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S U M M A R Y  

We have developed a simple model showing how the presence or absence of 
Ca 2 + can determine whether an uncurved or curved membrane surface is favored 
energetically. The model shows why fusion of vesicles with the presynaptic membrane 
is favored in the presence of calcium and why the budding off of vesicles is favored in 
the absence of calcium inside of the presynaptic membrane. The model accurately 
predicts the radius of a synaptic vesicle using known properties of lipids and suggests 
consequences of temperature change, varied stimulation rate and addition of calcium 
by artificial means on rates of transmitter release. 

In chemical synapses, membrane depolarization initiates transmitter release. 
The immediate cause of this event is probably a transient increase of calcium inside the 
cell [1 ]. This increase in intracellular calcium is thought to increase the probability 
that the vesicles will fuse with the plasma membrane and release their contents [2]. 

At the neuromuscular junction [2], as well as in other systems [3], the vesicular 
material is apparently recycled during this process. In a recent paper I-Ieuser and Reese 
[4] demonstrated that the total area of synaptic membrane, cisternal membrane, and 
surface membrane remains constant. They found upon stimulation that although the 
amount of membrane in synaptic vesicle form decreases, the amount in the form of 
plasma and cisternal membrane increases accounting for the synaptic vesicle loss. 
These authors as well as others suggest that these results imply that the vesicles are 
recycled [3]. The scheme they suggest is as follows: synaptic vesicles fuse to plasma 
membrane; plasma membrane buds to form vesicles; coated vesicles fuse to cisternae; 
cisternae divide to synaptic vesicles. 

We propose a simple model which can account semiquantitatively for the 
budding event in this sequence. The model makes predictions which can experi- 
mentally be tested. 

We assume that the vesicles and the plasma membrane contain significant 
amounts of negatively charged lipid and that there is an efficient mechanism for 
rapidly reducing the intracellular calcium concentration in the nerve terminal either 
by expulsion or sequestration. Both of these assumptions are justified by experimental 
evidence [1, 5-7]. 
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We propose that the surface energy changes produced by entry and exit of 
calcium provide the driving force for the fusion and budding off of synaptic vesicles. 
The model can be made quantitative by a few simple considerations. For a bilayer in 
equilibrium, the attractive forces are balanced by compressional resistance or surface 
pressure [8]. At a given temperature this condition may be written: 

A A  
H . . . .  K - -  ( I )  

Ao 

where, H - =  surface pressure (dynes/era); K : compressibility modulus of bilayer 
(dynes/cm); aa/Ao .... area dilation of bilayer. 

A bilayer consists of two monolayers apparently unconnected [9 ]. I f  the surface 
pressure of one monolayer changes relative to that of the other, the bilayer will 
respond by curving. For a bilayer that has spherical symmetry as a result of  curvature, 
Evans has shown [9] that 

1 i A W  .... 

where R i and R ° are the radii of  curvature of  the inside and outside bilayer; d 
membrane thickness. I f  for simplicity, we let R i ~ R ° and K i ~:~ K ° then Eqn. 2 
becomes 

2 A]J i--All ° 
R X,J (3)  

To get a quantitative estimate of  the radius of curvature of budding vesicles, we need 
to know both (All  i -  A I I ° )  the change in suface pressure difference and, the surface 
compressibility K, (assuming d ~ 30 A). To relate the change of surface pressure differ- 
ence to entry of calcium, we assume the surface pressure of  each surface is given by the 
Davies equation [12] which relates surface pressure to surface charge: 

A H  : 2-kT- A a  (4) 
e 

where T is temperature, k Boltzmann's constant, e the electronic charge, and A a  the 
surface charge. We further assume that the change in surface charge is produced by a 
change in C a  2 + concentration. This in turn alters the amount of Ca 2 + available to 
screen or bind negative charges added to the membrane. 

Since the calcium concentration is nearly constant outside the terminal, the 
change in surface pressure of  the outside surface will be negligible compared to that of 
the inside surface. We can thus assume that no alteration of the outside surface 
pressure occurs and can consider only the change of the interior monolayer surface 
pressure. Combining Eqn. 3 and Eqn. 4 for the inside surface then gives 

Kde 1 
R - -  ( 5 )  

k T  Ao -1 

We assume that the negative charge density before entry of calcium arises fromnegative 
lipids and that C a  2 + entry reduces the charge to nearly zero by binding and screening. 



615 

I f  no negative lipids are available, there will thus be no change of charge with calcium 
entry. 

We can now describe a cycle of  fusion and budding according to our model. 
I f  the nerve has been unstimulated for some time, vesicles will be fusing with the pre- 
synaptic membrane infrequently producing the well known phenomenon of miniature 
end plate potentials. Now the nerve is stimulated resulting in a transient Ca 2 ÷ influx. 
In our model this has two consequences. First Ca 2÷ screens a negative charge on the 
interior of  the presynaptic terminal reducing electrostatic repulsion between vesicles 
and membrane. Close contact between vesicle and membrane now becomes a more 
likely event as suggested by Van der Kloot  and Kita [16]. Second the vesicles' negative 
lipids now bind the newly available calcium. This reduces the molecular area of  the 
vesicle's outside monolayer and increases the energy of the highly curved vesicles' 
configuration (Eqn. 5). This energy can be reduced only by flattening, but the vesicle 
can flatten only by fusing with the presynaptic membrane ! Details of the actual fusion 
process may be very complex, but the prefusion and post-fusion states are well defined. 
Our model shows how Ca 2 + alters the relative energy of these states without having 
to consider the complicated transition states involved in the actual fusion process. 
The presence of calcium thus accomplishes two things which favor fusion. It  promotes 
close approach of vesicles to the presynaptic membrane and lowers the energy of the 
fiat state relative to the curved state. 

I f  stimulation of the nerve stops, so will calcium entry, and the cell's mecha- 
nisms of calcium sequestration and expulsion will reduce the calcium concentration 
inside the terminal [4]. Now the negatively charged lipids*, newly added to the inside 
of  the presynaptic membrane, will have their negative charges unscreened, and the 
energy of the curved state of presynaptic membrane will be reduced with respect to 
that of the fiat. The membrane will thus begin to pucker inward and, if enough 
negative lipid has been added, will bud off into vesicles passing presumably through a 
complex series of states of  inverse fusion. Again our model only describes the energy 
difference between the well defined end points. 

We could calculate the expected radius of  vesicles budding off from the mem- 
brane from Eqn. 5 if we knew the change in surface charge and the compressibility of  
the monolayers. We can take A a  i equal to about one electronic charge per 50 A 2. 
The surface compressibility can be estimated from lipid monolayer studies at about 
50 dynes/cm (for a close-packed monolayer at an oil-water interface [12]). I f  we take 
T ~ 300 °K and d = 30 A, Eqn. 5 gives R --  180 A, a value in good agreement with 
observation [2]. 

Thus our model predicts that in regions of the plasma membrane where the 
surface charge density reaches a value of about one electronic charge every 50 A 2, 
vesicles will begin to bud off when calcium is removed. The result depends on the 

* The synaptic vesicles are negatively charged and have a diameter of about 300 A 2 [2]. Vesicles of 
this size have been found to have about twice as many negatively charged lipids on the outside surface 
than the inside [10]. The topology of fusion then requires that more negative lipid go to the inside of 
the membrane than the outside. In addition any negative lipid going to the outside will be immedi- 
ately neutralized by screening or binding of external calcium [111. 

We also note that calcium interacts with most negatively charged lipids more strongly than 
magnesium [15]. 
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actual propert ies of  lipids of  the presynaptic membrane  and should be considered only 

as a semiquant i ta t ive  estimate. 

We can make several specific predict ions which may be tested experimentally.  

First as the tempera ture  is decreased, the amoun t  of  st imulation necessary to produce 

an appreciable rate of  vesicle budding should increase. That  is the plasma membrane  

should increase in area more for a given amoun t  of  t ransmit ter  released. Secondly, 

the addi t ion of  calcium (or other  divalent ions) at a rate which cannot  be overcome by 

the available e l iminat ion mechanisms should result in failure of  the terminal to bud 

off  vesicles and consequent ly replenish its supply of  loaded synaptic vesicles. This 

could  be accomplished by use of  calcium ionophore  [13]. Thirdly,  any processes which 

would  increase the ionic s t rength of  the interior of  the presynaptic  membrane,  such as 

increasing the osmolali ty [14] extracellularly, should increase the rate o f  fusion and 

decrease the rate of  vesicles budding off. 

This model  is of  course speculative, but it shows how the processes o f  fusion 

and budding off o f  vesicles may be driven by the entry and removal  of  calcium in a 

simple semiquant i ta t ive  way**. 

This work  was suppor ted  by N i l [  grants HL-12157 and HL-17961-01 (to 

J E H )  and ON R contract  No. N0014-67-A-0251-0022. 
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** We are aware of several complications including the possibility that some of the vesicular 
material may retain an identifiable shape as it moves through the fusion-budding sequence. We also 
did not address the question of how vesicles m ght receive coats. Although these observations may 
be incorporated into the model with a simple ad hoc assumption, we will refrain from doing so 
because of possible artifactual origin of these observations. 


