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ABSTRACT 

We have used thin section and freeze-fracture electron microscopy to study 

membrane changes occurring during exocytosis in rat peritoneal mast cells. By 

labeling degranulating mast cells with ferritin-conjugated lectins and anti-immu- 

noglobulin antibodies, we demonstrate that these ligands do not bind to areas of 

plasma membrane  or granule membrane  which have fused with, or are interacting 

with, granule membrane.  Moreover,  intramembrane particles are also largely 

absent from both protoplasmic and external fracture faces of plasma and granule 

membranes in regions where these membranes  appear to be interacting. Both the 

externally applied ligands and intramembrane particles are sometimes concen- 

trated at the edges of fusion sites. These results indicate that membrane proteins 

are displaced laterally into adjacent membrane  regions before the fusion process 

and that fusion occurs between protein-depleted lipid bilayers. The finding of 

protein-depleted blebs in regions of plasma and granule membrane interaction 

raises the interesting possibility that blebbing may be a process for exposing the 

granule contents to the extracellular space and for the elimination of excess lipid 

while conserving membrane proteins. 

In most secretory cells, the triggered release of 
specific materials stored in secretory granules oc- 
curs by exocytosis (2, 18, 37, 43). This process 
involves the fusion of granule membrane with 
plasma membrane, and results in the exposure of 
the granule contents to the extracellular space (2, 
18, 37, 43). The molecular events in exocytosis, 
and in membrane fusion in general, are unknown. 
We have studied the behavior of membrane lipids 
and proteins during and after the fusion events 
occurring in the process of degranulation of rat 
peritoneal mast cells. The extensive membrane 
interactions occurring all around the circumfer- 

ence and inside degranulating mast cells make 
these cells particularly attractive for studying 
membrane fusion. 

Mast cells can easily be obtained in homogene- 
ous cell suspension (9). Having high affinity sur- 
face receptors for the Fc region of immunoglobu- 
lin E (IgE) (so-called Fc receptors) (5), mast cells 
obtained from appropriately immunized rats have 
cytophilic IgE antibodies on their surface which 
serve as receptors for the specific antigen (6). Such 
sensitized cells can be stimulated to secrete hista- 
mine (and other substances) by exposure to the 
specific antigen (4, 6), or to anti-Ig antibody (6, 
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25), or to the lectin, concanavalin A (Con A) 

(29); these ligands bind to and cross-link the cell 

surface IgE (26, 29, 31, 32), and exocytosis en- 

sues within seconds (10, 34, 43). 

Ligand-mediated degranulation of mast cells is 

energy-dependent (39), requires extracellular 

Ca z+ (20, 33), and does not kill the cell (27). 

There is increasing evidence to suggest that it is an 

influx of Ca z+ that initiates the exocytosis process: 

Ca 2§ is a required (30, 33) and sufficient (43) ion 

for degranulation, and the artificial introduction of 

Ca 2§ into the cell either by microinjection (28) or 

by the use of the divalent cation carrier molecule 

A23187 (12, 21) induces energy-dependent de- 

granulation. Moreover, an increase in the permea- 

bility of the cells to 45CaZ+ occurs after the binding 

of antigen to sensitized rat mast cells (21, 22). 

After  the fusion of the membranes of peripheral 

granules with the plasma membrane (and subse- 

quently of granule membranes with other granule 

membranes)  (3, 7, 30, 40), the contents of the 

granules are exposed to the extracellular space 

and histamine and other amines are liberated from 

the anionic-binding sites on heparin and protein 

by exchange with extracellular cations (43). The 

release of amines is associated with readily detect- 

able alterations in the ultrastructural appearance 

of the granule, including the enlargement of the 

space between the granule and its membrane,  

granule swelling, and reduced electron density of 

the granule contents (3, 7, 8, 10, 30, 36, 40). 

We have studied resting and degranulating rat 

peritoneal mast cells by thin section and freeze- 

fracture electron microscopy, using cationized fer- 

ritin, ferritin-conjugated lectins, and anti-Ig anti- 

bodies to follow the behavior of various mem- 

brane molecules during the process of degranula- 

tion. Our findings indicate that membrane  pro- 

teins are displaced laterally, away from areas of 

membrane contact, so that fusion occurs between 

protein-depleted lipid bilayers. 

M A T E R I A L S  AND M E T H O D S  

Ferritin-Conjugated Ligands 

Sheep antibodies to rat immunoglobulin (S anti-Rig) 
and their monovalent Fab fragments (Fab anti-Rig), and 
goat antibodies to rabbit immunoglobulin (G anti-Rab 
Ig) were prepared and conjugated to ferritin (FT) (Calbi- 
ochem, San Diego, Calif.) with glutaraldehyde as previ- 
ously described (31). Con A (Miles-Yeda) was similarly 
conjugated to ferritin (17), and all of the conjugates 
were separated from unferritin;.zed proteins by ultracen- 
trifugation in a sucrose density gradient as previously 

described (15). Rabbit antiserum to phytohemagglutinin 
(R anti-PHA) was prepared by immunizing a rabbit with 

200 ~g of purified PHA (Wellcome Foundation, Ltd., 
Kent, Great Britain) in complete Freund adjuvant, given 

in multiple subcutaneous and intramuscular sites on two 
occasions 1 mo apart, and bleeding 2 wk later. The 
antiserum was heat-inactivated (56~ for 60 rain) before 
use. The unconjugated S anti-Rig used in some experi- 
ments was the IgG fraction prepared by DEAE-cellulose 

chromatography (31). 

Preparation o f  Mast Cells 

Male Wistar rats were immunized with ovalbumin in 

pertussis vaccine (31). 15-30 days later, a cell suspen- 
sion, containing 2-5% mast cells was obtained by perito- 
neal iavage and the mast cells were purified to better 
than 90% by centrifugation through a discontinuous 
density gradient of human serum albumin (Kabi, A. B., 
Sweden), as previously described (31). 

Mast Cell Stimulation, Ferritin Labeling, 

and Processing for Thin-Section 

Electron Microscopy 

Mast cells, incubated in Tyrode's solution (NaCI, 137 
mM; KCI, 2.7 raM; NaH~PO4, 0.4 raM; MgCI2, 1 raM; 
Hepes, 20 mM; CaCI2, 1.8 mM; glucose, 5.6 raM; 
adjusted to pH 7.5) were stimulated to degranulate by 
treatment with ovalbumin (10 /xg/ml), S anti-Rig (500 
/zg/ml), S anti-RIg-FT (600/zg S anti-RIg/ml), Con A- 
FT (500/zg of Con A/ml), or A23187 (6 x 10 "-~ M) for 
various times, from 20 s to 30 min at 37"C. Degranula- 
tion was stopped by the addition of cold glutaraldehyde 
(3% in 0.1 M Na cacodylate buffer, pH 7.3), and the 

cells were fixed for 15 rain on ice, followed by 60 min at 
room temperature. In most experiments, the cells were 
stimulated with ovaibumin for 20 s or A23187 for 3 min, 
fixed as described, washed twice in lysine (25 mg/ml in 

Na cacodylate buffer), and then labeled at room temper- 
ature in one of the following ways: (a) cells were sus- 
pended in 400 ~1 of Con A-FT for 45 min; (b) cells were 
suspended in 400 ~tl of purified PHA (Wellcome Foun- 
dation, Ltd.) (200 /zg/ml) for 30 min, washed twice, 
suspended in R anti-PHA (1:50) for 30 min, washed 
twice, incubated in 800 tzl G anti-Rlg-FT (450 /zg G 

anti-RIg/ml) for 45 rain, washed, and refixed in 3% 
glutaraldehyde for 60 rain (since for PHA labeling, the 
initial prefixation was done in 0.5% glutaraldehyde): (c) 
cells were washed in Veronal-buffered saline (pH 7.3) 
and suspended in cationized-ferritin (Miles-Yeda) (0.23 
mg/ml) in the same buffer for 30 min to label nega- 
tively charged cell-surface sites (14). 

In most cases the cells were then washed, postfixed in 
1% osmium tetroxide (OsO4) in 0.1 M Na cacodylate 
buffer for 60 rain at room temperature, washed in Ve- 
ronal acetate buffer (pH 7.4), and treated en bloc with 
50% uranyl acetate in Veronal acetate buffer for 60 min 
at room temperature, washed in distilled water, and 
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resuspended in one drop of 1% agar at 47~ The agar- 
suspended cells were centrifuged in the warm, cooled on 
ice, and the pellet was cut into 1-2 mm a pieces; these 
were dehydrated in ethanol followed by propylene oxide, 
and embedded in Araldite or Epon 812. Thin sections 

were stained with uranyl acetate followed by lead citrate 
(unless otherwise stated) and examined with an AEI-6 
EMB electron microscope at 60 kV. 

In some experiments, different fixation and postfixa- 
tion regimens were used, but the procedures described 
above were found to be optimal for the purposes of 
studying membrane events in rat peritoneal mast cells 

(Results). The labeling with Con A-FT was inhibited 
completely in the presence of 0.1 M a-methylmanno- 
side, and no labeling was seen using the three-step proce- 

dure for detecting PHA binding, when PHA was omitted 
from the protocol. 

Freeze-Fracture Electron Microscopy 

Cells were treated with S anti-Rig (500 p.g/ml) for 30 
s or A23187 (6 x 10 -e M) for 3 min and then fixed in 
3% buffered glutaraldehyde for 15 min on ice, and then 
60 rain to several days at room temperature. After fLxa- 
tion, the cells were rinsed twice in 0.1 M cacodylate 
buffer. After resuspension in 25% glycerol in 0.1 M 
cacodylate buffer for 2 h, the cells were again pelleted, 
placed on 2-ram cardboard disks and rapidly frozen in 
the liquid phase of partially solidified chlorofluorome- 
thane (Freon 22 E. I. du Pont de Nemours & Co., 
Wilmington, Del.). Freeze-fracturing was performed 

with a Balzers device (model BA 360 Balzers High 
Vacuum Corp., Santa Ana, Calif.) with a stage tempera- 
ture of - 115~ The replicas were cleaned with a bleach 

solution and then examined in a Philips 300 microscope 
on uncoated grids. The freeze-fracture electron micro- 
graphs are mounted with the shadow direction from 

bottom to top. 

RESULTS 

Thin-Section Electron Microscopy 

Unlike the other cells in rat peritoneal wash- 

ings, mast cells are extremely sensitive to different 

fixation procedures. Mast cells fixed in 3% glutar- 

aldehyde on ice for 15 rain and then at room 

temperature for 60 min, followed by postfixation 

in cacodylate-buffered OsO~ on ice, show the best 

overall cell preservation. However, when the post- 

fixation in OsO4 is carried out at room tempera- 

ture, the membranes are better visualized and this 

is the procedure we normally adopted for studying 

membrane interactions. Interestingly, in our 

hands, mast cells are lysed (showing discontinui- 

ties in the plasma membrane and loss of cyto- 

plasm) when the initial glutaraldehyde fixation is 

carried out at room temperature or when the 

OsO4 postfixation is done in Veronal acetate 

buffer (at 4~ or room temperature), even though 

the granulocytes, lymphocytes, and macrophages 

are well preserved in the same cell suspensions. 

In general, the results obtained with the various 

stimulating ligands are indistinguishable in terms 

of the morphological events that they induce. 

GRANULE CHANGES:  Unreleased mast 

cells, or those treated with Fab anti-RIg-FT ap- 

pear as shown in Fig. 1. The granules are present 

as homogeneous, dense-staining cytoplasmic in- 

clusions surrounded by their granule membranes. 

In all such preparations a number of cells show 

evidence of a small degree of spontaneous degran- 

ulation, which generally results in the release of 

5% of the total mast cell histamine (20). This 

occurs in the absence of extracellular Ca 2+ and is 

not prevented by metabolic inhibitors (20). In 

preparations treated with ovalbumin, S anti-Rig, 

S anti-RIg-FT, Con A-FT, or A23187, a majority 

of the cells show varying degrees of degranulation 

(Fig. 2). As has previously been described (3, 7, 

30, 40, 43), the peripheral granules usually ap- 

pear to be altered first, with the course of degran- 

ulation proceeding inward. Granule changes in- 

clude the enlargement of the space between the 

granule and its membrane (usually associated with 

a ruffling of the granule membrane), swelling, and 

a reduction in its electron density and homogene- 

ity. While some altered granules are discharged 

from the cell (Fig. 2), most remain within the cell 

circumference, lying within a network of cavities 

(Fig. 2) that have been shown to communicate 

with the extracellular space (40). 

MEMBRANE INTERACTIONS" In degranulat- 

ing cells, particularly those stimulated for only 

20 s before fixation, multiple regions of mem- 

brane interaction are seen between plasma mem- 

brane and granule membranes and between adja- 

cent granule membranes. These include areas 

where two membranes are in relatively close appo- 

sition, with a reduction or loss of visible interven- 

ing cytoplasm (Figs. 3-5, 8) or where the two 

membranes have fused to form a pentalaminar 

structure of 125-135 A (Figs. 7, 9). Here, as 

suggested by Farquhar and Palade (19, 37) the 

term fusion is used to describe the merging of two 

trilaminar images to form a single pentalaminar 

image. The term 'fission' is reserved for the proc- 

ess whereby two bilayer structures form a single 

bilayer. In the fusion image, the dense intermedi- 

ate line represents the merged cytoplasmic leaflets 

of the two membranes. Whereas the majority of 
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Fmum~ 1 Unstimulated mast cell containing many membrane-bound, histamine-containing granules. 

Note microvilli and the one altered granule (arrow) which probably has released its histamine. (Bar, 1.5 
tLm; x 6,500.) 

Ficu~ 2 Degranulated mast cell treated with S anti-Rig-F1 ~ for 30 s containing mostly altered granules 
lying within a network of cavities which communicate with the extraceilular space. (Bar, 1.5/zm; x 6,500.) 

interacting membranes are seen over altered gran- 

ules (Figs. 3-5, 7-9) they can also be seen over 

unaltered granules (Figs. 6, 8), suggesting that 

such interactions probably precede histamine 

release. In a preliminary study of a serially sec- 

tioned degranulating mast cell, all of the altered 

granules appear to be in overt contact with the 

extracellular space at some point, even if this is not 

apparent in many of the individual sections. 

In areas of plasma and granule membrane inter- 

action, multivesiculated membrane structures are 

sometimes present blebbing from the cell surface 

(Fig. 10). In most cases their limiting membrane is 

continuous with the adjacent plasma membrane, 

while the contained vesicles often appear to arise, 

at least, in part, from the interacting granule mem- 

brane. While we and others (7) have seen similar 

structures in unstimulated mast cells and in other 

cell types (35), they are more common in degranu- 

lating mast cells and are present in ceils stimulated 

for 15 s or 15 min. In both stimulated and unstim- 

ulated mast cells they usually overlie altered gran- 

ules (Fig. 10), but they also can be detected over 

unaltered ones. Sometimes they are present over 

openings in the plasma membrane where altered 

granules are in overt contact with the extracellular 

space; such openings are bounded by regions of 

presumed membrane 'fission,' where plasma and 

granule membranes are in continuity. The fre- 

quency of blebs is greatly influenced by the fixa- 

tion procedure, being greatest in cells prefixed and 

postfixed in the cold. These conditions are optimal 

for the overall preservation of mast cells; however, 

under these conditions the trilaminar images of 

the membranes are less distinct when compared to 

cells that have been postfixed at higher tempera- 

tures. No blebs are observed when degranulated 

cells are fixed in osmium alone, or in a combina- 

tion of osmium and glutaraldehyde (24), but the 

mast cells are lysed under these conditions. 

Multilamellar membrane whorls (myelin fig- 

ures) are sometimes seen within cavities contain- 

ing a number of altered granules in degranulated 

mast cells (Fig. 11). In some cases, at least, they 

appear to be formed from the membranes of al- 

tered granules. They are most frequently seen 

under the same conditions of fixation where blebs 

are maximal. 

Displacement o f  Membrane Ligand-Binding 

Sites during Degranulation 

In degranulating mast cells, a striking and con- 

sistent finding is the absence of ligand binding to 

the plasma membrane in areas where it is interact- 
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FmUP.E 3 Three granules showing (from right to left) increasing degrees of alteration in a degranulating 

mast cell stimulated with S anti-RIg-FT for 30 min. Note that the FT molecules are densely distributed on 

the uninvolved plasma membrane region (on right), while they are sparsely distributed on regions where 

granule and plasma membranes are close together but still separated by intervening cytoplasm (at center). 

The FF molecules are completely absent from the plasma membrane where it is in close contact and 
possibly fused with the underlying granule membrane (on left). Unstained section. (Bar, 0.2 /~m; x 

47,000.) 

FI6uitEs 4 and 5 Membrane interactions in mast cells stimulated with ovalbumin for 20 s, fixed with 

glutaraldehyde and then labeled with PHA, R anti-PHA, and G anti-RabIg-FT (Fig. 4) or cationized 

ferritin (Fig. 5). In both cases, where plasma and granule membranes are interacting, as judged by the lack 
of intervening cytoplasm, no ligand binding is seen. In Fig. 5, an extruded granule, which is heavily labeled 

with cationized ferritin, is seen at the top of the picture. (Fig. 4, bar, 0.1 /~m; x 99,000; Fig. 5, bar, 95.2 

nm; x 105,000.) 
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FIGURE 6 Mast cell stimulated with Con A-FT for 15 min. Plasma and granule membranes appear to be 

interacting at two sites overlying an unaltered granule. In one of these regions the membranes appear to be 

fused and have formed a simple bleb. In the other region, the oblique plane of section obscures the details 

of the interaction. In both regions, Con A-FT binding is absent. (Bar, 95.2 nm; x 105,000.) 

FIGURE 7 Mast cell stimulated with ovalbumin for 20 s, fixed with giutaraldehyde, and labeled with 

PHA, R anti-PHA, and then G anti-Rab Ig-FT. Labeling is dense in all regions of the plasma membrane 
except where it is fused with the underlying granule membrane to form a pentalaminar structure. Note that 

the label is bound to the noncytoplasmic side of the granule membrane (arrow) indicating that the inside of 

the altered granule is open to the extraceUular space, although it is not apparent in this plane of section. 
(Bar, 0.14 /zm; x 69,000.) 

ing with underlying granule m e m b r a n e .  This is the  

case when  the ligand is S an t i -Rig-F] ' ,  Con  A-F'F, 

or P H A  (visualized with addit ional  layers of R 

an t i -PHA and G an t i -Rab  Ig-FT) and  when  the 

m e m b r a n e s  are fused or  appea r  to be interact ing 

at a distance. Where  interact ing m e m b r a n e s  are 

not  fused and  some in tervening cytoplasm re- 

mains ,  l igand binding is usually present  bu t  re- 

duced (Fig. 3),  while in places where  no  in terven-  

ing cytoplasm is seen,  no label is present ,  even 
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F m u ~  8 Mast cell stimulated with S anti-Rig for 30 s. The granule membrane surrounding an altered 

granule is interacting with the overlying plasma membrane (arrow) and has fused with an adjacent granule 
membrane (bracket) which surrounds an unaltered granule. (Bar, 0.13 ttM; x 75,000.) 

FmURE 9 Mast cell stimulated with ovalbumin for 20 s, fixed with glutaraldehyde and labeled with PHA, 

R anti-PHA, and G anti-Rab Ig-FT. FT labeling is seen on the noncytoplasmic side of the upper granule 

membrane but is absent from the pentalaminar region where the membrane has fused with an underlying 

granule membrane. The reduced amount of label on the granule membrane compared to the usual labeling 

of plasma membrane (cf. Fig. 7) is probably related to poor penetration of the ligands due to the presence 

of granule matrix material. (Bar, 0.1 wm; x 99,000.) 
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Fiotn~ 10 Mast cell stimulated with S anti-RIg-FT for 30 s. A multivesiculated bleb is present overlying 
an altered granule in a well-preserved cell. The outer limiting membrane of the bleb is continuous with the 
plasma membrane. (Bar, 0.27/zm; x 36,000.) 

Fi~uv.E 11 Mast cell stimulated with S anti-RIg-FT for 30 s containing a multilammellar membrane 
whorl (myelin figure) which is adjacent to four altered granules. (Bar, 0.27/zm; x 36,000.) 

though the membranes are often quite far apart 

(Fig. 4). Neither simple (Fig. 6) nor multivesicu- 

lated blebs are ever labeled by these ligands. A 

similar labeling pattern is usually seen with cation- 

ized ferritin (Fig. 5) except that interacting mem- 

branes and blebs are sometimes labeled. In some 

degranulated cells, Con A-FT and PHA labeling is 

present on the noncytoplasmic surface of the gran- 

ule membranes which line the cavities that are 

open to the extracellular space. Here too, label is 

always excluded from areas where two granule 

membranes are interacting (Fig. 9). 

Two types of experiments exclude the possibil- 

ity that the lack of ligand binding to interacting 

membranes is due to redistribution of membrane- 

binding sites induced by the cross-linking effects of 

the ligands themselves. Firstly, cells stimulated by 

A23187, and labeled with Con A-FT after fixation 

with glutaraldehyde, show a pattern of labeling 

which is indistinguishable from cells which have 

been stimulated with cross-linking ligands such as 

ovalbumin, Con A,  or S anti-Rig. Secondly, we 

have found that Fab anti-Ig-FT, which has been 

shown not to redistribute Ig on the surface of 

lymphocytes (16) or mast cells (31) does not bind 

to areas of interacting membranes. 

Occasionally we find an increased density of 

labeling (by Fab anti Ig-FT on unfixed cells, and 

by Con A-b'T on prefixed cells stimulated with 

A23187) in the areas immediately adjacent to 

regions of fusion. This suggests that the ligand- 

binding sites are displaced laterally in the course of 

the fusion process. 

Freeze-Fracture Electron Microscopy 

N O R M A L  M A S T  C E L L S :  Our findings are 

similar to those reported by Chi et al. (11) on 

unstimulated mast cells. The cell surfaces are rela- 

tively smooth with the notable exception of nu- 

merous folds or convolutions that appear in thin 

sections as microvillar cell processes (Fig. 12). The 

plasma membranes are characterized by a random 

distribution of intramembrane particles on both 

the inner and outer fracture faces (P and E, re- 

spectively). The particles range in size from 60 to 

125 A, in diameter, and they are distributed asym- 

metrically on the two fracture faces with the ma- 
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jority of the particles present on the inner mem- 

brane half. 

There are two types of particle clusters or aggre- 

gates that are occasionally observed in the plasma 

membranes of both unstimulated and stimulated 

mast cells. One of these is characterized by a loose 

arrangement of large (125 A in diameter) particles 

(Fig. 13) which may contain as many as 150 parti- 

cles. Several of these aggregates may be present at 

the same time, and there is no apparent associa- 

tion of these regions with specific cell surface or 

cytoplasmic components. The second type of par- 

ticle cluster is usually comprised of an aggregation 

of heterogeneous particles (70-125 A in diame- 

ter) that can fuse or coalesce with each other (Fig. 

14). This type of cluster is generally associated 

with a depression or invagination of the plasma 

membrane and is also found at the base of some 

microvilli. 

The granule membranes in unstimulated cells 

have intramembrane particles in approximately 

similar densities, on both the outer (P face) and 

inner (E face) halves. The particles on the outer 

membrane half are randomly arranged, while 

those on the inner half are frequently present in 

discrete clusters of two to four particles. These 

discrete clusters are usually located on slight de- 

pressions in the fracture face. 

S T I M U L A T E D  M A S T  C E L L S "  The cell sur- 

face morphology of the mast cell is altered signifi- 

cantly after stimulation by S anti-Rig or A23187. 

In most degranulating cells, the surface membrane 

is frequently interrupted by an extensive network 

of microvillar folds (Fig. 15). The cross fractures 

through the folds expose the membranes of many 

cytoplasmic granules that are closely associated 

with the microvillar processes. 

Granule-related bulges are frequently present in 

the plasma membrane as a result of stimulation 

(Figs. 15, 16). The intramembrane particles are 

dramatically reorganized in the bulging regions of 

the membrane. Some bulges are completely de- 

void of particles, while in others the particles are 

reorganized into a variety of nonrandom arrange- 

ments. In all cases, the rearrangements effectively 

result in increasing the density of particles at the 

base of the bulges, and producing a bulge region 

of membrane that is primarily comprised of a 

particle-depleted smooth zone. 

The earliest detectable plasma membrane 

changes associated with degranulation are present 

prior to the appearance of a bulge. These changes 

are characterized by the appearance of a focal 

zone of rearrangement in regions where granule 

and plasma membranes appear to be interacting 

(Fig. 17). These regions are defined by the close 

apposition of the two membranes where the frac- 

ture plane moves from one membrane to the next 

without detectable intervening cytoplasm. Most 

frequently, these putative interacting zones are 

detected as smooth regions in the plasma mem- 

brane. However, in a few instances, a slight pro- 

truberance with a central particle appears to be 

related to the interacting zone. These interacting 

zones can also be detected on the granule mem- 

brane fracture faces. 

Blebs of the plasma membrane can be observed 

during degranulation induced by either S anti-Rig 

or A23187. The blebs have essentially the same 

morphology as some of the bulges. Both fracture 

faces of the blebs are depleted of almost all parti- 

cles, and a collar of particles is present at the base 

of the blebs (Fig. 18). When a bleb is released 

from a cell, the collar of particles is retained by the 

plasma membrane. 

The granule membranes inside the cell are sig- 

FIGURE 12 Freeze-fracture appearance of the plasma membrane (PM) of an undegranulated mast cell. 
The microvillar folds (M) and a granule membrane (G) are indicated. The distinct membrane particle 
aggregates that are present on some of the cells within the population are enclosed by circles, x 17,100. 

FIGURE 13 A higher magnification view of one of the particle aggregates in Fig. 12. The aggregates are 
comprised of a loose arrangement of large 12.5-nm particles. The panicles are generally larger than the 
other particles in the plasma membrane, x 72,500. 

FIGURE 14 A type of particle aggregate that is present in the plasma membrane of both undegranulated 
and degranulated mast cells. This type of aggregate is usually associated with an invagination or depression 
in the plasma membrane. The particles in the aggregate vary in size, and they may fuse or coalesce with 
each other, x 96,000. 
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l~Gu~ 15 Freeze-fracture appearance of mast cell during degranulation. The plasma membrane frac- 
ture face is frequently interrupted by an extensive series of folds that are recognized as microvilli in thin 
sections. Granule membranes are apparent (G) as well as bulges that are related to granule exocytosis. 
Note that particle rearrangements are present in some of the bulge regions (arrows). x 15,120. 

nificantly altered during the degranulation process 

(Fig. 19). There is a slight increase in particle 

densities on both granule membrane fracture 

faces, and small particle aggregates are frequently 

present on the outer membrane halves (P-fracture 

faces). In addition, smooth zones are readily de- 

tectable in regions of granule membrane interac- 

tion. These smooth zones have not been detected 

between granules in unstimulated cells, and they 

are strikingly similar to the regions of granule 

membrane-plasma membrane interaction in stim- 

ulated cells. 

DISCUSSION 

Our studies confirm and extend the ultrastructural 

observations of others on the degranulation of rat 

peritoneal mast cells (3, 7, 10, 11, 30, 40, 42). 

Using a variety of ferritin-coupled ligands with 

thin-section electron microscopy, together with 

freeze-fracture electron microscopy, we have di- 
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FIGURE 16 Plasma membrane fracture face ofdegranulated mast cell (from Fig. 15). The fracture face is 

interrupted by microvillar folds. The exposed cytoplasm (C) and a granule membrane (G) are indicated. 
Note the bulges (1-3) that are frequently observed during the exocytosis process. The intramembrane 
particles are randomly distributed throughout the plasma membrane except in the regions of release 
(bulges). These regions are primarily smooth zones as a result of the particle rearrangements. The small 
bulges in 2 (arrow) may reflect the vesiculation that is sometimes associated with the exocytosis process, x 
51,500. 

rected our attention specifically to the membrane  

events that occur during the exocytosis process. 

Since the introduction of Ca ~+ into the ceils by 

means of A23187 gives results which are indistin- 

guishable from those seen when mast cells are 

stimulated by ligands which can cross-link IgE 

receptors (antigen, S anti-Rig, and Con A),  it is 

likely that, in each case, it is an influx of Ca 2+ that 

initiates the sequence of events that leads to mem- 

brane fusion and exocytosis. How Ca 2+ acts inside 

the cell in this respect is unknown.  Since Mg 2+ 

cannot substitute for Ca 2+ (20, 21, 28), and since 

ATP  is required after Ca 2+ influx (21), it is proba- 

ble that the mechanism is more complex than 

simple charge neutralization or lipid segregation, 

which may explain the role of Ca ~+ in the fusion of 

negatively charged liposomes (38). 

The clearest and most important aspect of these 
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FIGURE 17 Fusion process in a degranulating cell. The regions of granule membrane (G)-plasma 

membrane fusion are characterized by smooth zones (X) in the pasma membrane fracture face. In one 
region (arrow), a small protuberance with a central particle may be associated with a presumptive fusion 
site. x 62,500. 

studies is the demonstration that membrane pro- 

teins are displaced from the ' interaction zones'  

when granule membranes come together and fuse 

with the plasma membrane or  with each other  to 

form pentalaminar structures. We cannot exclude 

the possibility that some protein is retained in 

these areas of interacting membranes,  but the ab- 

sence of IgE (and presumably the Fc receptors to 

which they are bound),  Con A,  PHA-binding gly- 

coproteins, and intramembrane particles suggests 

that most,  if not all, of the membrane proteins are 

displaced and that the pentalaminar fusion struc- 
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FIGURE 18 Freeze-fracture appearance of a bleb (B) that frequently accompanies degranulation. The 
inner membrane half of the bleb is practically devoid of intramembrane particles. The particles from the 
bleb region of membrane are retained in a zone at the base of the bleb (arrow). A transected granule (G) is 
also present, x 61,800. 

ture is composed of two protein-free lipid bilayers. 

It is difficult to interpret the inconsistent labeling 

of interacting membranes with cationized ferritin 

in view of the uncertainty as to how much of it is 

binding to protein and how much to lipid. Since 

cholera toxin binds to the areas of fusion in de- 

granulating mast cells, it is likely that at least some 

glycolipids (GMI) (13) are not displaced during 

fusion (D. Lawson and H. Herschman, unpub- 

lished observations). The finding that IgE recep- 

tors, lectin-binding sites, and intramemhrane par- 

ticles are often increased in density at the edges of 

fusion sites and blebs suggests that the membrane 

proteins are retained by a process of lateral dis- 

placement into adjacent membrane, rather than 

that they are being lost during the exocytosis proc- 

ess. 

Thus, our observations confirm the prediction 

of others, that membrane fusion occurs, in some 

instances at least, in regions denuded of 'intra- 

membranous proteins' (1). However, the close 

apposition of two membranes to form a pentalami- 

nar image does not always involve protein and 

particle exclusion. For example, tight junctions 

(zenulae occludens) between epithelial cells, 

which appear as pentalaminar structures by thin- 

section electron microscopy (19), are composed of 

a meshwork of ridges and grooves, and freeze- 

fracture observations show that the ridges are usu- 

ally studded with intramembrane particles (23). It 
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FIGURE 19 In a degranulated cell, the granule membranes  are altered as a result of  granule-granule 

membrane  fusion. Smooth zones (X) are present on both granule membranes  halves as a result of granule 

membrane  interactions, and particle aggregates (arrowhead) are present on some of the granule membrane  

fracture faces as a result of the degranulation process. (FG), fused granule; (RG), released granule, x 

51,500. 



is probable that the greater thickness of the 'fused' 

tight junction membranes (140-150 A)  compared 

with the fused membranes in degranulating mast 

cells (125-135 A) is related to the presence of 

protein in the former. Perhaps, transient fusion 

excludes proteins while stable fusion interactions 

includes them. 

Our studies provide few clues as to the mecha- 

nism of protein displacement or the nature of the 

recognition system that enables granule mem- 

branes to fuse specifically with the plasma mem- 

brane and then with each other, but not with other 

membranes. However, the finding of decreased or 

absent ligand binding in areas where two mem- 

branes are interacting but not fused, strongly sug- 

gests that protein displacement precedes fusion; in 

fact, membrane protein displacement appears to 

occur hand-in-hand with the displacement of visi- 

ble cytoplasm. It is possible that displacement of 

cytoplasm and membrane proteins allows the 

spontaneous fusion of the two lipid bilayers. We 

could find no evidence for preformed arrays of 

intramembrane particles similar to the particle ro- 

settes present in plasma membrane fracture faces 

of Tetrahymena pyriformis, which serve as special- 

ized fusion sites for mucocyst discharge in these 

ciliated protozoa (41). We have observed loose 

aggregates of large particles in plasma membrane 

fracture faces of mast cells, but since they are 

present in both resting and stimulated cells, they 

are probably unrelated to the degranulation proc- 

ess. Furthermore, these aggregates cannot be re- 

lated directly to the clustering of surface receptors 

induced by the binding of the multivalent stimulat- 

ing ligands, as they are also observed in cells 

activated by A23187. The loose particle aggre- 

gates also have no apparent topological relation- 

ship to blebs or other cellular components, and so 

their significance remains obscure. 

In mast cell degranulation, and in exocytosis in 

general, the events following membrane fusion, 

and which lead to the opening of the granule 

contents to the extracellular space, are unknown. 

Our finding of simple and vesiculated blebs in 

regions of granule and plasma membrane interac- 

tion raises the possibility that these structures may 

play a role in degranulation. Consistent with this 

view is the finding that blebs are more frequent in 

stimulated cells than in unstimulated ones and 

usually are found associated with altered gran- 

u l e s - even  in unstimulated cells. Since blebs in- 

volving plasma and granule membranes can be 

seen occasionally overlying unaltered granules, it 

is conceivable that the pinching off of such blebs 

by fission provides the mechanism, in some cases, 

for opening the granule contents to the extraceUu- 

lar space; at the same time it would allow the cell 

to dispose of excess lipid (resulting from the fusion 

of large amounts of granule membrane with 

plasma membrane) while conserving membrane 

proteins. It is possible that a similar process in- 

volving adjacent granule membranes leads to the 

formation of the cytoplasmic multilamellar mem- 

brane whorls (myelin figures) that are sometimes 

seen within cavities containing altered granules. 

On the other hand, blebs and myelin figures are 

seen in a variety of cell types and have long been 

considered artifacts, and we cannot exclude the 

possibility that they are induced by the fixation 

process or are the result of inadequate fixation. 

While their frequency is clearly influenced by the 

method of fixation we have not found a correla- 

tion between their presence and poor fixation. It 

could be that specific fixation conditions are re- 

quired for their induction (if they are artifacts) or 

for their preservation (if they are physiological). 

It is difficult to determine from static pictures 

the sequence of events in a rapidly evolving proc- 

ess such as degranulation in mast cells. Nonethe- 

less, we feel that our observations are consistent 

with the following tentative hypothesis: a triggered 

influx of Ca ~§ leads to a multifocal lateral displace- 

ment of cytoplasm and proteins in plasma and 

underlying granule membranes (possibly mediated 

by contractile elements, such as microfilaments) 

which allows the two membranes to fuse; the fused 

lipid bilayers, being depleted of protein and thus, 

perhaps, unstable, bulge from the cell to form a 

simple bleb, which subsequently vesiculates and 

pinches off, opening the granule contents to the 

extracellular space, so that histamine is released 

by cation exchange (43). It seems likely that at 

least some of these postulated events occur in 

other examples of exocytosis and that membrane 

protein displacement may prove to be a common 

feature of transient membrane fusion. 

D. Lawson wishes to acknowledge much photographic 
help and advice from Miss E. Crawley. We thank Dr. M. 
F. Greaves for providing the anti-PHA antibody. 

N. B. Gilula is the recipient of a Career Development 
Award (HL 00110) and an Irma T. Hirschl Award. This 
work was supported by the National Institutes of Health 
Grant HL 16507 (to N. B. Gilula) and a grant by the 
Medical Research Council to J. L. Mongar and B. D. 
Gomperts. 

LAWSON ET AL. Molecular Events during Membrane Fusion 25"/ 



Received for publication 19 January 1976, and in revised 

form 13 August 1976. 

R E F E R E N C E S  

1. AHKONG, Q. F., D. FISHER, W. TAMI'ION, and J. 

A. LucY. 1975. Mechanisms of cell fusion. Nature 

( Lond. ). 253:194-195. 

2. AMS~RO~, A., I. OnAD, and M. SCHRAMM. 

1969. Dynamic changes in the ultrastructure of the 

acinar cell of the rat parotid gland during the secre- 

tory cycle. J. Cell Biol. 41:753-773. 

3. ANDERSON, P., S. A. SLORACH, and B. UVNAS. 

1973. Sequential exocytosis of storage granules dur- 

ing antigen-induced histamine release from sensi- 

tised rat mast cells in vitro: an electron microscopic 

study. Acta Physiol. Scand. 88:359-372. 
4. AosazN, K. F., K. J. BLOCH, A. R. BANKER, and 

B. G. ARNAsoN. 1965. Immunological histamine 

release from rat mast cells in vitro: effect of age of 

cell donor. Proc. Soc. Exp. Biol. Med. 120:542- 

546. 

5. BACH, M. K., and J. R. BRASHLER. 1973. On the 

nature of the specific binding of IgE on mast cells. 

II. Demonstration of the specific binding of IgE to 

cell-free particulate preparations from rat peritoneal 

mast cells. J. lmmunol. 111:324-330. 

6. BECKER, E. L., and P. M. HENSOr~. 1973. In vitro 

studies of immunologically induced secretion of me- 
diators from cells and related phenomena. Adv. 

lmmunol. 17:93-145. 

7. BLOOM, G. D., and O. HAEGERMARK. 1965. Stud- 

ies on morphological changes and histamine release 

induced by compound 48/80 in rat peritoneal mast 

cells. Exp. Cell Res. 40:637-654. 

8. BLOOM, G. D., and N. CHAra~AV~TV. 1970. Time- 

course of anaphylactic histamine release and mor- 

phological changes in rat peritoneal mast cells. Acta 

Physiol. Scand. 78:410-419. 

9. CHAKRAVARTY, N., and E. ZEUTHEN. 1965. Respi- 

ration of rat peritoneal mast cells. J. Cell Biol. 

25:113-121. 

10. CHAr, BAVARaV, N., G. T. GUSrAFSON, and E. 

PHIL. 1967. Ultrastructural changes in rat mast cells 

during anaphylactic histamine release. Acta Path. 

Microbiol. Scand. 71:231-244. 

11. CHI, E. Y., D. LAGUNOFF, and J. K. KOEHLER. 

1975. Electron microscopy of freeze-fractured rat 

peritoneal mast cells. J. Ultrastruct. Res. 51:46-54. 

12. COCHRANE, D. E., and W. W. DOUGLAS. 1974. 

Calcium induced extrusion of secretory granules 

(exocytosis) in mast cells exposed to 48/80 or the 

ionophore A23187 and X-537A. Proc. Natl. Acad. 

Sci. U. S. A. 71:408-412. 

13. CUATRACASAS, P. 1973. Gangiiosides and mem- 

brane receptors for cholera toxin. Biochemistry. 

12:3558-3566. 

14. DANOH, D., L. GOLDSTEIN, Y. MARtKOVSY, and E. 

SKUTELSKY. 1972. Use of cationized ferritin as a 

label of negative charges on cell surfaces. J. Ultra- 

struct. Res. 38:500-510. 

15. DE PET~IS, S., and M. C. RAFV. 1972. Distribution 

of immunoglobulin on the surface of mouse lymph- 

oid cells as determined by immunoferritin electron 

microscopy. Antibody-induced, temperature-de- 

pendent redistribution and its implications for mem- 

brane structure. Eur. J. lmmunol. 2:523-535. 

16. DE PETPaS, S., and M. C. RAW. 1973. Normal 

distribution, patching and capping of lymphocyte 

surface immunoglobulin studied by electron micros- 

copy. Nat. New Biol. 241:257-259. 

17. DE PErIS, S., M. C. RAFF, and L. MALLUCCL 1973. 

Ligand-induced redistribution of Concanavalin A 

receptors on normal, trypsinised and transformed 

fibroblasts. Nat. New Biol. 244:275-278. 

18. DOUGLAS, W. W. 1968. Stimulus-secretion cou- 

pling: the concept and clues from chromaffin and 

other ceils. Br. J. Pharmacol. 34:451-474. 

19. FARQUHAR, M. G., and G. E. PALADE. 1963. Junc- 

tional complexes in various epithelia. J. Cell Biol. 

17:375-412. 

20. FOREMAN, J. C., and J. L. MONGAR. 1972. The role 

of the alkaline earth ions in anaphylactic histamine 

release. J. Physiol. (Lond. ). 244:753-769. 

21. ForeMAN, J. C., J. L. MONGAR, and B. D. GOM- 

PERTS. 1973. Calcium ionophores and movement of 

calcium ions following physiological stimulus to a 

secretory process. Nature (Lond.). 245:249-352. 

22. FOREMAN, J. C., M. B. HALLErr, and J. L. MON- 

OAR. 1975. Calcium uptake in rat peritoneal mast 

cells. Br. J. Pharmacol. 55:282-284. 

23. GILULA, N. B. 1974. Junctions between cells. In 

Cell Communication. R. P. Cox, editor. John Wiley 

& Sons, Inc., New York. 1-29. 

24. Hmscn, J. G., and M. E. FEDORKO. 1968. Ultra- 

structure of human leukocytes after simultaneous 
fixation with glutaraldehyde and osmium tetroxide 

and postfixation in uranyl acetate. J. Cell Biol. 

38:615-627. 
25. HUMPH~Y, J. H., K. F. AUSTIN, and H. J. RAPP. 

1963. In vitro studies of reversed anaphylaxis with 

rat cells. Immunology. 6:226-245. 

26. IsmzAKA, K., and T. IsmzAr~. 1968. Immune 

mechanisms of reversed type reaginic hypersensitiv- 

ity. J. Immunol. 103:588-595. 

27. JOrINSON, A. R., and N. C. MORAN. 1969. Selec- 

tive release of histamine from rat mast cells by 

compound 48/80 and antigen. Am. J. Physiol. 

216:453-459. 
28. KANNO, T., D. E. COCHRANE, and W. W. DOUG- 

LAS. 1973. Exocytosis (secretory granule extrusion) 
induced by injection of calcium into mast cells. Can. 

J. Physiol. Pharmacol. $1:1001-1004. 

29. KELLER, R. 1973. Concanavalin A, a model 'anti- 

gen' for the/n vitro detection of cell-bound reaginic 

antibody in the rat. Clin. Exp. lmmunol. 13:139- 

147. 
30. LAGUNOW, D. 1973. Membrane fusion during mast 

258 THE JOURNAL OF CELL BIOLOGY" VOLUME 72, 1977 



cell secretion. J. Cell Biol. 57:232-250. 

31. LAWSON, D., C. FEWTRELL, B. GOMPERTS, and M. 

C. RAFF. 1975. Anti-immunoglobulin-induced 

histamine secretion by rat peritoneal mast cells stud- 

ied by immunoferritin electron microscopy. J. Exp. 

?,ted. 142:391-402. 

32. LEVr~E, B. B. 1965. Studies on antigenicity. The 

effect of suecinylation of epsilon-amino groups on 

antigenicity of benzoylpeniclloyl-L-iysine conju- 

gates in random-bred and in strain 2 guinea pigs. J. 

lmmunol. 94:111-120. 

33. MONG~, J. L., and H. O. SCHILD. 1958. The effect 

of calcium and pH on the anaphylactic reaction. J. 
Physiol. ( Lond.). 140:272-284. 

34. MOT^, I., and W. D. DA SILVA. 1960. Antigen- 

induced damage to isolated sensitised mast cells. 
Nature ( Lond.). 186.'245-246. 

35. OLAn, I., and P. ROnLICI~. 1966. Peculiar mem- 

brane configurations after fixation in glutaralde- 

hyde. Acta Biol. Acad. Sci. Hung. 17:65-73. 

36. PADAWER, J. 1970. The reaction of rat mast cells to 

polylysine. J. Cell Biol. 47:352-372. 

37. PALADE, G. 1975. Intracelhilar aspects of the proc- 

ess of protein synthesis. Science (Wash. D. C.). 

189:347-358. 

38. PAPAHADJOFOULOS, D., G. POST~, B. E. SCHAEF- 

FER, and W. J. VAIL. 1974. Membrane fusion and 

molecular segregation in phospholipid vesicles. 

Biochim. Biophys. Acta. 352:10-28. 

39. PE~Ei~, B. A. V., and J. L. MONGA~. 1965. Effect 

of anoxia, glucose and thioglycollate on anaphylac- 

tic and compound 48/80-induced histamine release 

in isolated rat mast cells. Immunology. 8:519-525. 

40. ROHLICH, P., P. ANDERSON, and B. UWAS. 1971. 

Electron microscopic observations on compound 

48/80-induced degranulation in rat mast cells. J. 

Cell Biol. 51:465-483. 

41. SA~,  B., C. SCHOOLEY, and P. SA~R. 1973. Mem- 

brane fusion in a model system. Mucocyst secretion 

in Tetrahymena. J. Cell Biol. 56:153-178. 

42. SrSGLETON, E. M., and S. L. CLARK, J~. 1965. The 

response of mast cells to compound 48/80 studied 
with the electron microscope. Lab. Invest. 14:1744- 

1763. 

43. UVNAS, B. 1974. Histamine storage and release. 

Fed. Proc. 33:2172-2176. 

LAWSON ET AL. Molecular Events during Membrane Fusion 259  


