg-ATP, Isc reached minimal values af ter  1-2 rain, and re -  
mained at that level during 20 rain of incubation. Facts  of this kind were observed previously for  ra t  brain SV 
[3] and for chromaffin granules  in the adrenals  [7, 9]; this phenomenon, moreover ,  is exhibited mainly in me-  
dium containing penetrating anions (C1-). It has been suggested [7, 9] that Mg-ATP-induced swelling in ch rom-  
affin granules  is coupled with functioning of the H+-pump, t ranspor t  of anions into the granules,  and subsequent 
water  inflow. This hypothesis also is confirmed by the present  experiments .  

It was shown that Mg-ATP-induced swelling is increased in the presence  of KC1 to 25-50 raM, and that 
a fur ther  increase in the KCI concentration to 100 mM abolished this effect (Fig. 3). Under these same condi- 
tions, however, addition of Ca ++ (1 mM) against the background of Mg-ATP (1 miM) sharply reduced the degree 
of SV aggregation with an increase in the KCI concentrat ion f rom 5 to 100 mM. We know [6, 8] that high EC1 
concentrat ions (-> 50 raM) can induce aggregation (dimerization) of the chromaffin granules  of the adrenals  and 
SV of tl~e e lec t r ic  organ of the skate, it can accordingly be postulated that the decrease  in Ca-induced SV ag- 
gregation (against the background of Mg-ATIO) in the region of low KCI concentrat ions (up to 25-56 raM) can be 
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explained on the grounds that "swollen" vesicles do not aggregate so well. KCl-indueed SV aggregation 
(-> 50 raM) makes the vesicles insusceptible to subsequent additional aggregation on the addition of Ca ++. In 
this connection it must be noted that if the originally isolated SV were suspended in 0.125 M KC[, 20 mN 
Tris-HCl, pH 7.4, these vesicles gave virtually none of the effects descr[bed above on the addition of 1 mM 
Ca ++ (without Mg-ATP) or of 1 mM Mg-ATP (without Ca++). In order to demonstrate the role of H+-ATPase 
in swelling of brain SV~ the action of known blockers of H+-ATPase (DCCD and CCCP) was studied on this 
process when induced by addition of Mg-ATP. Accordingly, a preIirMnary study was undertaken of the action 
of these substances themselves on Isc of the brain SV suspension, it was found that addition of I% ethanol to 
the samples caused a reduction in the value of Isc, possible evidence in principle of partial swelling of SV. 
Addition of CCCP up to a final concentration of 20-40 t~M (allowing for the effect of ethanol) caused some in- 
crease in Ise, whereas the addition of DCCD, another blocker of the H+-pump, in a concentration of 50-100 /aM 
(allowing for the effect of ethanol) led to a greater increase in Ise of the SV suspension (Fig. 4). 

The experiments showed that the blockers of the H+-pump [nMMted Mg-ATP-indueed swelHng virtually 
completely, and this confirmed the hypothesis put forward above. 

Let us now turn to experiments to study Ca-induced aggregation of the SV suspension, it was found that 
Mg-ATP (1 raM) leads to a decrease in SV aggregation induced by add[tion of both Ca ++ and ~g++ (Fig. 2). A 
particularly raarked effect was observed with a high concentration of the cations (1 raM). Incidentally, after 
the SV had aggregated in the presence of high Ca ++ concentrations (1 raM) without preliminary addition of 
Mg-ATF, they preserved their ability to swell in response to subsequent addition of Mg-ATP (1 mM). 

The eytostatics colehicine and cytochalasin B (0.5-1.0 ram and 10 -5 M respectively), used in the work, 
if preincubated for 30 rain, affected neither Mg-ATP-indueed swelling of SV suspensions nor Ca-induced ag- 
gregation (I mM Ca++), when studied after addition of Mg-ATF. These experiments evidently indicate that 
contractile cytoskeletal structures associated with brain SV membrane do not participate directly in the pro- 
cesses studied. 

It mus t  be pointed ou~ that Ca-induced aggregat ion of the brain  SV suspension (in the p r e sence  of 1 mM 
Ca ++) is inc reased  by 2-2.5 t i m e s  af ter  p r e l i m i n a r y  addttlon of DCCD and Mg-ATP (Fig, 4). 

When the phys teochemtca l  p r o p e r t i e s  of bra in  SV a re  studied or  exocytos ts  is s imulated in a model 
using isolated SV and bra in  synapses ,  it is thus n e c e s s a r y  to take into account such important  p a r a m e t e r s  as  
swelling and aggregat ion of the ves i c l e s  and the conditions under which they are  manifes ted .  
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