
Secretion in Mast Cells Induced by Calcium 

Entrapped Within Phospholipid Vesicles 

Abstract. Purified mast cells secreted histamine when fused to phospholipid vesi- 
cles containing calcium but not magnesium or potassium. Microscopic observation 
revealed highly localized exocytotic responses involving punctate extrusion of indi- 
vidual granules. Calcium deliveredfrom the vesicles to the cytoplasm is apparently a 

sufficient stimulus to initiate exocytosis. The results support the calcium hypothesis 
of stimulus-secretion coupling. 

Calcium is now known to be intimately 
involved in regulating secretory activity 
in many exocrine, endocrine, and other 
cells (1), and there is much evidence that 
it may act as a mediator in stimulus-se- 
cretion coupling to initiate a common se- 
cretory response, exocytosis (2). Here 
we provide fresh evidence that calcium 
has the essential attribute of such a medi- 
ator, namely, the capacity to induce exo- 
cytosis. In our experiments we used a 
novel way of delivering calcium by in- 
corporating it into phospholipid vesicles. 

Phospholipid vesicles (liposomes) 
have proved to be suitable carriers for 

many biologically active molecules, and 
their ability to fuse with and become in- 
corporated into the plasma membrane, 
thereby unloading their contents into the 
cytoplasm, has been made use of for a 
variety of purposes (3). We find that cal- 
cium delivered by such vesicles stimu- 
lates extrusion of histamine-containing 
granules from mast cells. Mast cells, 
which can be readily harvested and puri- 
fied, have been used increasingly as a 
model secretory system because their se- 
cretory activity conforms to the general 
pattern of calcium and energy-requiring 
exocytosis and because their secretory 

granules are sufficiently large to be ob- 
served by light microscopy (4). 

Rat peritoneal mast cells were collect- 
ed, purified (90 percent), and suspended 
in Hepes-buffered Locke's solution (5). 
Phospholipid vesicles were prepared 
from phosphatidyl choline, phosphatidyl 
serine, and cholesterol (in the molar ra- 
tio 9:1: 1) in the presence of isotonic KC1 
with or without various amounts of cal- 
cium or magnesium and were sonicated 
to clarity, a process resulting almost ex- 
clusively in unilamellar vesicles (6). 
These vesicles (and their entrapped con- 
tents) were separated from the free sol- 
utes by passage through a Sephadex 
G-50 column (7) eluted with divalent cat- 
ion-free Locke's solution containing 0.1 
mM [ethylenebis(oxyethylenenitrilo)]- 
tetraacetic acid (EGTA). Mast cells in 
divalent cation-free Locke's solution 
(without EGTA) were incubated at 37?C 
in a solution containing the various prep- 
arations of vesicles. Histamine was as- 
sayed fluorometrically (8) and extruded 
(exocytosed) granules were identified by 
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Fig. 1. Mast cell secretion in response to phospholipid vesicles as measured by ruthenium red staining or histamine release. (A) Effect of 
incubating (120 minutes at 37?C) mast cells (5 x 104) with increasing number of vesicles [i Amole = 1014 vesicles (7)] prepared in isotonic KCI 
(150 mM) to contain either calcium (5 mM), *; or magnesium (5 mM), 0. (B and C) Effect of increasing the time of incubation with a constant 
number of vesicles (200 nmole of lipid per 5 x 104 mast cells) containing calcium (5 mM), * and hatched columns; or magnesium (5 mM), 0 and 
open columns. (D) Effect of varying the amount of divalent cations in a constant number of vesicles (200 nmole of lipid per 5 x 104 mast cells) 
during a 120-minute incubation at 37?C; calcium, *; or magnesium, 0. The numbers beside the points in (A), (B), and (D) indicate the number of 
experiments, followed by, after the colon, the number of cells counted. In (C) the numbers in parentheses indicate the number of experiments. 

60 

A 
?x p< .001 

x. p< .01 

40 V 

C 

20 _ 

-, 

0 o 
" 30 
e 

I, 20 
a) 

c 

- 

E 10 

I 

9:13,540 

0 

o 

") 
u 

E 

"a 

c 

45 60 

E 

| 40 

l: 

.1 

SCIENCE, VOL. 201, 22 SEPTEMBER 1978 0036-8075/78/0922-1143$00.50/0 Copyright ? 1978 AAAS 1143 



selective staining with ruthenium red. 
This dye is confined largely to the extra- 
cellular environment and has a high af- 
finity for the contents of the mast cell 

granules. Together these properties re- 
sult in preferential staining of extruded 
granules and, indeed, allow visualization 
of single exocytotic events (9) as well as 
quantitation of the secretory response of 
the cell population (10). 

Mast cells incubated with increasing 
numbers of lipid vesicles containing cal- 
cium showed a progressive secretory re- 
sponse as judged by the ruthenium red 
staining procedure (10), with about 35 
percent of the cells responding by 120 
minutes (Fig. 1, A and B). Measure- 
ments of histamine release, the common 
index of secretory activity in mast cells, 
yielded comparable results (Fig. 1C). No 
such stimulant effects were observed 
with vesicles containing magnesium in 

place of calcium or isotonic KC1 alone 
(lower curves in Fig. 1, A, B, and D). 

In the experiments described so far the 

phospholipid vesicles containing calcium 
and the other ions were added to mast 
cells suspended in calcium-free Locke's 
solution. This was done to exclude the 

possibility of secretion arising from some 
effect of the vesicles to promote influx of 
calcium from the bathing medium. Some 
calcium might have found its way into 
the medium from ruptured vesicles, but 
this is unlikely, since experiments with 
the calcium-sensitive dye Arsenazo III 

provided no evidence of leakage (11). 
Furthermore, phospholipid vesicles con- 
taining isotonic KC1 with or without 

magnesium had no effect on secretion 
even when incubated with mast cells sus- 

pended in calcium-containing Locke's 
solution, whereas, under the same condi- 
tions, vesicles containing calcium again 
elicited secretion. This response to the 
calcium-containing vesicles was, indeed, 
somewhat enhanced (results not shown), 
possible because calcium in the medium 
facilitated vesicle-to-cell fusion (12). 

The effect of calcium was concentra- 

tion-dependent, rising from 10 percent 
responding cells with 0.1 mM calcium to 
16 percent with 0.5 mM, 27 percent with 
1.0 mM, and 35 percent with 5.0 mM 

(Fig. 1D). Again, the responses with 
each of these concentrations were signif- 
icantly different from those obtained 
with magnesium in the same concentra- 
tions. Light microscopic observation of 

responding cells, stained for extruded 
granules with ruthenium red, indicated 
that the extent of the secretory response 
to calcium-containing vesicles often var- 
ied among mast cells (Fig. 2A) but was 
seldom as massive as that seen with oth- 
er secretagogues. Invariably, secretion 
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Fig. 2. Bright-field micrographs of mast cells 
stained with ruthenium red to show granules 
extruded in response to phospholipid vesicles 
containing calcium. Extruded granules take 
up the dye and appear black. Mast cells (4 x 
105) were incubated for 30 minutes at 37?C 
with vesicles (200 nmole of lipid) prepared in 
isotonic KC1 (150 mM) to contain calcium (5 
mM). (A) A low-power view of a field of cells 
showing a spectrum of secretory responses. 
(B and C) Views of single cells at higher mag- 
nification to illustrate extrusion of individual 
granules. Scales, 3 ,tm [lower scale applies to 
both (B) and (C)]. 

would begin as highly localized exo- 
cytotic events in which the involvement 
of individual granules was readily appar- 
ent (Fig. 2, B and C). 

The method we have used to prepare 
the phospholipid vesicles yields uni- 
lamellar, fluid, and negatively charged 
vesicles of the sort incorporated into 
cells by fusion of their lipid envelope 
with the plasma membrane (12). Con- 
sequently, we suppose that vesicle cal- 
cium is released intracellularly close to 
the cytoplasmic face of the plasma mem- 
brane and that the local elevation of cal- 
cium ions produced thereby accounts 
for the punctate secretory responses. 
Spread of calcium, we assume, would be 
hindered by local sequestering, as in oth- 
er secretory cells after microinjection of 
calcium into the cytoplasm (13). The 

punctate exocytotic responses to the cal- 
cium-containing phospholipid vesicles 
we observed here are reminiscent of the 
localized extrusion of mast cell granules 
achieved by micropipetting familiar mast 
cell secretagogues such as compound 48/ 
80 and antigen (in sensitized cells) onto 
the cell surface at discrete points (14). 

Previous indications that calcium can 
elicit secretion have been provided by 
experiments in which calcium entry was 

apparently facilitated by rendering the 

plasma membrane leaky by decalcifica- 
tion (15) or exposure to the calcium iono- 

phore A23187 (16), or in which calcium 
was injected by micropipettes into the 

cytoplasm (17). The use of phospholipid 
vesicles provides an additional way of in- 
troducing calcium into the cell that yields 
fresh testimony that calcium is a suf- 
ficient stimulus to initiate exocytosis, a 
property essential to its postulated role 
in the calcium hypothesis of stimulus-se- 
cretion coupling. In addition, this meth- 
od has for the first time allowed the visu- 
alization of highly localized secretory re- 

sponses involving exocytosis of indi- 
vidual granules as a result, apparently, of 
the introduction of calcium at discrete 
points at the cell surface. 
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The composition of letters, memos, 
essays, and technical reports is wide- 
spread, time-consuming, and often diffi- 
cult (1). Although most people write 
their compositions by hand, alternatives 
such as dictating and typewriting are 
used by some. Differences in the process 
of composition and in its resulting quali- 
ty and speed made by these different 
methods have been speculative. We now 
summarize key findings from ongoing re- 
search that provide some understanding 
of these issues (2). Our experimental ap- 
proach is to vary the tasks assigned to 
authors and the methods they are to use 
and to videotape them while they com- 
pose. The assigned tasks were varied by 
requiring each participant to compose 16 
different letters. The methods they used 
were to write, dictate, or speak letters 
or to compose in "invisible writing." 
For invisible writing, participants wrote 
with a wooden stylus on paper with car- 
bon paper underneath. 

Dictating is potentially five times fas- 
ter than writing, on the basis of estimates 
of maximum writing and speaking rates 
when composition is not required (3). 
Dictating may also be qualitatively supe- 
rior: potentially faster transfer of ideas 
from limited capacity working memory 
to a permanent record may reduce for- 
getting attributable to interference or 
decay. 

Speaking may be more "natural" than 
dictating because authors assume that a 
recipient will listen to what they say 
rather than read it. This allows a phra- 
seology appropriate for listening but not 
necessarily for reading. Speaking may al- 
so be more natural because authors do 
not give typing instructions, which is a 
potentially disruptive secondary task. 
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Participants were generally college 
graduates, 25 to 45 years old. Eight had 
never dictated before. On a single day of 
training, they (i) learned the basic rules 
of dictation and how to use a dictation 
machine (IBM Executary) (45 minutes) 
and then (ii) dictated and subsequently 
proof-edited 16 fairly simple business let- 
ters (4 to 5 hours). They returned the 
next day for the experiments reported 
here. Eight other participants were expe- 
rienced dictators, business executives 
who had dictated regularly for years and 
preferred dictating to writing. They did 
not go through the training day. 

Each participant composed eight 
"routine" business letters, two each by 
writing, invisible writing, dictating, and 
speaking. These were replies to informa- 
tion requests. Each then composed eight 
more "complex," one-page letters, two 
each with each method. Topics included 
the author's feelings on capital punish- 
ment, the U.S. Bicentennial, and a letter 
of recommendation. The orders of the 
four composition methods and the eight 
specific letter-assignments, and the com- 
binations of letter-assignments and meth- 
ods, were counterbalanced across partic- 
ipants within a group with a modified 8 
by 8 Greco-Latin square design. 

Composition times were recorded 
from a participant's receipt of a letter-as- 
signment until he or she indicated com- 
pletion by stopping a clock. The video- 
tapes were used to analyze composition 
times into three subtimes: pausing; gen- 
erating (actual writing, dictating, or 
speaking); and reviewing. Written, dic- 
tated, and invisibly written letters were 
typed by a secretary and returned after 1 
hour for participants to proof-edit. There 
was only one proof-editing cycle. The 
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quality of the retyped letters was rated 
afterward by several independent judges 
on various attributes, for example, syn- 
tax and substance. Judges listened to and 
rated spoken letters on the same attri- 
butes (2). 

Participants' experience, the type of 
letter (routine or complex), methods, 
and the combination of letter-assign- 
ments and methods were factors in the 2- 
by-2 by 4-by-2 analysis of variance for 
each measure, with the last three factors 
as the within-subjects sources of vari- 
ance. Separate analyses of variance were 
carried out for each measure shown in 
Table 1. 

Means for composition time and its 
component generation and pause times 
were longer for complex letters than for 
routine letters [F (1, 14) = 99.28, 70.84, 
25.07, respectively; all P < .001]. In 
general, this was true in all methods and 
for both groups. Composition time de- 
pended upon method [F (3, 42) = 26.95; 
P < .001]. Speaking (6.5 minutes) was 
faster than dictating (7.7 minutes), and 
both were faster than writing (9.4 min- 
utes) and invisible writing (8.9 minutes); 
Duncan's multiple range test, P < .01. 
The main reason for this was that partici- 
pants' generation times were faster in 
dictation (3.7 minutes) and speech (3.1 
minutes) than in writing (7.0 minutes) 
and invisible writing (6.6 minutes); Dun- 
can's multiple range test, P < .01. On 
the other hand, pause times were longer 
in dictation (3.0 minutes) and speaking 
(2.9 minutes) than in writing (2.4 min- 
utes) and invisible writing (2.3 minutes); 
Duncan's multiple range test, P < .01. 
These longer pause times in dictation 
and speech were caused entirely by the 
novice dictators [experience-by-method 
interaction, F (3, 42) = 9.10; P < .001]. 
Review times were brief in all methods 
(Table 1). They are not reported for writ- 
ing because the videotapes rarely 
showed with certainty whether partici- 
pants were reviewing. Reading time is in- 
cluded in pause times for all methods. 
Novice dictators wrote a little faster and 
dictated a little slower than the experi- 
enced dictators [experience-by-method 
interaction, F (3, 42) = 2.88; P < .05]. 

The speed advantage of speaking over 
dictating (6.5 versus 7.7 minutes; 
P < .01) may have arisen because com- 
posing an oral letter to be read rather 
than to be heard may require extra time. 
Alternatively, a person may just talk 
more slowly when the listener must type 

quality of the retyped letters was rated 
afterward by several independent judges 
on various attributes, for example, syn- 
tax and substance. Judges listened to and 
rated spoken letters on the same attri- 
butes (2). 

Participants' experience, the type of 
letter (routine or complex), methods, 
and the combination of letter-assign- 
ments and methods were factors in the 2- 
by-2 by 4-by-2 analysis of variance for 
each measure, with the last three factors 
as the within-subjects sources of vari- 
ance. Separate analyses of variance were 
carried out for each measure shown in 
Table 1. 

Means for composition time and its 
component generation and pause times 
were longer for complex letters than for 
routine letters [F (1, 14) = 99.28, 70.84, 
25.07, respectively; all P < .001]. In 
general, this was true in all methods and 
for both groups. Composition time de- 
pended upon method [F (3, 42) = 26.95; 
P < .001]. Speaking (6.5 minutes) was 
faster than dictating (7.7 minutes), and 
both were faster than writing (9.4 min- 
utes) and invisible writing (8.9 minutes); 
Duncan's multiple range test, P < .01. 
The main reason for this was that partici- 
pants' generation times were faster in 
dictation (3.7 minutes) and speech (3.1 
minutes) than in writing (7.0 minutes) 
and invisible writing (6.6 minutes); Dun- 
can's multiple range test, P < .01. On 
the other hand, pause times were longer 
in dictation (3.0 minutes) and speaking 
(2.9 minutes) than in writing (2.4 min- 
utes) and invisible writing (2.3 minutes); 
Duncan's multiple range test, P < .01. 
These longer pause times in dictation 
and speech were caused entirely by the 
novice dictators [experience-by-method 
interaction, F (3, 42) = 9.10; P < .001]. 
Review times were brief in all methods 
(Table 1). They are not reported for writ- 
ing because the videotapes rarely 
showed with certainty whether partici- 
pants were reviewing. Reading time is in- 
cluded in pause times for all methods. 
Novice dictators wrote a little faster and 
dictated a little slower than the experi- 
enced dictators [experience-by-method 
interaction, F (3, 42) = 2.88; P < .05]. 

The speed advantage of speaking over 
dictating (6.5 versus 7.7 minutes; 
P < .01) may have arisen because com- 
posing an oral letter to be read rather 
than to be heard may require extra time. 
Alternatively, a person may just talk 
more slowly when the listener must type 
what is said. 

Quality of letters, on the average, was 
about the same for both groups, all meth- 
ods, and both types of letters. For ex- 
ample, on letters composed by novices, 
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Writing, Dictating, and Speaking Letters 

Abstract. It is commonly assumed that dictation requires a long time to learn, but 
authors eventually dictate much faster than they write. Performance results now 
show that novice dictators can learn in a few hours to dictate with the speed and 
quality with which they write. However, they do not think they perform this well. 
Dictators with years of experience are from 0 to 25 percent faster than novices, 
depending upon the complexity of the letters. Planning time is about two-thirds of 
composition time, regardless of the method of composition. 
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