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Summary 

Fusion processes are classified according to type and size of the fusing ele- 
ments:I, particle-particle, vesicle-vesicle; II, vesicle-cell, particle-cell; III, cell- 
cell. Fusion may be direct (original elements merge) or indirect (transfer of 
components from one element to another). 

Membrane mobility agents like A2C (structural formula below) 

~CH: 
CH3(CH:)7CH-ACH(CH:)~COOCH:CH:OCH:CH:OCH3 

A2C 

form small particles on dispersion in aqueous solutions, particles which can be 
made fluorescent by the addition of fluorescent probes, the Flomols {fluores- 
cent probes of mobility in membranes). Fusions of these particles with cells 
(particle-cell fusion) and of cells with cells induced by membrane mobility 
agents (cell-cell fusion) fulfill the criteria for direct fusion. 

The following stages in the overall process have been identified, using A:C 
and Flomol F20C in the fusion of hen red cells: 1, Approach (of particle to 
cell); 2, sticking (of particle to cell); 3, local entry (of particle contents into cell 
membrane); 4, membrane spread (of particle contents from original entry point 
throughout the rest of the cell membrane); 5, rounding {from ovals to cups to 
spheres). (These steps of particle-cell interaction are succeeded by those for cell- 
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cell interaction.) 6, approach (of one rounded cell to another rounded cell); 7, 
sticking (cell to cell); 8, fusion (of two cells); 9, sticking (of binucleated cells to 
additional cells); 10, fusion (to multinucleated cells). 

After contact,  sticking is achieved through "hydrophobic  bonding". It is pro- 
posed that the critical step which follows sticking and commits the elements 
irreversibly is the microfusion between the outer  surface layers of  the elements. 
Microfusion (for particle-cell and cell-cell) results from the permeation of water 
into the isolated surface contact  region after sticking, followed by a rearrange- 
ment  of the molecules in that  contact  region into inverted micelles. The latter 
arrangement consti tutes a region of instability which is resolved by fusion of 
the outer  surface elements (see diagrams). The entry of membrane mobility 
agent into the membrane and the spread of the reagent along with the motion 
of membrane components  follows. The consequent  alterations in membrane 
properties lead to a spherical cell, a morphological state with the minimum area. 

Two phase temperature effects on the fusion process, as shown by experi- 
ments at different temperatures and by temperature jump, imply the presence 
of a barrier within the membrane more complex than phospholipids, possibly 
involving intramembranous particles and/or cytoskeletal elements which must 
be moved to form a "clear region" for lipid bilayer contact. 

The applicability of  the overall scheme to physiological processes like neuro- 
transmitter release and mucocys t  release, as well as parallels to "Sendai virus" 
(HVJ, or hemagglutinating virus of Japan)-induced fusion are discussed. The 
contr ibution of other factors (Dextran, pH, Ca 2÷) to the progress of fusion is 
also examined. 

Introduction 

In the course of  explorations into the biological effects of membrane mo- 
bility agents [1],  we discovered that such agents were efficient promoters  of 
cell-cell fusion [ 2]. Experimental cell-cell fusion is useful for the investigation 
of the mechanisms of  fusion. One of  the most  widely used means for achieving 
cell fusion is Sendai virus [3,4] and certain other viruses [5]. The desire to 
avoid some of the disadvantages of virus (irreproducibility, introduction of 
extracellular biological material) led to searches for suitable, defined chemical 
agents, called "fusogenic"  by Lucy and coworkers [6]. The results of such 
work as well as on virus- and lipid vesicle-induced cell-cell fusion have pointed 
to membrane fluidity and membrane component  rearrangement as playing roles 
in the fusion process [6--14].  In view of the importance of membrane fusion in 
a wide variety of  biological processes, we have made an extensive study of the 
role of  membrane mobili ty agents in the fusion of hen erythrocytes.  

This new class of  reagents was designed to increase the mobility of compo- 
nents within cell membranes. The hydrophilic (or polar) port ion of the mole- 
cules is of  a length adequate to bridge the region between water and hydro- 
carbon region of the phospholipid bilayer present in cell membranes. The 
hydrophobic  (nonpolar) port ion of  the membrane mobility agent molecule car- 
ries a cyclopropane ring for promoting disorder within the hydrocarbon region 
of the bilayer. Disorder of  this type  presumably increases the fluidity of the 
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domain within which the molecule is located. In the course of the work, we 
developed new fluorescent probes called Flomols (ref. 15 and Kosower, N.S., 
Kosower, E.M., Lustig, S. and Pluznik, D.N., unpublished) and utilized them to 
illuminate various stages of fusion processes. In our context,  fusion represents 
the merging of  two (or more than two) elements, a term which refers to parti- 
cles (e.g., microdroplets), vesicles or cells. On the basis of the experiments we 
have carried out, the fusion process can be divided into four stages: (1) Ap- 
proach, (2) sticking, (3) component  mobility and (4) morphological change. 
Using our results and information from the literature, we try in this paper to 
present a molecular level interpretation of  some of the stages in the fusion pro- 
cess. 

Materials and Methods 

Cells. Lehorn hens were used as source of blood, which was obtained from a 
brachial vein and prevented from coagulating by heparin. 

Mobility agent. The ester A2C (synthetic) is an oil which can readily be dis- 
persed in water and the usual buffers. (The substance is now available from 
Makor Ltd., P.O.B. 6570, Jerusalem, Israel) 

CH2 
CHs (CH2)~CH--~CH(CH2)TCOOCHzCH2OCH2CI-I20CHs 

A2C 

A2C is measured into a tube with a Hamilton 10 pl syringe, the appropriate 
amount  of 0.15 M NaC1 solution added to give a concentration of 0.1--0.8 pl 
A2C/ml and the mixture sonicated for 15--30 s. The dispersions consist of par- 
ticles between 0.4 pm and 1.6 pm in size. 

Flomol-mobility agent combination. During the investigation of the inter- 
action of the membrane mobility agent with the red blood cell, it became 
apparent that  it would be useful to have a fluorescent label for the particles 
of the agent in the dispersions. We designed and synthesized probes called 
Flomols (fluorescent probes of mobility in membranes). Details of the prep- 
aration will be given elsewhere (Kosower et al., in preparation for publication). 
In the present work, we have used the Flomol F20C: 

O ~ O H  ---- /CH2 

R CH3 (CH2)vCH-~H(CH2)9-- 

T/coOH 

NHCNHR 
II S 

Flomol F20C (2 • 10 -a pmol/pmol of A:C) in methanol was mixed with A2C 
measured as stated above. The methanol was removed with a stream of N2, 
NaC1 (0.15 M) added and the mixture sonicated to yield fluorescent A2C par- 
ticles. 

Buffers. The usual buffer (Buffer A) contained NaC1 (70 raM), sodium ace- 
tate (75 mM), CaC12 (between 0.2 and 2.0 mM) and Dextran (T-70, Pharmacia) 
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(100 mg/ml), pH 5.7. Buffer A with Dextran omitted; buffer A with CaCl~ 
omitted;  buffer A with EDTA added. Other buffers (higher pH, see Table I); 
sodium cacodylate, (CH3)2As{O)ONa; Tris [(HOCH2)3CNH2]; glycylglycine. 
Since, in all cases, equal volumes of buffer containing red blood cells and mo- 
bility agent suspension were mixed to initiate an experiment, the final buffer 
concentrations in the incubation mixtures were half of those cited here. 

Other reagents will be noted when necessary in the text. 

Preparation and utilization o f  cell suspension 

Incubation. Hen blood drawn as noted above was centrifuged, the buffy 
coat removed, the red cells washed twice with NaC1 (0.15 M), and then once 
with buffer A. Cells were resuspended in buffer A to a hematocrit  of 6--8%, 
and the incubation mixture prepared by mixing of the cell suspension with an 
equal volume of A2C suspension or A2C/Flomol F20C suspension. The mixture 
was held at the desired temperature for the duration of the experiment, unless 
otherwise noted. 

Observation, photography and counting. Aliquots were removed from the 
incubation mixture at intervals for viewing and photography, using a Leitz 
Orthoplan microscope equipped with an incident light fluorescence unit, 
Ploempak 2.1, a constant  temperature stage and an Orthomat-W camera. 3--6 
fields were photographed for each aliquot examined. Changes in cell shape and 
in the degree of fusion were then determined from the pictures. The former 
was quanti tated by counting the number of cells in the process of rounding; 
quanti tat ion of the latter was accomplished by counting the number of nuclei 
in fused cells and dividing by the number of nuclei in the field photographed. It 
was also necessary to note the stage of fusion, e.g., whether or not  the majority 
of fused cells had either two or three nuclei, or many nuclei (multinucleated 
cells). 

Results 

Overall characteristics o f  fusion 
On mixing a hen red cell suspension with a suspension of A2C particles, no 

immediate change in the oval shaped hen cells is noted at any temperature 
between 19 and 42°C. At the higher temperatures in this range, particles 
become attached to cells fairly soon (2--5 rain), a process that  is easily seen 
with Flomol-loaded A2C in a stage we call "sticking". At this point, no fluores- 
cence can be seen in the cell membrane. Later (10 min or more, depending on 
the temperature) fluorescence is seen in the cell membrane (Fig. 1). 

The entry and spread of the A2C particle content  into the membrane is asso- 
ciated with pronounced morphological changes. The earliest stage, cup forma- 
tion, has been observed as the result of A2C-human red cells interaction in 
buffer A (Fig. 2). An apparently similar, but  less well defined, shape change is 
observed for hen red cells. The hen red cells then become rounded, but only in 
the case of those cells to which A2C particles have become attached (Fig. 1). In 
the usual experiment carried out  at 37°C, some cells have changed their shape 
within 20--30 min and most of the cells have become spherical within 45--60 
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Fig.  1. I n t e r a c t i o n  of  A2C par t ic les  w i t h  h e n  red  cells. H e n  red  cell su spe ns ion  was  m i x e d  wi th  an A2C ! 
F 2 0 C  s u s p e n s i o n  ( f ina l  c o n c e n t r a t i o n s :  red  cells, 5 • 1 0 8 / m l ;  A 2 C ,  5.8 • 10 -4 M; F 2 0 C ,  1.2 • 10 -6 M) and  
a l i quo t s  were  i n c u b a t e d  a t  v a r i o u s  t e m p e r a t u r e s .  S a m p l e s  were  r e m o v e d  at  t i m e d  in t e rva l s  for  v i ewing  and  
p h o t o g r a p h y .  F a d i n g  d u r i n g  p h o t o g r a p h y  o f  s a m p l e s  m a d e  par t ia l ly  f l uo re scen t  cells (see d) t echn ica l ly  

d i f f i cu l t  to  r e co r d .  P h o t o g r a p h s  i l lus t r a t ing  the  resu l t s  are g iven  as fo l lows ,  us ing  the  s a m e  field p h o t o -  

g r a p h e d  f i rs t  w i t h  the  e x c i t i n g  l ight  fo r  f l uo re scence  a n d  t h e n  wi th  o rd ina ry  l ight ,  a and  b: A g roup  of  
cells i n c u b a t e d  b r i e f ly  a t  3 7 ° C  (5 m i n )  a f t e r  p r e p a r a t i o n  of  the  f inal  suspens ion .  In  a, the  par t ic les  of  
A 2 C - F l o m o l  m a y  be  seen  r e s t i n g  on  the  cells.  In  b ,  on ly  the  f l u o r e s c e n t  par t ic les  are seen.  c and  d: T w o  
e x a m p l e s  of  pa r t i c l e -bea r ing  cells in  w h i c h  pa r t i a l  sp read  of  f l uo re scence  is seen.  I n c u b a t i o n ,  120  rain at  
19°C.  e a n d  f:  Cells c a r r y i n g  pa r t i c l e s  in  w h i c h  the  f l uo re scence  has  sp read  t h r o u g h  the whole  m e m b r a n e .  
The  cells are r o u n d e d  a n d  s o m e  are  s t i c k i n g  to one  a n o t h e r .  The  g r o u p  a t  the  u p p e r  r igh t  is a pa r t i cu la r ly  
v ivid  e x a m p l e .  An  u n u s u a l  p h e n o m e n o n  w h i c h  shall  be t a k e n  up  f u r t h e r  e l sewhere  is the  p resence  of  f luo- 
r e scen t  r eg i o n s  on w h a t  a p p e a r s  to  be the  nuc lea r  m e m b r a n e .  I n c u b a t i o n ,  25 m i n  at  37°C.  
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Fig.  2. Cup f o r m a t i o n  in A 2 C - t r e a t e d  h u m a n  red cells. H u m a n  red cells were  washed  and  s u s p e n d e d  in 

b u f f e r  A, then  t r e a t e d  wi th  A 2 C - d i s p e r s i o n  in the  s a m e  way  as the  hen  red  cells. (See Fig .  1 and  t ex t ) .  
S a m p l e s  were  t a k e n  at  v a r i o u s  t i m e s  and  e x a m i n e d  u n d e r  the  m i c r o s c o p e .  O b v i o u s  cups  axe i l lus t ra ted  in 

the  p h o t o g r a p h  s h o w n .  These  f o r m e d  b e t w e e n  20  and  40 ra in  a f t e r  the  b e g i n n i n g  of  i n c u b a t i o n .  R o u n d -  

ing and  fus ion  fo l l owed  b e t w e e n  60 a n d  120  m i n  a f t e r  i n c u b a t i o n  at  37°C.  

min. Rounded cells (2 or occasionally more) then approach and stick to one 
another.  With Flomol F20C present  in both cell membranes,  a thick fluores- 
cent  line can be seen dividing the cells which are stuck to one another  {Fig. 3). 
After some time (approx. 5 min), the membrane which separates the cyto- 
plasms of  the participating cells disappears, and a single binucleated cell is pro- 
duced. The fusion process can then occur between multiple nucleated cells to 
yield cells with large numbers of nuclei. The stage of huge cells with many 
nuclei is succeeded by lysis, about  30 min later. 

Factors affecting the fusion process 
Certain condit ions have been found to favor the overall process of cell-cell 

fusion. We have investigated cell and A2C concentrat ion,  buffer composit ion,  
calcium and Dextran content ,  pH and temperature  variation with respect to 
both the rate and ex ten t  of cell-cell fusion. 

A. Cell and AzC concentration. Efficient and observable fusion can be car- 
ried out  with 3--5 • 10 ~ cells/ml. If the cell concentra t ion is much lower than 
3 • 108 cells/ml, the cells round and lyse wi thout  fusion. 

The membrane mobili ty agent, AzC, was normally used at a final concentra- 
tion of 0.25 pl/ml. Concentrat ions of A2C as low as 0.05 pl/ml could induce 
fusion, but  the rate was low and the ex ten t  of fusion limited (10% in 2--3 h). 
Final concentrat ions of A2C as high as 0.4 pl/ml could be used, with no advan- 
tage apparent  over the use of 0.25 pl/ml, (70--90% fusion within 45--60 rain). 

Dispersions of  A2C vary in stability with the concentrat ion of A2C, with the 
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a 

Fig.  3. Cell-cell i n t e r a c t i o n  o f  A 2 C - t r e a t e d  cells. C o n d i t i o n s  are desc r ibed  in the  cap t ion  to Fig.  1 and  in 
the  t ex t .  An a l i q u o t  o f  an i n c u b a t i o n  m i x t u r e ,  i n c u b a t e d  at  27°C,  was  p h o t o g r a p h e d  sequen t ia l ly  over  a 

p e r i o d  o f  s o m e  m i n u t e s ,  a, T w o  r o u n d e d  cells are seen in the  u p p e r  lef t  p o r t i o n  of  the  p h o t o g r a p h  i m m e -  
d ia te ly  a f t e r  s t i ck ing ;  b ,  the  t w o  r o u n d e d  cells are  m u c h  m o r e  in c o n t a c t .  The  m e m b r a n e s  are bare ly  visi- 

ble,  and  it  is n o t  poss ib le  to  dec ide  w h e t h e r  t h e y  are full  or  par t ia l ;  c, the  t w o  r o u n d e d  cells n o w  have 
fused  to one  cell, b u t  have  n o t  fu l ly  r o u n d e d  to the  f inal  shape  of  a b i n u c l e a t e d  cell; d, two  r o u n d e d  cells 
in i n t i m a t e  c o n t a c t ,  b e f o r e  the  fu s ion  m e m b r a n e  has  d i s appea red .  The  cells arc labeled  wi th  F 2 0 C  and  the  

f l uo re scence  m a k e s  the  f u s i o n  m e m b r a n e  easi ly vis ible .  These  cells, f r o m  a separa te  s ample ,  were  chosen  

to i l lus t ra te  a s tage  n e a r  t h a t  s h o w n  in b. The  b r i g h t n e s s  of  the  fus ion  line sugges t s  tha t  b o t h  of  the 
or ig inal  m e m b r a n e s  are  p r e s e n t  in the  " f u s i o n  m e m b r a n e " .  In  a- -c ,  several  e x a m p l e s  of  cells p rogress ing  

f r o m  oval  shape  to r o u n d e d  shape  u n d e r  the  i n f luence  of  the  m e m b r a n e  m o b i l i t y  agent ,  A2C m a y  be seen.  

M a g n i f i c a t i o n ,  a- -c ,  × 1000 ;  d,  X 630.  

viscosity of  the solution, with the nature of the dispersing method, with the 
temperature, and according to whether or not  a stabilizing agent (like phos- 
pholipid) is present. 

B. Dextran. In the absence of Dextran, A2C did not  lead to cell fusion. 
Examination of an incubation mixture containing red cells, and the A2C/F20C 
combination in buffer A without  Dextran, revealed that  many of the A2C par- 
ticles were to be seen in a plane above the plane within which the red cells were 
located. The few cells which respond in the absence of Dextran, exhibit particle 
sticking, rounding and then lysis. 

C. Effect  o f  pH and buffer variants, pH 5.7 was found to promote both 
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T A B L E  I 

E F F E C T  O F p H  A N D  O F  B U F F E R  O N  H E N  R E D  C E L L  F U S I O N  B Y  A 2 C  * 

p n  Buf fe r  R o u n d i n g  * * Fus ion  * * 

5,7 S o d i u m  aceta te  +++ +++ 

6,7 S o d i u m  cacody la t e  + + 

7 , 5  G l y c y l g l y c i n e  + .+. 

7 , 5  T r i s  + _* 

8 .1  S o d i u m  c a e o d y l a t e  +_ 0 

8 , 5  G l y c y l g l y c i n e  + 0 

8 , 5  T r i s  ± 0 

* C e l I / A 2 C  m i x t u r e s  i n c u b a t e d  a t  3 7 ~ C ,  a n d  f o l l o w e d  f o r  1 2 0  r a i n .  

** R o u n d i n g  a n d  f u s i o n  e v a l u a t e d  o n  a s c a l e  o f  +++  to  0 ; + + +  m e a n s  > 5 0 %  o f  ce l l s  i n v o l v e d  in  t h e  p r o -  

cess  o f  r o u n d i n g  a n d  s u b s e q u e n t  f u s i o n  to  m u l t i n u c l e a t e d  ce l l s ;  + m e a n s  1 0 - . - 2 5 %  o f  ce l l s  i n v o l v e d ;  

+ m e a n s  5% o r  less.  

rounding and fusion. Raising the pH to 6.7 markedly diminished the amount  of 
rounding and fusion within a standard observation time. At pH 7.5, some 
rounding could be seen but  little or no fusion, and above pH 8.0, there was 
little rounding to be seen in an experimental  sample and no fusion in any of the 
buffers used. The results are summarised in Table I. 

D. Effect of  calcium. No significant difference in the rate or extent  of fusion 
is observed if calcium concentra t ion is changed from 1.0 mM to 0.4 mM. Lower 
calcium concentrat ions {e.g., 0.12 mM) lead to diminished fusion rates, but  the 
decrease is no t  as great as would be expected for the decrease in concentrat ion.  
If EDTA (1 raM) is added to a calcium-poor medium (0.05 mM Ca 2+, buffer A) 
little or no fusion is observed. 

E. Effects of albumin and serum. Albumin (utilized as a solution of 50 mg/ 
ml in 0.15 M NaC1 and added to give a final concentrat ion of 5 mg/ml) mark- 
edly inhibits all stages of  cell fusion. If added to the incubation mixture at the 
time incubation is begun, neither rounding nor fusion is seen. If added at the 
time at which many cells are rounded,  the cells axe arrested at this point  and 
few cont inue on to give fusion. If albumin is added after the time at which bi- 
and tr inucleated cells can be observed, a significantly lower rate of further 
fusion is seen. 

Total  plasma protein (serum) inhibits fusion when added to the A2C-red cell 
suspension at the beginning of  incubation. Unwashed cells, i.e., whole blood, 
did not  give rise to fused cells when treated with A2C in the usual way. 

F. Effect of  temperature. Raising the temperature  increased the overall rate 
of fusion and especially enhances the first part, up to rounding. In addition, the 
rate of rounding and fusion increases rapidly between 17 and 25°C; above 
25 ° C, the rate of  fusion increases with temperature  less rapidly. For  example, 
to reach the criterion of  rounding {40-60%) and some fusion (<10%) to binu- 
cleated cells at 17°C requires about  7 h. At 23°C, the time to arrive at a similar 
degree of  rounding and fusion is reduced to a little more than 3 h. At 31°C, 
1.66 h is needed. The rates for  reaching the stage of multinucleated cells are 
parallel to those cited for rounding and some binuclear cell formation.  The 
dramatic effect  of  temperature  on the rate of fusion and the break in the tem- 
perature coeff icient  for  the process are illustrated in Fig. 4. 
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Fig. 4. The e f fec t  of  t e m p e r a t u r e  on  the  r o u n d i n g  and  fus ion of  hen  red  cells by A2C.  The red cell suspen- 
sion, washed  and  r e susp e nde d  in b u f f e r  A,  was b r o u g h t  to the desired t e m p e r a t u r e ,  m ix ed  with A2C dis- 
pers ion  of  the s ame  t e m p e r a t u r e  a nd  i n c u b a t i o n  con t inued .  (Final  c o n c e n t r a t i o n ,  3--5 • 108 cel ls /ml;  
A2C,  0 .25  p l /ml ) .  The  ver t ical  bars  r e p r e s e n t  the m a g n i t u d e  of  the s t anda rd  e r ror  of the mean ,  and the 
f igures in pa ren theses  show the  n u m b e r  of  d i f f e r en t  e x p e r i m e n t s  wh ich  were  carr ied o u t  for  each  t e m p e r a -  
ture .  e ,  R ound i ng :  40 - -60% of cells; X, fusion of  60---80% of cells to mu l t i nuc l ea t ed  cells. T w o  t empera -  
turc  ranges  are clear ly ev iden t .  In the  low t e m p e r a t u r e  range ,  the rate  of  fusion increases rapidly  wi th  
t e m p e r a t u r e .  In the  high t e m p e r a t u r e  range ,  the  ra te  of  fus ion increases b u t  less rapid ly  than  in the low 
t e m p e r a t u r e  range .  " A c t i v a t i o n  e ne rg i e s "  can be der ived f rom these n u m b e r s ,  and are n o t ed  in the text .  

Fig. 5. T e m p e r a t u r e  j u m p  for  A2C- t r ea t ed  hen  red  cells. A red cell-A2C suspension was i n cu b a t ed  at  17'~C 
in n u m e r o u s  separa te  tubes ,  wh ich  were  individual ly  t r ans fe r red  to 37°C at  d i f fe ren t  t imes  for fu r the r  
i ncuba t ion .  Samples  were t aken  for  obse rva t ion  and  the  t imes  at  which  round ing  (40- -60% of cells) or  
fus ion (60 - -80% of  cells) cou ld  be seen were  r e c o rde d .  In  the  e x p e r i m e n t  i l lus t ra ted in the figure,  very  
little r o u n d i n g  was n o t e d  a f t e r  225 rain at  17°C,  a l t hough  j u m p i n g  to 37°C a t  tha t  t ime led to round ing  
wi th in  5 min .  Samples  at  17°C s h o w e d  r o u n d i n g  at  400  rain and fusion at 550 rain. 

By taking the time needed to reach the experimental criterion as a measure 
of  rate, an "activation energy" can be estimated for each temperature range. 
For the low temperature range, the "activation energy" is between 19 and 26 
kcal/mol; for the high temperature range, the "activation energy" is about 10 
kcal/mol. 

No fusion could be observed at 2°C over 8 h. In fact, various stages of the 
fusion process can be arrested by cooling to 2°C, and such cooling is a conve- 
nient way of  retaining samples in a desired stage for further examination. 

G. Effect of temperature lump. Incubations of A2C-red cell suspensions 
below 20°C produce little change in the appearance of the cells for 3--4 h. In 
comparison, comparable samples incubated at 37°C show rounding and fusion 
in about 1 h. If a sample which had been maintained at 17°C for 3--4 h is trans- 
ferred to 37°C, rounding begins within 5--10 min; fusion follows at a time 
somewhat less than usual, within about 40 rain. A series of experiments, in 
which the incubation at 17°C is maintained for various lengths of time before 
"temperature jump", is illustrated in Fig. 5. 
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Discussion 

Classification of fusion processes 

A variety of  fusion processes have been described. In order to provide a basis 
for understanding this variety, we adopt a criterion for classification based on 
the type and size of the fusing element. "Smal l"  elements are those elements of 
approx. 1 pm or less in diameter, thus excluding cells from this category. 
"Large"  elements are those elements with diameters greater than 1 pm with 
cells as the primary example in this category. Three primary groups of fusion 
processes can thus be recognized: I. Small element-small element; II, small ele- 
ment-large element; III, large element-large element. "Small"  elements include 
vesicles (bilayer structures containing an isolated segment of the solvent in 
which they were prepared) and particles (according to the dictionary defini- 
tion, "a body whose spatial extent  and internal motion and structure, if any, 

T A B L E  II 

CLASSES OF F U S I O N  

Class Fusing e l e m e n t s  Example s  

I Part ic le-par t ic le  

Vesicle-vesicle 

I IA  

(Exocy tos i s )  

IIB 

Vesicle-cell [ 48]  

Vesicle-cell 

Particle-cell  

III  Cell-cell 

Coalescence of wa t e r  dispers ion of oil [46]  

Phosphol ip id  vesicle fusion a 
Sec re to ry  vesicle fusion [47 ]  

N e u r o t r a n s m i t t e r  release [49]  
Mucocys t  and t r i chocys t  release [37]  
N e u r o h y p o p h y s i s  secre t ion  [45]  
Pancrea t ic  z y m o g e n  granule  release [ 50] 
Insulin release [ 51 ,52]  
Ac ros oma l  granule  release [ 531 

Vesicle-cell fusion b 

M e m b r a n e  mobi l i t y  agent-cell  c 
C h y l o m i c r o n  r e m n a n t - h e p a t o c y t e  [ 54] 

A. Natura l  
1. Physiological  

M y o t u b e  f o r m a t i o n  [55 ]  
( m y o b l a s t - m u s c l e  cell) 

2. Pa thologica l  
Mult i r .ucleated giant  cells [ 56 ,57]  
T u m o r  cell fusion [4 ,58 ]  

B. P r o m o t e d  (by)  
Sendal  (HVJ)  virus [8]  
M e m b r a n e  mobi l i t y  agents  [2]  
Fusogenic  lipids [34]  
P o l y e t h y l e n e  glycol [ 5 9 - - 6 1 ]  
Glycero l  [10]  
Dir~lethyl sul foxide  [10]  
Peder ine  [6 2 ,6 3 ]  
Hea t  [34 ]  

a See text .  
b For  cri teria,  see text .  
c Present  work .  
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are irrelevant in a specific problem").  The classes of fusion processes along with 
examples are listed in Table II. 

At least two general fusion mechanisms can be recognized, direct and indi- 
rect. The direct mechanism includes all cases in which the two original elements 
merge to yield the fused product  after direct contact  and in which an appro- 
priate internal label is not  lost during the merging. The indirect mechanism 
includes the cases in which one element unfolds or from which components dis- 
sociate before combining with a second element, so that  some or all of an inter- 
hal label is lost during the fusion process. 

The fusion of membrane mobility agent particles with the hen red cell (parti- 
cle-cell) fulfills the criteria for direct fusion, as attested by the merging of the 
A2C particle, together with its fluorescent label, into the cell membrane after 
direct contact. The subsequent cell-cell fusion is also direct, occurring after 
contact  between the cells, and with the conserved nuclei serving as internal 
markers. Vesicle-cell fusion also appears to be direct, with appropriate internal 
labels (large molecules) being retained [ 16--18]. Membrane leakiness (revealed 
by small molecule internal labels) is apparently a concomitant  of vesicle-cell 
fusion [16--19] and cell-cell fusion promoted by Sendai virus [8,20,21]. 

On the other hand, for vesicle-vesicle fusion, indirect fusion appears to be 
common as shown by the transfer of spin-labeled phospholipids [22] and 
monomeric units [23] from one element to a second, thereby causing the 
growth of the latter at the expense of the former. The facilitation of vesicle- 
vesicle fusion near the transition temperature by impurities present in the phos- 
pholipids [24] may arise from the fact that monomeric units may "evaporate" 
easily from defect sites. (Increased permeability of vesicles at the transition 
temperature has been attributed to a similar cause [25].) That vesicles resist 
direct fusion is underlined by the reported failure of the a t tempt  to observe 
reaction of potential reactants incorporated into separate liposomes [26]. 

Stages in fusion 

Fig. 6 presents a summary of the stages of  fusion along with an indication of 
the most important  factors and features of the overall process. The scheme 
applies to both particle-cell and cell-cell fusion, which, as we shall see, go 
through rather similar stages. The scheme may well be valid for vesicle-cell 
fusions. Particularly pertinent points will be summarized in the succeeding sub- 
sections. 

Approach, contact and sticking. Aside from obvious problems, such as 
ensuring that  the elements destined for fusion occupy the same domain in the 
experimental system (raising the viscosity lowers the rate at which the lighter 
particles may escape from the domain of the red blood cells), we can ask why 
particles which encounter  cells often stick to them. The observation that  
Flomol.loaded mobility agent particles do not  initially insert any fluorescent 
probes into the membrane of  the cell shows that  sticking of the particles to the 
cells is an effect of  simple contact.  The most reasonable explanation is conve- 
niently labeled as "hydrophobic  bonding".  The degree of organization of water 
at the surface of  the particle and of the cell is diminished through contact  of 
the two surfaces. Similar contact  between two cells is apparently possible only 
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STAGES IN FUSION 

LATERAL 
CONTACT HYDROPI-IO81C iVlICROFUSION DIFFUSION 

Approach 
~ Invert  edt( LMobJlity _ J  Temp. | C h a n g e  i 

micelles i # \ /J ' red blood cell 
\"~ water 1 I \ / L 

" permeabi l i ty  / -" \, / Rounding I 
\\ / // \ i J 

\ / /  ./ Water 
"Clear"  / . / j  pearmeabil i t  y 

fluid regions 

Int ramembr°n~°us I H* membrane 
proteins C mobility 

"- ~ -. agent 

distributed 
rigid membrane 

Fig.  6. A r e p r e s e n t a t i o n  of  t he  s tages  in fus ion  of  e l e m e n t s ,  i nc lud ing  par t ic le -ce3 ,  vesicle-cell  and  cell-cell. 

The  e l e m e n t s  a p p r o a c h  one  a n o t h e r  and  m a k e  c o n t a c t .  C o n t a c t  imp l i e s  a ppos i t i on  of  the  phospho l i p id  
b i l aye r s  and  t h u s  r equ i r e s  in b o t h  e l e m e n t s  " c l e a r "  f luid r eg ions  of  su f f i c i en t  s~ze so tha t  " h y d r o p h o b i c  

b o n d i n g "  can dr ive  t h e m  t o g e t h e r  and  m a k e  the  c o m b i n a t i o n  s t i ck  t o g e t h e r  (see l:ig. 7). The  f o r m a t i o n  of 

" c l e a r "  r eg ions  m a y  be p r o m o t e d  by  va r i ous  m e a n s  inc lud ing  p r o t o n s  (which  m a y  lead to an aggrega t ion  
of  m e m b r a n e  p ro t e in s ,  those  cal led i n t r a m e m b r a n o u s  par t ic les ) ,  m e m b r a n e  m o b i l i t y  agen t s ,  ca lc ium and 

ce r ta in  vi ruses .  The  a p p o s e d  p h o s p h o l i p i d s  ( m o b i l i t y  a g e n t - p h o s p h o l i p i d  a p p o s i t i o n  in the case of  par t ic le-  
cell fus ions )  give rise to  i n v e r t e d  mice l l e s  w i th in  the  i nne r  r e g i o n  of  the  a p p o s i t i o n  (see Figs.  8 and  9). The  
u l t i m a t e  resu l t  o f  the  local  changes  a t  the  a p p o s i t i o n  is m i c r o f u s i o n .  The  c o m p o n e n t s  of  the m e m b r a n e  
are then  free to m o v e ,  a l t h o u g h  there  is a ba r r i e r  to  lateral  d i f f u s i o n  wh ich  is o v e r c o m e  by ra is ing the 

t e m p e r a t u r e .  The  f inal  s tage  of  the  fus ion  p rocess  is an a c c o m m o d a t i o n  of  the  c o m b i n a t i o n  of  b o t h  ele- 

m e n t s  to the  n e w  c o m p o s i t i o n  of  the  fused  species .  Given  the  phys ica l  p rope r t i e s  which  favor  fus ion ,  like 
f lu id i ty ,  the  fused  species  a s s u m e s  a r o u n d e d  f o r m .  

@ particle 

particle * cell particle + cell 

x =organized stuck together 

water ( less organized 
molecules water) 

® ~ - _  cell 

× :.: 

ell 

x x 
x x 

cells shcking 
(less organized 

water) 

Fig.  7. A r e p r e s e n t a t i o n  of  the  m e c h a n i s m  by  w h i c h  (A)  par t ic les  and  cells (B) cells and  cells s t i ck  
t o g e t h e r .  O r g a n i z e d  w a t e r  m o l e c u l e s  are s h o w n  on the  a p p r o a c h i n g  p o r t i o n s  of  the  e l e m e n t s  which  will 
m a k e  con t ac t .  The  n u m b e r  of  these  o r g a n i z e d  m o l e c u l e s  will be r e d u c e d  a f t e r  c o n t a c t  has  been  es tab-  
l i shed.  This  a r g u m e n t  is v e r y  s imi la r  to  t h a t  u sed  in de sc r i b ing  " h y d r o p h o b i c  b o n d i n g "  b e t w e e n  two  non-  
po la r  f r a g m e n t s  or spec ies  in w a t e r  so lu t ion .  
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after the morphological change to spherical cells ("rounded forms") takes place 
following insertion of membrane mobility agent into cell membrane, (see 
below). A schematic illustration of  particle-cell sticking and cell-cell sticking is 
shown in Fig. 7. Direct evidence for this interpretation may be found in the 
sticking of mitochondria to hydrophobic surfaces, a process which is easily 
reversed on lowering the temperature to 0°C, as expected for hydrophobic 
bonding [27]. 

Micro fusion. The central step in the overall process of cell-particle or cell- 
cell fusion is that  which fuses the outer layers together. Lucy [6] recognized 
the problem and formulated a detailed scheme in which normal phospholipid 
micelles were generated in an unspecified way by a "perturbing agent" as criti- 
cal intermediates within the bilayer. The micelles in different bilayers could 
then interdigitate to give membrane fusion. Neither the mechanism of forma- 
tion of such normal micelles nor how they might be responsible for fusion is 
clear. 

Our mechanism for the critical step is based on a careful consideration of 
what happens on a molecular level when a particle and a bilayer are brought 
together. A contact  region is illustrated in Fig. 8. We can regard the contact  
region as a concentrated solution of head group ions. (The energy for the con- 
centration process was provided by the bulk of the solution through "hydro- 
phobic bonding").  Bilayers are permeable to water. The half-life for exchange 
for the water within a red blood cell and that outside is 15 ms [28]. It thus 
appears inevitable that  water will migrate from the cytoplasm of the cell into 
the contact  region (Fig. 8B). The arrangement of molecules in the contact  
region and the presence of  extra water can either (a) lead to the separation of 
the particle and the cell (contact region too small) or (b) cause the molecules in 
the excess water region to form inverted micelles (for review, see Fendler, ref. 
29). In the latter case, a region of instability is created, in which the normally 
stable bilayer arrangements are disrupted. Resolution of the instability 
(Fig. 8C) would lead in the case of the particle-cell combination to the inset- 
tion of molecules from the particle along with phospholipid into the inner half 
of the bilayer (Fig. 8D). On the basis of the ideas of Sheetz and Singer [30,31], 
we would expect this mechanism to give rise to cup-shaped cells in the early 
stages before rounding obscured this shape. We have in fact obtained clearly 
defined cups soon after the addition of membrane mobility agent A2C to 
human erythrocytes.  

To distinguish the joining of the particle of the cell from the overall particle- 
cell fusion process, we have called this step microfusion. We believe that  the 
microfusion step during cell-cell fusion follows a course similar to that  of par- 
ticle-cell fusion. The region of instability probably takes longer to form or 
resolve because the phospholipid can transfer water in both directions. Thus, 
cell-cell fusion includes a stage in which a large area of contact  is developed 
between the two fusing cells before the actual fusion takes place. Disappear- 
ance of the "fusion l ine" follows resolution of the instability which predisposes 
the remaining double bilayer to further re-arrangement, formation of water 
channels and, finally, separation of  the "fusion line" as vesicles within the 
binary cell. An illustration of these ideas is given in Fig. 9. 

Component mobility. That membrane mobility agent motion and membrane 
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Fig. 8. A de ta i l ed  r e p r e s e n t a t i o n  of  m o l e c u l a r  d i spos i t i ons  in the  m o d e l  sur face  reg ion  du r ing  p rogress  of 
f u s i o n  of  a par t ic le  w i t h  a cell. In  A,  the  c o n t a c t  r eg ion  b e t w e e n  the  par t ic le  and the  cell b i l aye r  is s h o w n  
in pa r t .  Water  m o l e c u l e s  p e r m e a t e  the  b i l aye r ,  e n t e r i n g  the  c o n t a c t  r eg ion  to p r o d u c e  the s t ruc tu re  illus- 

t r a t e d  in B, an i~averted micel le .  An i n v e r t e d  micel le  f o r m s  w h e n  the  po la r  so lvent  is s u r r o u n d e d  by  polar  
( h y d r o p h i l i c )  p o r t i o n s  of  the  a m p h i p h i l i c  m o l e c u l e s  of  the  c o n t a c t  r eg ion .  The  f o r m a t i o n  of  an inve r t ed  
micel le  d i s t u r b s  the  s tab i l i ty  of  t he  b i l aye r  (and p e r h a p s  the  sur face  s t ruc tu re  of  the  par t ic le )  and  leads 

to  a r e g i o n  of  i n s t ab i l i t y .  The  ins tab i l i ty  can  be reso lved  e i the r  t h r o u g h  r e t u r n  to  the or iginal  a r r a n g e m e n t  

or  by  a r e a r r a n g e m e n t  as i n d i c a t e d  in C, in  w h i c h  m o l e c u l e s  of  the  par t ic le ,  be ing  m o r e  mob i l e  and g rea t e r  
in n u m b e r  than  those  p r e sen t  in the  o r i g i n ~  b i l ayer ,  are fo rced  in to  the  b i l ayer  reg ion .  I t  appea r s  f r o m  the 

d r a w i n g s  (see D) t h a t  the  i nne r  p o r t i o n  of  the  b i l aye r  will  be e x p a n d e d  p re fe ren t i a l ly ,  a t  least  in the init ial  

s tages .  F r o m  the p r o p o s a l s  o f  Shee tz  arid S inger  [ 30 ] ,  a d e v e l o p m e n t  a long  these l ines should  p r o d u c e  a 
cup - shap ed  cell. In  the  case of  h u m a n  red  cells, cup  f o r m a t i o n  has  been  obse rved  u n d e r  these  c i r cum-  

s tances ,  

component  mobility,  a necessary step in the fusion process as depicted in Fig. 6, 
is based on our studies of  the agents and on published results for virus-cell 
fusion. 

We have previously shown that cap formation is promoted by A2C, which 
thus enhances membrane component  mobility [ 1,32].  In the present work, we 
have found that the contents of  an A2C particle eventually occupy the whole 
cell membrane after entry at a local site. In addition, we have found a two 
phase temperature dependence for the fusion process. The "activation energy" 
estimated for the high temperature range (10 kcal/mol) is what might have 
been expected for a process involving diffusion through a lipid bilayer or the 
lipid portion of  a membrane. The "activation energy" derived for the low tern- 
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Fig.  9. A de ta i l ed  r e p r e s e n t a t i o n  of  the  m o l e c u l a r  d i spos i t i ons  of  the  p h o s p h o l i p i d  b i l ayers  dur ing  fus ion  
of  t w o  cells. In  A,  a m o d e l  su r face  r eg ion  fo r  the  c o n t a c t  b e t w e e n  the  t w o  cells is s h o w n .  P e r m e a t i o n  of  

wa te r  can  n o w  occu r  f r o m  the c y t o p l a s m s  of  b o t h  cells, b u t  i nve r t ed  micel le  f o r m a t i o n  should  be less 
f r e q u e n t  t h a n  in  the  case of  par t ic le-cel l  fus ion ,  (see Fig .  8) because  (i) w a t e r  can easi ly m o v e  in e i t he r  

d i r ec t ion  and  (if) r e a r r a n g e m e n t  i n t o  an i n v e r t e d  micel le  involves  p h o s p h o l i p i d  mo lecu le s  on b o t h  s ides  

( these  m o l e c u l e s  are  b igger ,  t h u s  b o u n d  m o r e  e f f ec t i ve ly  in the  or ig inal  b i l aye r  than  m e m b r a n e  m o b i l i t y  
agen t  mo lecu l e s ) .  Thus ,  m a x i m u m  c o n t a c t  r eg ions  can be d e v e l o p e d ,  (see Fig.  7) w i t h  d i r ec t  ev idence  

f r o m  F l o m o l - l o a d e d  cells t h a t  the  " f u s i o n  line*' b e t w e e n  cells is pe r s i s t en t .  (See Fig.  2d.)  I f  an i nve r t ed  

micel le  does  deve lop  (B) a r eg ion  of  i n s t ab i l i t y  is c r ea t ed  wh ich  can be reso lved  t h r o u g h  the  f o r m a t i o n  of  
an a q u e o u s  ch an n e l  c o n n e c t i n g  the  t w o  cells, O u r  m o d e l  sugges t s  t h a t  li t t le or  no  p r o t e i n  need  be p r e se n t  
in the  fus ion  l ine,  b u t  ev idence  on  th is  p o i n t  is still l ack ing .  

perature range (19--26 kcal/mol) suggests that  a barrier to lateral mobility (of 
agents and membrane components)  other  than the viscosity of the lipid bilayer, 
is present. A barrier of  this type  has been proposed by Webb [33].  The barrier 
may consist of  a complex of  intramembranous particles and phospholipid and 
may or may not  include cytoskeletal  components.  That such a barrier plays a 
role in other fusion processes is implied by the findings of  heat-promoted 
fusion [34],  of  two phase temperature dependence for the transfer of  spin- 
labeled phospholipid from Sendal virus into human red blood cells [35] and for 
virus-promoted cell fusion [ 7]. 

Component  mobil i ty could clear proteins from an area of  membrane suffi- 
ciently large to produce effective bilayer-bilayer contact,  a process which 
would be facilited by an increase in temperature,  by Ca 2÷ and by lowering the 
pH. 
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The temperature jump experiments complemented nicely the information 
we had obtained in other ways about the stages of fusion. Although an A2C- 
red cell suspension shows no obvious changes when incubated at 17°C for a 
long time, changing the temperature abruptly to a higher temperature (37°C) 
reveals that  the cells had been "prepared" in some way, but could not  proceed 
through the stages of component  mobility and morphological change. 

The temperature jump experiments have parallels in the interaction of HVJ 
virus with cell membranes. Okada and his coworkers [ 7,8] have shown that the 
HVJ virus becomes attached (i.e., "s tuck")  to the cell membrane at 0°C at a 
particular site. Warming the virus-cell combination to 37°C leads to very rapid 
fusion (just as in the case of the A2C-activated chicken erythrocytes after incu- 
bation at 17°C) and the virus proteins are dispersed within the cell membrane. 
A reversible alteration in the ionic permeability of the cell membrane occurs at 
about this time, the membrane becoming much more permeable to ions. In 
other words, the virus acts at a local site at low temperature, and then pro- 
motes changes like those seen in A2C-membrane spreading at higher tempera- 
ture. The behavior of HVJ virus in promoting cell fusion may thus follow the 
scheme of Fig. 6. 

Morphological change. Treatment  of hen erythrocytes with suspensions of 
membrane mobility agents leads to a change from the native oval shape to a 
rounded form. The latter must represent a spherical cell, with a volume of ap- 
proximately 240--260 pm 3, the volume of the native cell being 127 pm 3. The 
increase in membrane volume as judged from the membrane area of the spheri- 
ca] cell in comparison to the area of the oval cell, is probably a small fraction 
(3--8%) of the original membrane volume. The change in red cell shape and 
volume would therefore be due to increased membrane flexibility and perme- 
ability, and reflects the effect of A2C on the structural components of the 
membrane. As noted above, the large area of contact which precedes cell-cell 
fusion is probably promoted by "clearing" of membrane proteins. Large areas 
of "clear" membrane are apparent in mucocyst  release (see discussion below) 
and in mast cell release [36]. 

Other fusions. There are a number of other fusion processes of particular 
biological importance which may be understood in terms of the mechanism 
proposed in this paper. These include the fusions which lead to neurotrans- 
mitter release and mucus release, both of which are type IIA fusions (exocyto- 
sis). Satir [37] cites a number of other cases which are presumably similar. We 
might also cite virus-cell fusion, a type IIB fusion. The general features of these 
fusions may be summarized as follows: 1. Approach of vesicle to specific site 
on cell membrane (for neurotransmitter,  the synaptic vesicle binds at a vesicle 
release site [38]; for mucus, the mucocyst  binds at a fusion rosette; for virus 
fusion, the virus particle binds at an at tachment  site. 2. Sticking of vesicle or 
virus particle to a t tachment  site. 3. Microfusion (water permeation and accu- 
mulation, inverted micelle formation). 4. Component  mobility (accepted for all 
three cases and demonstrated for protein components of virus coat [7,9]). 
5. Morphological change ("crystall ine" state of internal vesicle contents is 
transformed by water into a solution with a considerable expansion in volume, 
resulting in explosive discharge). 

The main question which might arise in connection with the central role 
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assigned to water entry through a bilayer membrane, is whether or not  the rates 
of such entry are compatible with the overall timing for the various fusion pro- 
cesses. The answer is yes, provided (a) entry of a relatively small fraction of the 
volume of the vesicle is sufficient to commit  the vesicle irreversibly and (b) the 
rate is somewhat non-linear, in that  initial entry of water into the intravesicle 
space expands the target bilayer in the region of instability (see Figs. 8 and 9) 
and makes further entry of  water easier and faster. 

Several different methods have been used to measure the exchange of water 
between the interior of red blood cells and the external milieu. Tritium 
exchange and a rapid flow method [39,40] lead to a half-life of 7.6 ms at 25°C. 
Several different magnetic resonance techniques (T~(1H), T1(170) and TI(~H)) 
at temperatures between 25 and 37°C yield half-lives from 11.5 to 15 ms at the 
lower temperature and 5.7--6.4 ms at the higher temperature [28,41,42]. No 
clear decision between "pores"  and single molecule diffusion has yet  been 
made for the diffusion of water through lipid membranes [43], but the latter 
seems to us more likely. Thus, through the 40% of the red blood cell surface, 
which is covered by bilayer, one may calculate a rate of water entry of 380 A :*/ 
A S/ms. The relevant contact  area for entry of water into the vesicle-cell contact  
region is difficult to determine, although the size of the fusion rosette (600 A 
diameter, or 500 A clear area [37]), and the vesicle release site for acetyl cho- 
line-containing synaptic vesicles (25 A--75 h radius or more? for contact  zone) 
[44] gives us a fair idea. Rosette-like particle arrangements have been found at 
release sites in the neurohypophysis.  The overall diameter was approx. 400 A 
[45]. The volume of the synaptic vesicle is about 10 -6 of a red blood cell but 
the contact  area may be as much as 10 -S of the bilayer area of the red blood 
cell membrane. Thus, the half-time for exchange could be as little as 1.5 ms. If 
only 10% of the water entry occurs at the red blood cell rate (and subsequently 
becomes faster) and we realize that  the highly unsaturated character of the acyl 
groups in synaptic membranes makes those membranes more fluid and more 
permeable to water, we can understand a " t ime to extrusion of contents"  of 
0.2--0.3 ms. We may conclude that  water permeation is fast enough to serve as 
trigger for the fusion of vesicles to cell membranes. Additional consequences, 
like the dissolution of  the vesicle contents in the entering water (acetylcholine 
and adenosine triphosphate in the synaptic vesicle; mucus in the mucocyst) and 
explosive release of contents would presumably also readily fit this time scale. 

Fur ther  c o m m e n t s  on Table H 
The separation of oil-in-water dispersions corresponds to a particle-particle 

fusion process [46]. The demonstrat ion of a direct relationship between the 
electrical events at the neuromuscular end plate and what is seen in the mor- 
phology of the synapse through the electron microscope has proven very diffi- 
cult to achieve, but  there are strong indications that  exocytosis occurs in local- 
ized zones (ref. 49 and Heuser, J.E. and Reese, T.S., personal communication).  
No specific mechanism has as yet  been formulated for myotube  formation, a 
cell-cell fusion process [ 55]. 

Conclusions 
Membrane mobility agents, especially in conjunction with Flomols, have 
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proved to be valuable agents for the study of the important  biological process 
of cell-cell fusion. Through their use, we have been able to recognize clearly 
a number of stages in membrane fusion, and then evolve a general scheme for 
fusion. Our scheme for fusion sets the stage for further and more quantitative 
investigations into various aspects of the fusion process. 
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