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. . . .  'One mechamsm int'oh'es binding o f  the hormone to the receptor, resulting in a rise o f  the intrace!!ular level of  
Ca" "~ and after a series o f  ill-defined steps, in stimulation o f  secretion' 

from Molecular Cell Biology. Darnell, Lodish & Baltimore (Scientific American Books, 1986) 

'The final truth came io me as we stood there, trembling, searching between all our past and all our future; at a 
moment when the difference between fission and fusion lay in a nothing, a tiniest movement, betrayal, further 
misunderstanding' 

(from THE MAGUS (C) John Fowles, first published by 

I. Introduction _. 

The term exocytosis [99] describes the mechanism by 
which eukaryotic cells secrete prepackaged materials 
contained in membrane-bound vesicles or granules to 
the exterior. The substances released by exocytosis 
range from rele~tively small compounds such as neuro- 
transmitters to enzymes, antibodies, micellar phospho- 
iipids (i.e.. in the type II cells of the lung epithelium) 
and heparin (mast cells). Depending o~, ~he particular 
requirements they are packed in vesicles having diame- 
ters ranging from 50 nm in the case of synaptic ,~e, sicle, 
to more than 1 # m  in the case of horse eosino~ ,:~s ,~: ~.; 
the mucin containing granules of epithelial cells. In- 
trinsic to this process is the attachment of the granules 
to the plasma membrane and the subsequent fusion of 
the vesicle membrane with the plasma membrane so 
that the vesicle contents can be released through a 
fusion pore which then develops [71-74,269] (Figs. 1 
and 2). In many cells (ranging from microorganisms to 
tissues such as the mamma!Jan liver) secretion occurs 
constitutively, not appearing to depend on specific 
signals. There is also a wide variety of cell types (again 
ranging from unicellular organisms such as Parame- 
cium to mammalian tissues) which undergo secret,'on in 
response to specific signals: this is called regulated 
exocytosis and forms the topic of this article. Well 
investigated examples among animal cells include the 
release of neurotransmitters at synapses and neuro- 
muscular junctions, the release of peptide hormones 
from the pituitau' and pancreatic glands and cate- 
cholamine release by the adrenal medulla. These are 

A 

©--© 
B C 

Fig. 1. Schematic representation of membrane-membrane interaction 
in exocytot[c fu.~ian. Cytoplasmic granules (A) need to attach to the 
plasma membr~me (B) before a fusion pore can open (C) allowing the 
granular components to be released. In neuronal cells, some of the 
secretory vesicles are in close contact (docked) with the plasma 
membrane in the resting state in a state of rearliness. This allows for 
very rapid release. In other secreiory cells, docking comprises a stage 

in the stimulus-secretion seq~:ence. 

Jonathan Cape Ltd., 1966) 

all electrically excitable systems in which exocytosis is 
triggered by action potentials. The action potential 
leads to the opening of voltage dependent calcium 
channels and it is the consequent elevation of cytosol 
Ca 2+ which is belie~,ed to trigger the fusion of the 
secretory vesicles with the plasma membrane by a still 
unknown mechanism. .~ 

Exocytosis also occurs in non-excitable ceils in which 
secretion occurs in response to specific receptor di- 
rected agonists and in these systems the regfilatory 
pathway varies widely. Secretory cells are thus equipped 
to execute a wide multiplicity of physiological tasks. 
Presynaptic membranes, nerve terminals and chromaf- 
fin cells release neurotransmitters or hormones within 
milliseconds of depolfirisation [8,114,217,253]; parathy- 
roid [60255,326] (and some other peptide releasing 
cells "[60,78,120,147,279]) release hormone in response 
to a decrement in cytosol Ca;+; parotid cells can re- 
lease amylase in response to /~-adrenergic activation 
leading to elevation of cyclicAMP [i70,231,295] and 
this allows independent regulation of fluid release in 
response to elevation of ~ o s o i  Ca ~÷ by muscarinic 
cholinergic activation. Nor does exocytosis necessarily 
occur in response to a change in *.he concentration of a 
conventional water soluble second messenger. Thus, 
activation through the protein kiPase C pathway in- 
duces secretion from platelets and neutrophils under 
conditions in which cytosol Ca 2+ is maintained at or 
even below resting levels [102,292,300,301]. There exist 
alternative second messengers and also signalling sys- 
tems in which the concentration of intracel~ular effec- 
tors remain constant, but the affinity for their binding 
increases. 

The historical investigations of the secretory process 
which provided many of the concepts with which we 
are still concerned, came from experimental work on 
glands [278] or those single cells which release into a 
closed environment (i.e., nerve endings)[184,185]. Some 
of the best and most lasting insights have concerned 
the pathway for synthesis, modification and storage of 
secretory materials rather than the exocytotic event 
itseif [175]. One reason for this is that the glands (and 
this is equally true of the synapse) necessarily release 
only a very. small proportion of their stored material in 
response to stimulation [319]. Release all your amylase 
or insulin and you can't, or shouldn't eat your next 
pudding; release more than a few peJcent of your 
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Fig. 2. Freeze-fracture images of exo~ytosis in mast cells and neutrophils. (a) Freeze fracture replica of an un~ timulated rat mast cell. A secretory 
granule lies just under the plasma me~brane. The s~ecimen was q~ick-froz¢~, on a liquid hehum-cooled co~ ~er block, fractured and replicated 
~,ith platimum/c~rbon, x90000. (b) ~'he beginning of exocytosis in rat mast cells stimulated with compound 48/80. A small 0ore has formed 
between the plasma membrane and the granule (arrow). x 75000. (e-e) Exocytotic pores in :~timulated rat mast cells during ~he early stages of 
pore growth. (c) The pore depicted in (b) is seen here joining the E face of the plasma membrane (P) with the E face of the granule membrane 
(G). x 280000. (d) Some pores, as small as 27 nm in diameter (arrow), appear to be pedestals that may still contain a singl:~ bilayer diaphragm. 
x 360000 [73]. (e) Small pores are also seen joining granules, x 350000. if&g) The pore grows as the granule matrix expands allowing exit of the 
granule contents, x 58000 (19 and x 48000 (g). (g) reproduced from [71]. (h&i) Exocytosis in rabbit neutrophils treated with cytochalasin B and 
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stimulated with fMetLeuPhe. The granules are inter~o~:nected by narrow diameter tubular structures (arrows). Specimens were fixed in 
glutaraldehyde and either quick-frozen and freeze fractured (h) or embedded in epoxy resin and thin-sectioned (i). × !70000 (h) aad × 110000 

(i). (h) is reprodaccd from [72]. 
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catecholamines and you can forget all about fight and 
flight - better call in the undertaker (mortician). 

Many of the secretory systems which are now con- 
tributing so strongly to understanding of the release 
mechanism were hardly recognised or understood as 
such in the earlier times. In the main these are secre- 
tory cells which occur as isolated entities, many of 
them (but not all, e.g., platelets) associated with the 
immune system in the blood (neutrophils, eosinophils, 
basophils) or the tissues (mast cells). Operating as 
single cells, a significant contribution to the local envi- 
ronment can only be achieved if the extent of exocyto- 
sis is considerable: in a number of instances substances 
released from these cells go on to recruit other cells of 
the same class so actually amplifying the response. 
Even so, if a large proportion of the platelets or 
basophils are simultaneously stimulated the conse- 
quences are often fatal (i.e., thrombosis, anaphylaxis). 

There is possibly another reason why biochemical 
understanding of the exocytotic step has so far eluded 
us and this concerns people. Many of the early pio- 
neers in secretion were the biochemists who had been 
instrumental in devising the techniques of tissue ho- 
mogenisation, subcellular fractionation and reconstitu- 
tion. These techniques were and remain ideally adapted 
to learning about the non-regulated stages of the path- 
way of vesicular traffic leading from the endoplasmic 
reticulum to the formation of secretory vesicles. This 
represents a staging post on the pathway; thence on- 
ward, a very different conceptual and experimental 
framework is required. In order to understand the 
mechanism of regulated secretion (stimulus-secretion 
coupling [103]), agonists, receptors, transduction mech- 
anisms and second messengers become paramount and 
the pioneers in this field generally regarded themselves 
as pharmacologists. Today, these distinctions are of 
little significance. 

The process of regulated secretion is certainly cen- 
t r a ~ , e  action of the effector cells of the immune 
~ystem. Mast cells, basophils, neutrophils, macrophages, 
eosinophiis and cytotoxic T-lymphocytes all release a 
variety of mediators by the mechanism of exocytosis. It 
is now well established that none of these cells gener- 
ate action potentials and that none of them possess 
voltage dependent calcium channels (mast cells 
[212,213,284]; macro.phages [125,385]; neutrophils 
[126,186]; basophils [186,358]; eosinophils [186]; T- 
lymphocytes [98]). Although Ca 2+ is art important de- 
terminant of secretion, other effectors and other effec- 
tor mechanisms enable exocytotic fusion in these ceils. 

I-A. First considerations 

I-A-I. Biophysical aspects 
Exoeytosis has been described as the controlled in- 

teraction of perigranular membranes with the plasma 

membrane which rest:Its in their fusion anO subsequent 
fission to release the granular contents to the exterior 
[278]. This was based mainly on thin-section and 
freeze-fracture electron microscopic evidence of cells 
fixed while undergoing exocytosis. The fusions are ab- 
solutely specific and as far as we know there is no 
leakage of granule contents into the cytosol. While this 
portrayal remains valid in a macroscopic sense, and has 
indeed been well substantiated by more recent devel- 
opments [206,267,269,273,268], it also conceals a num- 
ber of problems which must be faced if we are ever to 
understand the molecular mechanisms involved. We 
should consider some problems of temporal and spatial 
resolution. Membranes are regarded as being in close 
apposition and hence in a pre-exocytotic state when 
the fixed and stained thin section reveals a pentalami- 
nar structure. It is at this point, a':~ hydrated surfaces 
come within about 2 nm of each o:her (i.e., close to the 
lim[: of resolution in electron microscopy), that they 
become subject to an overwhelming force of repulsion 
(the hydration force) which increases according to a 
high or-~,-r exponent as the distance of separation 
diminishes [207,280,281]. Yet, in order to fuse, the 
membranes must necessarily come within molecular 
feeling distance of one another. 

Next, it must be realised that the phosphtilipid bi- 
layer of which membranes are composed is a stable 
structure in the biological environment in which Water 
provides the bulk phase (i.e., at 55 M). It is hydration 
which maintains phospholipids in this arrangement [34] 
and the polar surfaces of the bilayers have a high 
affinity for water [207]. In order to disorganise the 
bilayer organisation egperimentally, to induce fusion 
between cells it is common practise to dehydrate the 
environment, though this in itself is insufficient. Thus, 
a high concentration of polyethylene glycol, sufficient 
to remove all traces of free water is commonly used as 
a fusogen in the formation of cell hybrids, but the 
propensity to fuse cells varies greatly between poly- 
ethylene glycols from different sources [164,328] de- 
pending on the presence of destabilising impurities in 
the commercial material [377]). It must be obvious that 
biological fusions occur by mechanisms other than those 
which simply involve the removal of bulk water from 
membrane surfaces. 

In fact it is very unlikely that biological membrane 
fusion involves an extensive interaction between sur- 
faces. When freeze fracture images are prepared from 
cells quick frozen in the act of exocytosis (i.e., caught 
in a kind of membraneous in flagrante delicto), the 
extensive apposition between the fusing surfaces, famil- 
iar as the pentalaminar membrane depicted in images 
of thin sections, is no longer evident (see Figs. 2b-g); 
indeed, they approach no closer than about 2 nm except 
at focal points of contact. Here, as fusion is initiated 
and develops, there forms a structure which has been 



called the fusion pore. The surface lining this structure 
has the characteristic morphology (a fracture surface 
interrupted with intramembraneous particles) and flu- 
idity (see VIII-D-4) of an extension in continuity with 
the fusing membranes. 

I-A-2. Biochemical aspects 
In the light of experience with artificial systems it 

becomes axiomatic that the controlled fusions which 
occur in biology are catalytically mediated and proceed 
on a molecule by molecule basis. In seeking to under- 
stand the mechanism of exocytosis we are searching for 
a fusogenic catalyst; in effect, what we discover is a 
sequence of control steps the last of which, so far 
unidentified, being that which regulates the activity of 
the fusogen. 

I-B. Calcium 

Calcium has been directly associated with the secre- 
tory process for at least 50 years [148,223] and less 
directly (i.e., througL the demonstration of a require- 
ment for Ca 2+ for transmission at the frog neuromus- 
cular junction) for close on a century [218]. Today, it 
still remains central to any discussion of  the secretory 
process. Following the initial demonstration that secre- 
tory activities [119,293,322] could be indt;ccd by tl~e 
calcium carrying antibiotic (ionophore) A23187, similar 
effects were obtained for nearly all the well recognised 
secretory systems [86,131] and with other ionophores 
such as ionomycin [41] and the synthetic compound 
'fod' (a chemical-shift reagent widely used in NMR 
spectroscopy) [137]. Activation of  secretion by 
ionophores depends on the concentration of the lipid 
soluble (CaZ+.ionophore) complex and thus on the rate 
of entry of the Ca -'+ ion into the cytosol [41]. Since this 
occurs against the homeostatic mechanisms which nor- 
mally maintain Ca z+ at a low resting level, the effect is 
to establish a new elevated steady state level. 

Fig. 3 illustrates the dependence of histamine secre- 
tion by RBL-2H3 (rat basophilic leukaemia) cells on 

RBL ce~ts 

[I 
~ _ /  ~ ,A2.~ff/ 

0'3 g . . . . .  

pen 
Fig. 3. De0endence on the concentration of intracellular Ca z+ for 
secretion of histamine from rat basophilie leukaemia ceils, lntra- 
cellular Ca ~ ÷ was measured in a suspension of RBL-2H3 cells (a 
mast cell line) loaded with quin-2, following stimulation with: (a) a 
calcium ionophore; (b) a calcium ionophore applied in combination 
with the protein kinase C activator PMA; and (e) by an antigen 
which activates these cells by cross-linking the receptors for IgE. 

Redrawn and adapted from Beaven et ai. [39]. 
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the level of intra-cellular calcium following stimulation 
with: (a) a calcium ionophore; (b) a calcium ionophore 
applied in combination with the protein kinase C acti- 
vator PMA; and (c) by an antigen which activates these 
cells by cross-linking the receptors for IgE [39]. It is 
apparent that the Ca2+-sensitivity of these cells when 
subjected to a Ca 2 +-only stimulus of this kind, or with 
concomitant activation of  protein kinase C, fails to 
match the sensitivi~" achieved by stimulating the ceils 
through the normal receptor mechanism. Clearly, ele- 
vation of calcium and phosphorylation of kinase C 
substrates is only a part of  the story. This conclusion 
has been reinforced by the finding that cells treated 
with an inhibitor of protein kinase C (staurosporine, at 
a concentration sufficient to obliterate the response to 
ionophore-plus-phorbol ester) remained responsive to 
stimulation to an antigen [94]. In addition to the well 
recognised pathway of activation mediated by the hy- 
drolytic products of phosphatidylinositol bisphosphate, 
the cross-linking of the receptors for IgE [234,320] (and 
presumably the activation of more conventional recep- 
tors on other secretory cells) must initiate further sig- 
nals to the system so that exocytosis can occur in 
response to Ca z+ at intracellular concentrations well 
below 10 -6 M. 

in addition to a possible requirement for Ca 2+, 
these cells (and nearly all other cell types) fail to 
secrete in response to stimulation by normal receptor 
directed ligands, or ionophores, if they have been 
treated with metabolic inhibitors [112,119 178]. This is 
generally accepted as being indicative of a reliance on 
the presence of ATP but it leaves unanswered all 
questions about what the role or roles of ATP might 
be. 

Nobody seriously thinks that you could find out 
about the workings of  a motor car by measuring what 
comes out of the exhaust pipe. Much better to open up 
the bonnet (hood), tavlper with the works and get your 
hands dirty. Similarly, y~u don't learn about the mech- 
anism of exocytosis simply by measuring the release of 
secreted products in response to a stimulus. Indeed, 
the statements offered in the above paragraphs sum- 
marise nearly all that can usefully be gleaned by the 
study of intact cells (i.e., Ca 2+ is surely important, but 
under normal circumstances not sufficient, and at some 
point in the process there is likely to be a requirement 
for ATP). To obtain information about the chain of 
events linking stimulation of the cell surface to the 
final fusion event and about the nature of the fusion 
process itself, it is necessary to gain access to the 
cytosol. To some extent the use of calcium ionophores, 
by markedly decreasing the barrier for calcium ions 
and so permitting Ca 2+ to enter the cell across the 
plasma membrane, already represents an attempt to 
achieve this. Methods which permeabilise the plasma 
membrane enable us to control the composition of the 
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cytosol with precision. There is a very wide range of 
techniques by which this can be achieved. 

II. Cell permeabil isat ion 

Broadly the techniques of membrane permeabilisa- 
tion divide into two main strategies. One may either 
look at single cells which can provide information 
which is highly resolved in time and dimensions. Alter- 
natively one might look at cell populations. These 
provide the possibility of pursuing a flexible approach 
which allows application of an extensive range of con- 
ditions, concentrations, timing of operations etc. at the 
cost of averaged data. 

There are many techniques which allow the selective 
permeabilisation of the plasma membrane of cells while 
maintaining their general structural integrity and their 
ability to respond to appropriate effectors. Those which 
have been most widely applied include the use of high 
voltage electric discharges (HVD) [196], application of 
bacterial cytolysins (streptococcal a-toxin (a-tox [4,210]) 
and streptolysin-O (SL-O [4,168])), application of plant 
glycosides (saponin [306] and digitonin [201]), and for 
susceptible cell types, ATP (as its tetrabasic free acid, 
ATP 4-)  [84]. All these different methods have particu- 
lar, and importantly, quite distinct characteristics. The 
cell type and the permeabilisation method thus have to 
be considered jointly as an experimental system and it 
is necessary to have a good understanding of the na- 
ture of the damage inflicted in terms of ~:he duration 
and dimensions of the lesions formed. While the pro- 
ponents of the various methods have, from time to 
time, claimed particular advantages for their own 
favoured technique [196], the real benefits accrue from 
recognising that there is a repertoire of techniques, 

each of which offers its own special fealures. In this 
way it is possible to design experimental s~rategies with 
much greater flexibility and to analyse restdts appropri- 
ately. 

The basic characteristics of these various techniques 
are set out in Table I. It should be stressed that the 
characteristics of lesion formation vary among different 
cell types for all of these different techniques; thus, 
while HVD treatment of adrenal chromaffin cells [27], 
platelets [195] and pancreatic (exocrine [193] and en- 
docrine [383]) cells has the effect of generating semi- 
permanent (>  1 h) permeability lesions, those formed 
in red blood cells [188], macrophages and Hela cells 
reseal rather rapidly [30]; also, while SL-O permeabili- 
sation is a very effective way of permeabilising cells in 
suspension, monolayers of cultured cells are sometimes 
obstinately resistant (e.g., hepatocytes in primary cul- 
ture; J.D. Judah, personal communication). The range 
of avafl~b!e methods for cell permeabilisation now 
allows one to opt for methods which will permit the 
selective dialysis of ions and low molecular weight 
solutes (e.g., HVD, a-tox); alternatively by application 
of plant glycosides or SL-O it is possible to induce 
exchange of most, if not all cytosol proteins. At the 
extreme, the use of the patch pipette (in the whole-cell 
mode: see below, section IV-B} imposes a single per- 
meability lesion having the dimensions of cytoplasmic 
organelles. 

ll-A. Quantitatice description o f  permeability lesioas 
To describe the characteristics of a particular per- 

meabilisation method a quantitative description of the 
permeability lesions is deafly required. It is obvious 
that only those molecules smaller than the size of 
individual pores can leave or enter the cells. However, 

TABLE I 

Methods of cell permeabilisation 

The filtration dimensions are given only as a very rough guide. For any reagent or method there will be wide variation depending on membrane 
composition and other conditions. Furthermore, the different methods used to assess the filtration properties of membrane lesions must 
necessarily give different results. 

Effective filtration Method of assessment Reference 
diameter 

Sendai virus approx Inm exclusion of fluorescent peptides [171] 
macromolecular dimensions proteil~ leakage [ 135] 

Staphylococcal a-toxin 2-3 nm electron microscopy [109] 
Hi voltage discharge 2-4 nm uptake and effiux of various 

markers in chromaffin cells [190] 
ATP 4- variable dimensions rate of 32p-metabolite efflux 

(a ATP 4- ) and 57(20, HEDTA uptake [42,83] 
Lysolecithin variable dimensions RNAase (M r 14 kDa) uptake 

and LDH efflux [235] 
Plant glycosides macromoiecular dimensions slow leakage of LDH (M r 142 kDa) [286] 
Streptolysin-O greater than 13 nm efflux of u r e a s e  ( M  r 483 kDa) from 

sheep red cell membrane vesicles [63] 
Patch pipette micron dimensions measurement of tip resistance [145,225] 



the flux rate through the lesions for any permeant 
substance will depend on its diffusion constant, which 
in turn is related to the molecular weight. As long as 
the membrane represents the main diffusion barrier 
and the cytoplasm can be assumed to be well stirred, 
the rate of exchange will be proportional to the ~ium- 
ber of pores. 

The time constant ~- for diffusiona! equilibration 
betweer~ the extraceilular medium and the interior of a 
spherical cell having radius r, permeabilised by a single 
pore of length / and cross-sectional area a, is expected 
to be 

r = ~ w ' r 3 " l / ( a D )  "I) 

where D is, the diffusion censtant for a particular 
substance [318]. 

For a cylindrical pore the cross-sectional area is 
given by 

a = "n" . ( d / 2 )  2 (2) 

where d denotes the diameter of the pore. The time 
constant for the exchange of mol:.cules having a diffu- 
sion constant D will thus be 

": = ( 1 6 r 3 1 ) / { 3 d 2 D )  {3) 

and as long as the plasma membrane remains the 
limiting diffusion barrier the time constant r ia the 
presence of n pores will be 

r = n " ( 1 6 r 3 1 ) / ( 3 d 2 D )  {4) 

The diffusional equilibration time constant is thus 
inversely proportional to the diffusion constant of a 
particular substance, which for large molecules is in 
turn proportional to the third root of the molecular 
weight, M-~/3. It also varies with the third power of 
the size of the cell, r 3, indicating that any given method 
of permeabilisation may have quite different conse- 
quences in large and small cells. Finally the r is 
inversely proportional to the square of the pore diame- 
ter d z which means that changing the pore diameter 
from 1 to 3 nm alters the equilibration time by an 
order of magnitude. 

IlL Permeabilisation of cell suspensions 

I l iA .  Staphylococcal a-toxin 

The pores formed by the a-toxin of Staphylococcus 
aureus have been characterised by measuring the elec- 
trical conductance of the channels formed by the toxin 
in planar phospholipid bilayer membranes [233]. The 
opening of single channels was found to occur in steps 
of  rather uniform magnitude which indicates that the 
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toxin forms individual pores of well defined size. The 
single channel conductance increases linearly with the 
conductivity of the solution suggesting a diameter of 
approx. 1 nm for an aqueous pore. The unit conduc- 
tance is weakly voltage dependent and the channels 
display a slight anion selectivity. Ca z+ and other diva- 
lent cations are permeant as might be expected for a 
large pore but as with many other pore forming agents 
(e.g., haemolytic viruses, complement), the induced 
permeability is also inhibited by divalent cations (i.e., 
including Ca 2+ [233,282]). The inhibition of aqoxin 
induced permeability by divalent cations is voltage de- 
pendent [233]. Very similar properties of the a-toxin 
pores generated in rat mast cells have been recorded in 
whole-cell patch-clamp experiments as shown in Fig. 4. 
(Lindau and Troeger, unpublished data). 

The rate of flux through the lesions generatec by 
a-toxin is very slow. Therefore, if meaningful results 
are to be obtained, great care and special precautigns 
have to be taken to ensure adequate equilibr:'tion o f  
solutes such as nucleotides and Ca 2÷ buffers (e.g., 
EGTA). For example, in a recent investigation con- 
cerning the exocytotic mechanism i.,:. primary pituitary 
gonadotrophs [369], the cells were first permeabilised 
at 37 ° C, then loaded with Ca2+-buffers for 30 min at 
0 ° C  and only then returned to a temperature permis- 
sive for secretion (37°C). In addition it was t~und 
necessary to use the Ca.EGTA buffers at high concen- 
trations (20 raM: in most work with permeabilised cells 
3 mM is generally considered sufficient) in order to 
ensure equilibration of Ca 2+. 

III-B. Streptolysin-O 

The size of pores generated by streptolysin-O allows 
for leakage of proteins like actin (43 kDa) [198,199], 
phosphoglycerate kinase (PGK, 40 kDa) [i39] and lac- 
tate dehydrogenase (LDH 140 kDa) [139,168]. Follow- 
ing addition of streptolysin-O t6 rat mast cells at 0.4 iU 
ml-  i the release of cytosol marker enzymes (PGK and 
LDH) commences after a lag period of approx. 20 s 
and then proceeds with a time constant r of 60 and 
100 s for the two enzyme proteins, respectively. 
Whole-cell patch-clamp experiments on HL60 cells 
have revealed conductance steps having a widely vari- 
able conductance. Typically the first step has a conduc- 
tance of  10 to 20 nS which corresponds to a pore 
diameter of 8 to 11 nm. Such a pore is just large 
enough to allow for permeation of enzymes such as 
PGK and LDH. These initial conductance steps are 
usually followed by smaller steps indicating subsequent 
dilation of the first pore or possibly the fusion of two 
small pores into one large pore [258]. 

If we assume a mast cell radius r of 6-8 gm, a pore 
length 1 of 8 rim, a diffusion coefficient for LDH and 
PGK of approx. 5 × 10  - 7  em 2 s -  i and a pore diameter 



438 

of about 10 nm then Eqn. 3 (sec section II-A) yields a 

diffusion time constant r of approve. 30-80 rain. The 
large discrepancy between this, and the actual mea- 
sured time constants indicates that the individual cells 
must be peppered w,'th approx. 50 pores of this size 
(Eqn. 4) or that a few much larger pores are formed. 
From estimates based on the diffusion constants, the 
equilibration times of low molecular weight solutes 
such as Ca 2+, EGTA or GTP-7-S can be assumed to bc 
about 10-times faster than those for the proteins. These 
will thus enter the cells within 5-10 s. 

I I I - C  A T P  4-  

For cells having appropriate receptors [44,352], the 
application of ATP provides a particularly versatile 
approach to membrane permeabilisation since the di- 
mensions of the lesions can be regulated by changing 
the concentration of the free acid fo.,~, ATP 4- 
[83,357]. Cells susceptible to ATP 4- include renal 
tubules [304], transformed 3T3 cells [155], T-lympho- 
cytes [246], haematopoietic stem cells [375], macro- 
phages [341,143] and rat peritoneal mast cells [83,84]. 
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Fig. 4. Whole cell patch-clamp experiment illustrating the formation of plasma membrane pores in mast cells by a-toxin. (A) A continuous 
current record using symmetric solutions (150 mM NaCI, 5 mM KCI, 10 mM Hepes/NaOH, pH 7.25). At - 50  mV the conductance increases 
u p o n  addition of a-toxin showing reversible openings of ion channels having a unit conductance of approx. 80 pS. (B) Under these conditions the 
currents at different potentials (left) show slight inactivation at negative potentials. Whereas the current voltage relationship (right) is nearly 
linear for the instantaneous current i, reactivation is apparcn', for the current ! i~  measured at the end of the 100 ms pulses. (C) Using 
'physiological' solutions (inside 135 mM potassium glutamate, 20 mM NaCI, 1 mM MgCI 2, 0.5 mM NazATP, 0.1 mM RAPTA. 10 mM 
Hepes/NaOH, pH 7.24; outside, 140 mM NaCI, 5 mM KCI, 2 mM CaC! 2, I mM MgCl 2, 10 mM Hepes/NaOH, pH 7.25) ihe inv, atd cutzeats 
(left) are very small throughout the 100 ms pulse. The current-voltage relationship (right) shows that the reversal potential remains close to 0 inV. 

The voltage dependent block is thus due to the presence of high concentrations of the divalent cations Ca 2+ and Mg 2+. 
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Fig. 5. Ca2+-induced secretion of histamine from permeabilised-re- 
sealed mast cells loaded with guanine nucleotides. Mast cells in 
divalent cation-free buffered salt solution were permeabilised by 
ATP 4- (6 /zM) in the presence of guanine nucleotides at the 
concentrations indicated. After 5 rain, Mg z+ (2 mM) was added to 
chelale the ATP and allow the permeability lesions to seal. 10 rain 
later, Ca 2+ (5 raM) was added and the incubation carried on for a 
further 10 min. m, GTP-y-S; o, GppNHp; A, GpoCHzp.  From 

[130j. 

Dialysis of the cytosol of mast cells can be achieved by 
permeabilisation with ATP 4- at concentrations less 
than 5 g M  [42,83]; at higher concentrations (50 /~M) 
ATP 4- permits the slow leakage of actin and presum- 
ably other soluble proteins [198]. Moreover, removal of 
the tetrabasie acid form of ATP (e.g., by chelation 
following addition of excess Mg 2÷) allows the lesions 
to reseai [130], re-establishing within milliseconds the 
initial barrier properties of the membrane [357]. This 
technique has been used to load and trap normally 
impermeant aqueous solutes such as the calcium sens- 
ing dye quin2 [141], guanine nucleotides, cyclicAMP 
[130] and neomycin [85,307] into mast cells. It was by 
the use of this method that a role (rather, roles) for 
guanine nucleotides in the control of regulated exocy- 
tosis .;-ere r;~: perceived r..,,~ , ---  . . . . .  t,ouj ~cc  Fig. 5). 

IV. Single cell experiments 

IV-A. Single ce# microinjectian 

At the single cell level access to the interior has 
been attained by microinjection and by intracellular 
dialysis using patch pipettes. The microinjection 
method is somewhat distinct from real permeabilisa- 
tion methods since a small volume (in our experiments, 
approx. 1% of the cytosol water space [356]) of a highly 
concentrated solution is introduced into the cell while 
endogenous compounds are retained [36,356]. For small 
cells, however, the membrane leak at the impalement 
site leads to significant exchange between the cyto- 
plasm and the external saline and this can include an 
influx of large amounts of C a  2+ when it is present at 
millimolar concentrations on the outside [356]. 

IV-B. Patch pipette 

The whole-cell patch-clamp configuration avoids this 
complication since a tight seal between the pipette tip 
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and the cell membrane is established before gaining 
access to the interior. There is thus no significant 
exchange ~.,,,,,.,.,r,-, . . . . . .  ,h..,,,,. cell inierior and the extracellu- 
lar medium. The pipette solution however, exchanges 
raoidly with the cytoplasm. Tke volume of solution 
loaded in the pipette is typically around 20/zl, whereas 
the volume of spherical cells having a diameter of 6-20 
/xm is as small as 0 .1-4 pi. Any soluble component 
present inside the cell will be infinitely diluted into the 
lumen of the pipette, a phenomenon known as 
'washout'. The inner diameter of a patch pipette tip is 
approx. 1 ttm and is quite sufficien~ to allow exchange 
of the largest proteins and also potentially, the intra- 
cellular organeiles and secretory granules. In practice 
though, this does not occur, since such large structures 
move very slowly due to their very small diffusion 
coefficient and may possibly be restrained by the cyto- 
skeleton. At the same time, substances included in the 
pipette solution enter the cell interior by simple diffu- 
sion. This diffusion into the cell has been characterised 
in some detail for fluorescent compounds covering a 
wide range of molecular weights [294]. 

The size of the orifice linking the lumen of the 
patch pipette to the cell interior can be estimated by 
measuring its electrical resistance. This access resis- 
tance, R A, is usually in the range of 2-20 M.O. The 
diffusion time constant for a given compound has been 
found to increase in proportion to the value of R A. For 
soluble substances which do not exhibit significant 
binding to intracellvlar membranes or to other struc- 
tures, the diffusion rate (i.e., the reciprocal value of the 
time constant) is proportional to the diffusion coeffi- 
cient D. For chromaffin cells L_.:__ llav,,,~; a mean volume ,,, "~ 
approx. 2 pl the diffusion time constant with a 5 MO 
pipette is less than 10 s for Na + or K + and is approx. 
20 s for the Ca2+-sensing dye fura-2 (MW 637). For 
organic substances like fura-2, nucleotides or proteins 
the time constants were found to approximate the 
relationship: 

g = 80" R A / D  (5) 

[294] where r is in seconds, R A in MI2 and D in 10 -7  

cmZ/s. 
If we treat the connection between the bulk pipette 

volume and the cell interior as a cylindrical tube of 
length 1 and cross-sectional area a, then the access 
resistance of this coo nection can be written as 

RA= l / ~ . l / a  (6) 

where tr is the conductivity of the pipette solution 
(approx. 10-15 mS cm-~ for physiological saline). With 
this relationship Eqn. 1 can be rewritten as 

r = V ' c r ' R A / D  (7) 
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The same expression has been derived for more 
complex geometries by Oliva et al. [266]. The theoreti- 
cal prediction of Eqn. 7 yields diffusion time constants 
which are about 3-times longer than the experimentally 
determined values (Eqn. 5). Given the large scatter in 
the experimentally determined exchange time con- 
stants [294], the reduction of the actual free volume 
within the cytoplasm due to the presence of granules 
and other organelles and uncertainties about the cyto- 
plasmic diffusion constants, this is a rather small differ- 
ence. Provided that the cell is approximately spherical 
and does not exhibit particularly complex geometry, 
then, as expected, the equilibration time c::,nstant in- 
creases roughly in proportion to the cell volume. For 
this reason neurons having dendrites and axons are 
much less efficiently equilibrated by simple diffusion. 

For organic compounds, the diffusion constant D is 
roughly proportional to the inverse third root of the 
molecular weight M-  i/3. Eq. 5 can thus be rewritten as 

t" = 0 .6 .R A. M - z/.~ (8) 

where R A is again in MO and M is in Daltons [294]. 
For a typical pipette ( R  A = 5 MO) the diffusion time 
constants are very close to those measured in SL-O 
permeabilised ceils (see above, section I1-A). The rate 
of entry and also the rate of leakage from the cell is 
thus very similar in the SL-O permeabilised and the 
patch pipette system. 

Although the cell interior is efficiently dialysed by 
the patch pipette, the intracellular and extracellular 
compartments remain isolated from each other and so 
they may be independently controlled. In particular, 
the Ca 2+ concentration on the outside can be raain- 
tained in the millimolar range while clamping Ca 2+ at 
submicromolar levels inside the cell. 

IIAC. Measurement of secretion from single cells 

II/-C- I. Degranulation 
When working with single cells, an important prob- 

lem that has to be solved is how to measure secretion. 
For sea urchin eggs [31] or for mast cells which have 
granules of diameter approx. 770 nm [153], this may be 
detee~.ed as the degranulation which is clearly visible 
under the microscope as shown in Fig. 6, - an ap- 
proach which does not allow the measurement of the 
time-course and extent of exocytosis. For most other 
cell types (e.g., chromaffin ceils and neutrophils which 
have much smaller granules (diameter < 300 nm)) no 
clearly observable morphological change associated 
with degranulation is evident under the light micro- 
scope. 

IV-C-2. Voltammetry 
An alternative approach is to detect oxidisable or 

reducible secretory products by voltammetry. For ex- 

Fig. 6. Phase contrast image of  microinjected rat mast cells. Adher-  
ent  cells were injected with 1 mM GTP-~/-S (arrows) or  a similar 
volume of  water (asterisks). The remaining cells were not injected. 

From [356]. 

ample it is possible to monitor the release of catechol- 
amines from small numbers of adrenal chromaffin cells 
using a carbon fibre electrode placed in close proximity 
[104,187]. The method is sufficiently sensitive to allow 
monitoring of the release of serotonin from individual 
rat mast cells [353]. (NB histamine is not amenable to 
voltammetric analysis since it is not readily oxidisable). 

IV-C-3. Fluorescence 
Secretion from cell populations [141] and from sin- 

gle cells [55] can also be followed by measuring the 
release of a fluorescent reporter substance which can 
be loaded into the secreto,-3, ~'r~nu'e~ ar_.d ~_ben re- 
leased alongside the normal secretory products. In 
general, such indicators are weak bases such as 
aminoacridine or quinacrine [101,181] which are able 
to penetrate the plasma membrane and then the gran- 
ule membranes in their non-protonated form and be- 
come trapped at high concentration following protona- 
tion in the acid environment pertaining within the 
secretory granules (in mast cells, the intragranular pH 
is about 1 unit below that of the cytosol [181,205]). 
Following exocytosis the fluorescence of the dye both 
within and around the cell changes due to the dilution 
and the change to neutrality. 

IV-C-4. Measurement of membrane capacitance 
As the granule fuses with the plasma membrane, the 

area of the plasma membrane is enlarged by the accre- 
tion of the granule membrane. Since biological mem- 
branes have a remarkably constant specific electrical 
capacitance of approx. 1 /~F/cm 2 [90] the increase in 
membrane area is associated with a proportional in- 
crease in membrane capacitance. A capacitance change 
of sea urchin egg membranes at fertilization was first 
measured by Cole in 1935 [89] using extracellular elec- 
trodes in a suspension of eggs but it was more than 20 
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Fig. 7. Schematic representation of the whole-cell patch-clamp con- 
figuration and minimal equivalent circuit. The circuit consists of the 
access resistance R A, the membrane capacitance C M and the mem- 

brane conductance G M. 

years before it was realised that this might be a mani- 
festation of the increase of membrane area associated 
with cortical granule fusion [1,305] which had by then 
been observed in electron micrographs. 

Fig. 7 shows a schematic representation of the 
whole-cell patch-clamp configuration together with the 
minimal equivalent circuit which consists of the access 
resistance R A, the membrane capacitance C M and the 
membrane conductance G M. The high sensitivity of 
recently developed techniques for measurement of ca- 
pacitance in this configuration now allows the detec- 
tion of the fusion of a single granule having a diameter 
as small as 200 nm. The variety of capacitance measur- 
ing methods which have been used to follow exocytosis 
are reviewed in detail elsewhere [211]. Time-resolved 
admittance measurements under voltage-clamp , , , n ;  
tions allow the simultaneous recording of membrane 
capacitance arid conductance i. In excitable cells it is 
thus possible to relate exocytosis directly to the open- 
ing of voltage dependent calcium channels in response 
to depolarisation [114,253]. The simultaneous capaci- 
tance and conductance measurements provide a pow- 
erful tool for the direct investigation of the role of ion 
channels in the activation of exocytosis. It also allows 
for an analysis of the temporal aspects of fusion pore 
formation. With the development of the patch-clamp 
technique such experiments can now be performed on 
virtually all cell types and even on single isolated 
vertebrate nerve endings [114,217]. 

The admittance (Y) can be considered as the complex conductance 
of a passive electrical circuit which relates the current (I) and 
voltage (V) according to 

I=Y×V. 

so Y is formally similar to a conductance. Note, however, that the 
admittance is a complex function of R A, C m and G~ and it 
converts the sine wave voltage into a sine wave currrent with a 
certain amplitude and phase shift. 
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In the patch-clamp who!e-cell configuration, second 
messengers, activators and inhibitors of exocytosis can 
be introduced into the cytosol and th~ capacitance 
measurement provides an on-line record of exocytotic 
activity. This approach has recently provided a power- 
ful technique for the study of second messenger sys- 
tems regulating the activation of ion channels and 
exocytotic granule fusion [250]. 

IV-C-5. Slow-whole-cell configuration of the patch-clamp 
technique 

The intracellular dialysis of a mast cell with a patch 
pipette leads to a rapid loss of responsiveness to recep- 
tor-directed stimuli like compound 48/80 [111] or 
IgE/antigen [212,213]. In the case of stimulation by 
compound 48/80 (a polycationic condensation product 
of N-methyl-p-methoxy phenylethylamine with formal- 
dehyde [33,200]), the period of responsiveness can be 
extended up to about 2 min when the pipette saline 
contains GTP [286]. However, even under these condi- 
tions the amplitude of the exocytotic response de- 
creases progressively during the time of dialysis and 
this makes quantitative experiments very difficult. Fur- 
thermore, under these conditions the time-course of 
48/80 induced degranulat~on is much slower than in 
undisturbed cells as can be seen by following the 
morphological changes under the light microscope. The 
cytoplasmic composition of the cell can, however, be 
retained for long periods of time if instead of rupturing 
the patch of membrane between the cells and the 
pipette, it is merely permeabilised. 

This approach was originally devised in order to 
investigate the possible involvement of ion channels in 
the response of rat peritoneal mast cells to IgE/anti- 
gen and in these experiments the patch was perme- 
abilised by a solution containing ATP (see section 
Ill-C) and very low free calcium [213]. The permeabili- 
sation by ATP 4- generated a patch permeability hav- 
ing an access resistance of 100 - 2000 Mg] (compared 
with 2-20 M~[2 when the patch is disrupted: see section 
IV-B). Besides retaining all molecules inside the cell 
which are larger than the pore size, the approx. 100-fold 
higher access resistance (R A) makes the loss of small 
molecules also about 100-fold slower than in the con- 
ventional whole-cell configuration (see Eqns. 5-8). For 
this reason the permeabilised-patch recording is called 
the slow-whole-cell configuration [213]. Other pore 
forming agents such as a-toxin and nystatin have been 
used for cells which cannot be permeabihsed with 
ATP 4- [165,214]. 

With this method the time-course of degranulation 
in response to receptor directed stimuli can be recorded 
in (nearly) undisturbed cells. For mast cells it was 
found that  the degranulation in response to lgE/anti-  
gen occurs on the time scale of minutes, whereas the 
capacitance change associated with exocytosis in re- 
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sponse to compound 48/80 occurs within seconds 
[110,213,215], as occurs with cells normally stimulated 
in suspension [141]. The slow-whole-cell configuration 
thus enables us to compare the response of an intact 
cell to receptor directed ligands with the direct intra- 
cellular activation of exocytosis which is achieved using 
the conventional fast-whole-cell recording set-up. 

V. Regulating cytosol composition 

V-A. Electrolyte composition 

Having selected the method of cell permeabilisation, 
there remain a number of other important considera- 
tions. Most importantly these relate to the composition 
of the suspending medium which will equilibrate rapidly 
with the cytosol of the permeabilised cells. 

The reason why the CI- ion has customarily been 
eschewed in permeabilised cells derives from the initial 
work on bovine adrenal medullary (chromaffin) cells 
[28,190] in which it was shown that in comparison with 
glutamate, CI- inhibits Ca2+-induced catecholamine 
release. Physiological justification for this lies in the 
fact that for most cell types the CI- anion is a rela- 
tively minor component of the cytosol. This may not be 
the case for myeloid cells [172] and for these cells 
investigators have commonly used simple electrolytes 
based on the C1- ion (e.g., our work on mast cells and 
neutrophils [37,38,168] and that of others on neu- 
trophils [330,331] and HL60 cells [343]). However, if 
variation in the composition of the electrolyte alters 
the characteristics of the regulatory process (as indeed 
it does in mast cells: see section VI-C) then this should 
be regarded as another opportunity to gain some in- 
sights into the mechanism. 

V-A-1. Patch pipette 
With the use of a patch-pipette the composition of 

the extracellular and intracellular medium can be set 
independently of each other. A well defined physio- 
logical saline is generally u~ed as the extracellular 
medium (although this solution may be modified for 
certain experiments). In most experiments on exocyto- 
sis the pipette (intracelluiar) solutions have been based 
on potassium glutamate. In mast cells, problems arising 
from the presence of KCI in the pipette solution were 
first described by Almers and Neher [10]. They ob- 
served marked morphological changes within a few 
minutes. The cells took on a grainy appearance and 
became very sensitive to hydrostatic pressure. Suction 
collapsed the cell into a tight ball while slight pressure 
led to swelling and bleb extrusion. Both phenomena 
were associated with significant capacitance changes. 
When glutamate was used as the main intracellular 
anion the integrity of the cells was retained for at least 
15 rain [10]. It was concluded that high concentrations 
of intracellular Cl- lead to a rapid disintegration of 
the cytoskeleton. Furthermore, degranulation in re- 
sponse to GTP-y-S was less reproducible with KCI in 
the pipette. The differences of GTP-y-S induced exo- 
cytosis in cells dialysed with glutamate and CI- based 
solutions will be discussed below in some more detail 
with respect to the kinetics of degranulation (see sec- 
tion VI-C-2). 

V-A-2. Permeabilised cells 
Most investigations of the exocytotic mechanism in 

permeabilised cell suspensions have involved proce- 
dures using glutamate as the main electrolyte anion. 
The substitution of Na + for K + generally has little 
effect [80,190]. There are a number of reports (particu- 
larly relating to pituitary cells) in which acetate [381] 
propionate [303] and gluconate [228] have been used. 

V-B. Regulation of  Ca 2 + 

An important consideration for permeabilised cells 
concerns the regulation of Ca 2+. Under most normal 
laboratory conditions, the concentration of free Ca 2+ 
in a simple salt solution containing protein (e.g., albu- 
min at 1 mg ml -~) and other supplements will be in 
excess of 10 #M [68]. This is 100-times the concentra- 
tion of the free ion in the cytosol of resting cells. In 
order to control Ca 2+ in the physiological micromolvr 
and nanomolar range of concentrations it is necessary 
to use buffer systems. These are generally based on the 
use of EGTA and methods for the preparation of such 
buffers are widely available [355]. 

In whole-cell patch-clamp experiments the intra- 
cellular Ca 2+ is normally kept low by including an 
EGTA buffer in the pipette solution. Electrically ex- 
citable cells are usually voltage clamped at around 
-70  mV and under these conditions the voltage de- 
pendent calcium channels are closed. Upon depolarisa- 
tion to a value above - 10 mV these channels open so 
that Ca 2+ flows rapidly into the cell and may over- 
whelm the capacity of the intracellular EGTA to main- 
tain a low concentration of Ca 2+. This has been found 
to lead, transiently, to a high concentration which is 
sufficient to induce exocytotic activity in chromaffin 
cells [253], endocrine pituitary ceils [359,360] and in 
nerve terminals from the rat posterior oituitary 
[114,217]. 

In non-excitable cells, the release of calcium from 
intraceUular stores is generally understood to be an 
important event in stimulus-exocytosis coupling. Al- 
though under patch-clamp, the intracellular calcium is 
assumed to be buffered, when the EGTA concentra- 
tion is kept low (e.g., 100/~M) the calcium concentra- 
tion has been found to be under the control of the cell 
and not the pipette solution [251,254]. 



By including the calcium indicator fura-2 in the 
pipette filling solution, it is possible to investigate 
changes in cellular calcium in response to stimulation. 
Such measurements are not possible and indeed are 
irrelevant when applying other techniques of cell per- 
meabilisation since the intracellular and extracellular 
solutions are necessarily at equilibrium with each other. 

V-C. Regulation of nucleotide composition 

Much of our own work hes concerned the role of 
nucleotides in the regulation of exocytosis from strep- 
tolysin-O permeabilised cells [134]. In order to be able 
to impose precise concentrations and to ensure an 
effective zero baseline condition we routinely expose 
cells, prior to permeabilisation, to metabolic inhibitors 
(a combination of deoxyglucose and antimycin-A to 
suppress glycolysis and electron transport) [167,178]. 
After 5 rain treatment with inhibitors at 37 °C the 
concentration of intra-cellular ATP m intact mast cells 
declines to a few percent of its initial level [178] and 
the system becomes refractory to stimulation by recep- 
tor directed agonists and Ca2+-ionophores. However, 
they remain fully responsive, following permeabilisa- 
tion, to intracellularly applied activating effectors such 
as the combination Ca2+-p/us-GTP-7-S [167] (see be- 
low: section VI-A). 

As described above, mast cells dialysed with a patch 
pipette become insensitive to receptor-directed stimu- 
lation within about 2 min even in the presence of 
intracellular GTP (see section IV-C-5). This suggests 
that other components, essential for stimulus-exocyto- 
sis coupling, may be lost by dilution into the effectively 
infinite volume of the pipette. On the other hand, mast 
cells as well as neutrophils and eosinophils degranulate 
spontaneously when the non-hydrolysable GTP ana- 
logue GTP-7-S is included in the intracellular solution 
[ 111,259,261]. 

V-D. Modulatory role of cytosol proteins 

V-D-I. Pe.,meabili~ed cells 

Leakage of cytosol proteins 
According to the criterion of the Ca-' ÷ dependence 

of exocytosis (maximal at pCa 6), the responsiveness of 
mast cells permeabilised by SL-O (in the presence of 
GTP-7-S and ATP in a simple NaCl based e!ectro!~e 
system) closely resembles the situation of IgE stimula- 
tion illustrated in Fig. 3. Much higher concentrations 
of both Ca 2+ (Fig. 8a) and GTP-7-S (Fig. 8b) are 
needed when the cells are permeabilised by ATP 4-, 
which generates considerably smaller lesions (see sec- 
tion III-C) [198]. When the stimulus (Ca2+-plus-GTP-7 - 
S) is applied after a protracted period of permeabilisa- 
tion by ATP 4-, (at a 10-fold higher concentration, 
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Fig. 8. Dependence on Ca 2 + and GTP-7-S for exocytosis from mast 
cells permeabilised with SL-O and ATP 4-. (a&b) Mast cells were 
permeabilised by ATP 4- (30/zM, open symbols) or by the combina- 
tion SL-O-plus-ATP 4- and stimula~.ed with (a) 15/zM GTP-7-S and 
a range of pCa and (b) a range of GTP-y-S at fixed pCa 5. From 

[198]. 

allowing leakage of actin), the sensitivity increases pro- 
gressively (Fig. 9). After about 2 h of treatment with 
ATP 4-, a high affinity situation comparable with SL-O 
permeabilisation is achieved. We conclude that the 
cytosol contains an endogenous inhibitor, which leaks 
promptly following permeabilisation by SL-O, allowing 
the cells to respond to low concentrations of effectors, 
but only very slowly from cells permeabilised by ATP 4-. 
This inhibitory factor must be a component o¢ the 
cytosol of intact cells and this probably explains why 
such high concentrations of Ca 2+ must be achieved in 
order for exocytosis to occur in response to a C a  2 +-only 
stimulus (Fig. 3). For stimulation in response to recep- 
tor activation, which enables exocytosis to occur at low 
concentrations of C a  2+, a further signal (i.e., in addi- 
tion to those provided by IP 3 and diglyceride) is re- 
quired [39]. This relieves the suppression of effector 
sensitivity so that exocytosis can proceed in response to 
C a  2+ at concentrations less than 10-6M. 

1, 

oL~ ~ 6 5 
pCQ 

Fig. 9. Effect of the permeabilisation interval on the calcium depen- 
dence of secretion following permeabilisation by ATP 4-. Mast cells 
were treated with ATP 4- (50/zM) under non-stimulating conditions 
for proionged periods, sufficient to allow the efflux of soluble protein 
(measured as actin). They were then stimulated by addition of 
GTP-7-S (15 pM) and a range of Ca 2+ (as indicated) and incubated 

for a further 25 rain. From [198]. 
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in contrast to the enhancement due to prolonged 
permeabilisation with ATP 4-, cells permeabilised with 
SL-O become refractory to stimulation within minutes, 
though the period during which they remain responsive 
can be extended if their phosphorylation state is main- 
tained by provision of ATP [169,198] (see section VII- 
C). A similar time related loss of reactivity of digitonin 
permeabilised adrenal chromaffin cells has been re- 
ported [310]. 

Introduction o f  exogenous proteins 
Permeabilisation by SL-O or the plant glycosides 

provides the opportunity to introduce antibodies 
[287,314], toxins [2,5,35,339,340] and other foreign pep- 
tides and proteins into the cytosol and in this way to 
modulate the exocytotic process. Most such experi- 
ments have so far been confined to adrenal chromaffin 
cells. In an attempt to define the CaZ+-binding protein 
which regulates exocytosis, it was shown that calpactin 
(annexin 2, p36) could restore secretory competence to 
cells rendered refractory by exhaustive permeabilisa- 
tion [7]. 

A requirement for the presence of inositol lipids in 
exocytosis from chromaffin cells is indicated by the 
observation that the ATP-dependent component of 
exocytosis is inhibited by introduction of a phospho- 
lipase C derived from Bacillus thuringensis [106]. Al- 
though this enzyme is specific for PI there is a conse- 
quent loss of the higher polyphosphoinositides proba- 
bly due to a failure to maintain their synthesis. Some 
reversal of the inhibition could be obtained by provi- 
sion of ATP which acts to maintain the level of the 
higher inositol lipids indicating that these, rather than 
the parent PI might be involved, possibly as an anchor 
for actin or one of the actin binding proteins [176,384], 
or possibly calpactin [129]. 

VI. Dual effectors for exocytosis 

VIA. Ca 2+ and a guanine nucleotide, 
necessary and sufficient 

together, are 

VI-A.1. SL-O permeabilised cells 
Fig. 10 illustrates the dependence on Ca 2+ and 

GTP-y-S for exoeytosis from mast cells permeabilised 
by SL-O in buffered NaCI [142]. Routinely, before 
permeabilisation, the cells were pretreated with 
metabolic inhibitors for 5 rain. At this point they are 
resistant to stimulation by receptor-directed agonists 
such as compound 48/80, or Ca2+-ionophores. 

A number of important points can be made: 
1. Exoeytosis requires the presence of both Ca 2+ 

and a guanine nucleotide (the 'essential effectors') 
[167,201]. Together, these suffice to induce almost total 
release of secretory products (measured as histamine 
or hexosaminidase). Any ligand which can bind and 

activate GTP-binding proteins (e.g., GTP, ITP. XTP, 
GTP-y-S, GTP-a-S (both RP- and SP-isomers), 
GppNHp, GppCHzp and the tetrafluoroaluminate an- 
ion) can elicit secretion [79,167,335]). 

2. Neither ATP [167,201] nor Mg 2÷ [208] are re- 
quired for exocytosis from the permeabilised cells and 
therefore a reaction involving phosphorylation is not 
an essential or integral step in the late stages of the 
exocytotic pathway. 

3. When ATP is provided then the sensitivity for 
both of the essential effectors is considerably enhanced 
[167,201]. The sensitivity for Ca 2+ increases approx. 
3-fold and approaches a high affinity situation similar 
to that achieved following stimulation of RBL cells by 
IgE-directed crosslinking ligands (in Fig. 3) [167]; in 
some experiments the sensitivity for the guanine nu- 
cleotide increases by more than 50-fold. ATP must be 
regarded as a modulator, not an effector of exocytosis. 
The enhancement due to ATP and other phosphorylat- 
ing nucleotides is probably mediated by protein kinase 
C [87,169,201]. 

4. Exocytosis can be triggered by guanine nu- 
cleotides (together with Ca 2+) under conditions in 
which the phospholipase-C reaction is inhibited by 
neomycin (Fig. 11) [17,87]. The guanine nucleotide thus 
activates exocytosis at a late stage subsequent in the 
pathway through interaction with a GTP-binding pro- 
tein which we have called G E [136], This is distinct 
from G e, the activator of phospholipase-C [85]. 

5. There have been many proposals for an involve- 
ment of phospholipase A 2 activation in the exocytotic 
pathway of mast cells [288,315] and other cells (neu- 
trophils [372]; eosinophils [323]; platelets [329]; mono- 
cytes; adrenal chromaffin cells [121]; pancreatic fl-cells 
[363]). The phospholipase A 2 reaction causes the hy- 
dro!ysis of phospholipids releasing unsaturated fatty 
acids which can, in principle be metabolised by the 
lipoxygenase and cyclooxygenase pathways, generating 
leukotrienes and prostaglandins. The parent unsatu- 
rated fatty acids and several of their products can have 
potent paracrine effects, both as stimulators and in- 
hibitors of cell function. In the case of intact mast cells 
[76] and eosinophils [154] it has been shown that appli- 
cation of exogenous phospholipase A 2 can stimulate 
secretion. Mainly, these proposals have been based on 
pharmacological experiments using so-called PLA z in- 
hibitors including mepacrine (actually an alias of 
quinacrine, commonly used as a fluorescent indicator 
of exocytosis: see section IV-C-3) or bromphenacyl 
bromide. Certainly, in permeabilised cells, the com- 
bined stimulus for exocytosis, Ca2+.plus-guanine nu- 
clec~Le, should also activate phospholipase A~ 
[23,67,50]. H~,vever, in pcrmeabilised platelets [92] and 
rabbit neutrophils [37] GTP-y-S-induced secretion still 
proceeds at pCa 9 and under these conditions there is 
unlikely to be any activation of FLA ~. hi permeabilised 
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Fig. 10. Dependence on Ca "-+ and GTP-T-S for exoeytosis from mast cells permeabilised by SL-O in buffered NaCI. Mast cells suspended in a 
simple NaCl/Pipes buffer containing 2 mM Mg 2÷ (pH 6.8) were treated with metabohc inhibitors and then pcrmeabilised with SL-O and 
stimulated to secrete by the presence of a range of Ca "-+ and GTP-T-S in the presence (a) or absence (b) of Mg,ATP (1 mM). _After 10 min 
incubation the reactions were quenched in ice-cold saline, the cells were sedimented and secretory response measured as released hex- 

osaminidase in the supernatant. From [ 142]. 

mast "~"~ ,h~ . . ^  f,_ ~.~:..-_ ,.~,,~ , . , .  L,,., . . , - v ,o , , .m  mediated functions have 
proved hard to separate, but considerably higher con- 
centrations of both effectors are needed to activate 
PLA 2 [79]. Exocytosis can proceed without discernible 
release of arachidonate in permeabilised chromaffin 
cells [240,241] and in intact RBL-2H3 cells after treat- 
ment with dexamethasone [91]. 

6. The soluble proteins of the cytosol leak rapidly 
following permeabilisation by SL-O [ 139,168] and these 
therefore play no essential role in the mechanism of 
exocytosis (obviously, in the experiment illustrated (Fig. 
10), the leakage of proteins is occurring concurrently 

most mils 
® str~t-O: antm~n etc 

~ S  +GTP-S: ~o=5-25 
I -  

~ 50== 

0 

• - - - 0  ~ I * ' ' " '  0 
I -5'5 -5 -~ -3 

ne~)xin (k~) 

Fig. It .  GTP-y-S-induced secretion can occur under conditions in 
whkn phospholipase C is inhibited by neomycin. Mast cei! inositol 
lipids were labelled by overnight inev 9atign with [3H]inositol. FoP 
lowing permeabilisation with SL-O th~".y were stimulated with Ca 2+ 
(pCa 5) and GTP-7-S (10 #M)  and samples taken for measurement 
of secretion (as released histamine) and inositide hydrolysis (as 
released inositol phosphates). The figure illustrates the selective 
inhibition of inositide hydrolysis as the concentration of neomycin is 

raised above 10- 4 M. 

with cxocytosis; this conclusion is well supported by 
other experiments already discussed: see above, section 
V-D and below, section VII-B). 

AJthough most other secretory cells do not readily 
lend themselves to such detailed examination as the 
mast cells, it is evident that there is a considerable 
diversity in the control pathways operating in the dif- 
ferent systems. However, the control pathway of other 
myeloid cells appears to resemble that of the mast cells 
rather closely. Thus, the combination stimulus, Ca 2÷- 
phts -guanine  nucleotide, can induce secretion from 
permeabilised neutrophils [82], eosinophils [93,261] and 
HL60 cells [343]. For all of  these, exocytosis can pro- 
ceed in the absence of ATP, which when provided, has 
the effect of enhancing the sensitivity for the two 
obligatory effectors. This stands in obvious contrast to 
many of the other well known secretory systems, as 
briefly outlined in section I and reviewed elsewhere 
[132,133]. The secretory cells have to serve many func- 
tions and to be able to respond to an array of very 
different external signals: there is a wide repertoire of 
intracellular control processes to match this (see Table 
ID. 

VI-A-2. Microinjected cells 
Thc dependence of exocytosis on the concentration 

of microinjected GTP-y-S, assessed by counting the 
proportion of degranulated cells, is remarkably similar 
to that which induces secretion from SL-O perme- 
abilised ceils (Fig. 12) [356]. Furthermore, as with the 
permeabilised cells, the degranulation response dis- 
plays a requirement for Ca :+, though here it must be 
present in the extracellular medium at millimolar con- 
centrations at the time of the injection. In our hands 
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(and in agreement with others: [351]), injection of Ca 2+ 
alone was without effect though there is one report of 
a positive outcome, following iontophoresis of Ca 2+ 
[1831. Significantly, the cells r.~main responsive to mi- 
croinjection of GTP-~,-S even when extensively de- 
pleted of ATP (to about 1% of normal levels) following 
prolonged incubation with metabolic inhibitors, to the 
point of becoming absolutely insensitive to stimulation 
by polybasic agonists (compound 48/80). As with SL-O 
permeabilised cells, after metabolic depletion, the re- 
quirement for the guanine nucleotide merely shifts to 
about 10-fold higher concentration though this could 
be misleading because of the uncontrolled and tran- 
sient entry of Ca 2+ at the site of impalement. 

VI-A-3. Patch pipette 
The dependence on GTP-~,-S concentration in 

who;e-cell |,arch-clamp experiments has been investi- 
gated [110]. In the range 20-500/~M the increase of 
membrane area is independent of concentration and is 
about 4-fold (i.e., degranulation is complete). However, 
the time-coarse is markedly dependent on the GTP-y-S 
concentration as described below (see section VI-D-1). 
If the cells are loaded with 20-40/~M GTP-~,-S, thel~ a 
reduction of intracellular calcium to less than 60 nM 
still allows about half of the cells to degranulate. 
Under these conditions, in those cells that do initiate 
secretion, exocytosis goes all the way despite the low 
Ca 2+ concentration. However, the onset delay and 

TABLE !! 

Secretory cells that have been investigated by the technique of membrane permeabilisation 

Technique Effectors Main anion Reference 

Mast cells ATP 4- Ca 2 + CI - [42] 
sendal virus Ca 2 ~ CI-  [135] 
digitonin Ca 2+, GN, AIF 4 Ci-  [334,201,335] 
SL-O Ca2+-plus-GN C1 - [167,168] 
SL-O Ca 2+ or GN glut [80] 
patch pipette Ca 2+, GN glut [110,111] 

Adrenal chromaffin 
cells 

PC12 cells 
Nerve endings 

Platelets 
Neutrophils 

HL60 cells 
Eosinophils 

Cytotoxic T cells 
Islet/3-cells 

RINSmF cells 
HIT cells 
Pancreatic acinar cells 

Parotid cells 
Parathyroid cells 
Pituitau: 

I.trophs 
m.trophs 
g.trophs 
GH s 
ATt20 
7315c 

plant glycosides Ca 2+, GN glut [48] 
staph a-toxin glut [3,25] 
digitonin Ca 2+, GN, proteins glut [106,310] 
SL-O Ca 2+ glut [332] 
HVD Ca ~ +, GN glut [ 190,192] 
patch pipette Ca z + glut [253] 
plant glycosides Ca 2 + glut [314] 
digitonin Ca 2 + glut [70] 
patch pipette Ca 2 + glut [ 114,217] 
HVD Ca 2 +, GN glut [22,92] 
plant glycosides Ca z +, GN CI - [330,331 ] 
sendal virus Ca Z +, GN CI-  [37,38] 
patch pipette Ca 2+, GN glut [259] 
SL-O Ca 2+, GN CI-  [343] 
patch pipette Ca 2+, GN glut [261] 
SL-O Ca 2+, GN Cl-  [93] 
staph a-toxin Ca 2+, GN glut [317] 
HVD Ca 2+ glut [275,383] 
patch pipette Ca 2+, GN glut [285a] 
HVD Ca z +, GN glut [366] 
HVD Ca 2+ glut [364] 
HVD Ca 2+ glut [193] 
SL-O Ca z+, GN CI [107] 
$L-O Ca 2+, GN glut [177,189] 
patch pipette Ca 2+, GN glut [226] 
saponin cyclic AMP CI-  [350] 
HVD Ca 2 +, GN glut [263,262] 

patch pipette Ca 2 + gluconate [228] 
HVD cyclicAMP, GN acetate [381] 
staph a-toxin Ca2+; PMA CI-  [226] 
HVD Ca 2 +, PMA g:ut & prop [303] 
digitonin Ca 2+, GN glut [221] 
HVD Ca 2+, cyclicAMP acetate [!44] 
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subsequent rate of exocytosis are dependent on the 
Ca 2÷ concentration [215,251]. 

VI-B. The meaning of effector concentration-response 
relationships 

Central to all discussion concerning the dependence 
of secretion on the concentration of effectors must be 
the question of whether the measured extent of release 
represents a completed process, or whether it is rate 
and time related. All the measurements cited in the 
above paragraphs represent completed processes, the 
extent of secretion depending on the concentration 
(more strictly, activity) of the effector substances. We 
need to understand why and how the integrated cellu- 
lar process of secretion differs from a conventional 
enzyme-catalysed reaction in which the rate, but not 
the final extent of reaction is related to the concentra- 
tions of substrates and other modulatory effectors. 
Basic to this difference is the fact that secretion com- 
prises a sequence of  unit events (for further detail, see 
below: section VIII-A) in which the individual secre- 
tory granules react in an all-or-none manner, indepen- 
dently of each other, with the plasma membrane. A 
partial extent of secretion thus indicates that only a 
fraction of the secretory granules (about 1000 in each 
mast cell: a few thousand cells in a test tube) has 
undergone exocytosis. This is made explicit in the 
experiment illustrated in Fig. 13 in which the progress 
of secretion in response to GTP-y-S and a range of 
Ca 2+ concentrations, was measured. The progress 
curves indicate that for all concentrations of Ca 2+, the 
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Fig. !2. Concentration dependence for degranulation of mast cells 
following injection of GTP-7-S, Effect of CaZ+-deprivation and 
metabolic inhibition. The abcissa indicates the concentration of 
GTP-7-S in the injection n~edle, this is diluted about 100-times on 
entry into the cytosol. 60 cells were injected for each measurement 
and the fraction of degranulated cells was counted. The data repre- 
sent mean and S.E.M. of three experiments. 'No Ca 2+' indicates 
substitution of 1.8 mM CaCl 2 by 1 mM EGTA. 'Inhibited cells' 
indicates pretreatment (for more than 45 rain) with antimycin A (10 
/.LM) and 2.deoxyglucose (5 raM), these cells were refractory to 
stimulation by compound 48/80 at the time of injection. From [356]. 
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Fig. 13. Progress of secretion in response to GTP-y-S and a range of 
Ca 2+ concentrations. Mast cells were permeabJlised by SL-0 in the 
presence of GTP-y-S (!0 #M), I~Ag.ATP (1 raM) and a range of Ca 2÷ 
buffers (1 mM EGTA) to fix pCa as indicated Samples were with- 
drawn and quenched at the times indicated. After allowing time for 
the secretion to terminate (about 3 rain), a high concentration of 
Ca 2+ buffer, pCa 5 (5 raM EGTA) was added and further timed 
samples were removed• Secretion was measured as released hex- 

osaminidase. 

secretory reaction terminates within approx. 3 min. In 
this experiment a 50% reaction was achieved at about 
pCa 6.17 (0.676/~M) indicating that about 50% of the 
total granules contained in the cell svspension had 
fused and released their contents. A full stimulus (pCa 
5) applied at a later time, reinitiated secretion from the 
partially reacted cells. Similar results have been ob- 
tained by reacting cells with a range of GTP-y-S (at 
pCa 5) and then restimulating with a high concentra- 
tion of GTP-y-S (unpublished observations). An 
analagous result demonstrating that Ca 2+ primarily 
regulates the extent, but not the rate of exocytosis, has 
also been obtained from measurements of cate- 
cholamine secretion using HVD permeabilised adrenal 
chromaffin cells [190]. 

Partial secretion due to a sub-optimal stimulus could 
reflect variable sensitivity of individual cells reacting in 
an all or none fashion, or it could be due to a partial 
response across the cell population. Voltammetric (sec- 
tion IV-C-2) [353] and capacitance (slow~.whole-cell 
mode: see section IV-C-5) measurements following 
stimulation with a sub-optimal concentration of com- 
pound 48/80 indicate a reduced extent of release in 
single cells. These observations, together with visual 
examination of a mast cell popula:'on under the light 
microscope indicate a wide spread of sensitivity to the 
partial stimulus so that some are totally degranulated, 
others have the smooth appearance of resting cells and 
most are partially degranu!ated. Furthermore, upon 
subsequent application of a higher concentration of 
48/80,  the individual cells undergo further degranula- 
tion (Ref. 353 and Lindau~ unpublished observations). 

These experiments can therefore be interpreted in 
terms of the responses of individual exocytotic units. 
Such a unit could be either an individual granule or an 
individual cell. The data relate the effector concentra- 
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tions to unit responses which are conventionally dis- 
cussed in terms of binding affinity (in the present case, 
of Ca 2+ or a guanine nucleotide). There is a spectrum 
of effector sensitivity such that a partial reaction indi- 
cates that the threshold concentration for release has 
been exceeded for some, but not all of the exocytotic 
units contained in the cell population, be these the 
granules or the cells. By elevating the effector concen- 
tration further, more units can then undergo release. 

VI.C. Exocytosis in zwitterionic electrolyte solutions 

VI-C-1. SL-O permeabilised cells 
A different view of the exocytotic pathway can be 

perceived if, instead of permeabilising the cells in NaCi 
(or other simple salts) a zwitterionic electrolyte is used 
(e.g., glutamate, aspartate [80] or glycine (our unpub- 
lished results)). As previously (section I), when no ATP 
is supplied, exocytosis requires both Ca 2+ and guanine 
nucleotide. In the presence of ATP however, a sub- 
stantial degree of secretion (60%) by Ca 24 alone and a 
modest (around 30%) amount of secretion can be 
induced by GTP-y-S at very low calcium (pCa 8.5). 
Such single-effector induced secretion is possibly medi- 
ated through a phosphorylation pathway involving pro- 
tein kinase C [169] since it is sensitive to inhibition 
by the diglyceride analogue stearyl-methyl-glycerol 
(AMG.C 16)[202,367] and a PK-C pseudosubstrate pep- 
tide [6,166] (which can gain entry to the permeabilised 
cells). It is unlikely that the guanine nucleotide (ie. 
Ca2+-independent) regulated pathway contributes sig- 
nificantly to the normal response of intact cells since 
this is strongly inhibited at the levels of CI- which are 
normally present in mast cells [80]. By contrast, the 
extent of Ca2+-indueed (guanine nucleotide indepen- 
dent) secretion merely requires the presence of the 
zwitterion, the extent increasing progressively as the 
fractional concentration of CI- is reduced and so it is 
possible that this pathway could operate in the physio- 
logical situation. Against this however, a rather high 
concentration of Ca 2 ÷ (in the range pCa 6 to pCa 5) is 
required (cf. Fig. 3). 

A number of specific effects of anions on G-protein 
functions have been described [159]. Thus, both CI- 
and Br- increase the affinity of Goa for GTP-T-S and 
GTP, while SO42- decreases affinity and F-,  I -  and 
NO 3- have little effect. The enhancing effect of CI- is 
expressed at concentrations in the range 3-20 mM 
(i.e., probably below the normal range of intracellular 
CI- concentrations in myeloid cells [172]) and a spe- 
cific binding site on the G-protein has been inferred. 
These phenomena are not confined to G O and may 
well explain the enhancing effect of chloride and azide 
on the stimulation of adenylyl eyclase by hormones, 
fluoride and GTP-analogues [180,346]. How this relates 
to our observations is far from clear, especially since 

Cl- inhibits GTP-y-S-induced (Ca2+-independent) se- 
cretion, but bearing in mind the strong sequence ho- 
mologies that exist between all G-protein a-subunits 
and also the monomeric GTP-binding proteins, a direct 
anion effect at the level of G E remains a possibility. 

Regardless of whether or not these pathways oper- 
ate to regulate secretion under conditions of physit~- 
logical stimulation, these experiments have revealed 
that two quite separate mechanisms, the one invo!ving 
protein phosphorylation, the other which is phospho- 
rylation independent (and may even be enabled by a 
dephosphorylation reaction: see below, section VII) 
coexist in the mast cell. Some support for the idea of 
two regulatory pathways comes from the finding that 
whereas secretion stimulated by crosslinking of IgE-re- 
ceptors occurs independently ,of a late acting G-protein 
(G E) [173,307], the receptors for ligands such as com- 
pound 48/80 and the wasp venom peptide mastoparan 
appear to act late in the extJcytotic pathway, directly 
with GE [18]. Only the latter pathway of activation is 
subject to inhibition by pretreating the cells with per- 
tussis toxin. This is discussed in greater detail below 
(section VII-F-2). 

VI-C-2. Patch pipette 
Almost universally, glutamate has been used as the 

main intracellular anion in patch-clamp experiments, 
with Cl- not more than 25 mM. When the intracellular 
medium is also supplemented with EGTA (to suppress 
the level of Ca 2+) and ATP, GTP-y-S alone can induce 
degranulation in mast cells [215,251] and neutrophils 
[259]. Although in most experiments the extracellular 
solution has generally been supplemented with extra- 
cellular Ca 2+ (2 mM) it has been found (using the 
intracellular Ca2+-indicator, fura-2), that degranulation 
can occur at intracellular pCa 8 (or even below this) 
[254,260]. It should be noticed, however, that in these 
experiments only the spatially averaged Ca 2+ concen- 
tration in the individual cells has been recorded and so 
a somewhat higher level of Ca 2+ directly under the 
plasma membrane (i.e., the site of fusion) might have 
escaped detection. Patch-clamp experime~i~s with 
GTP-y-S have also been carried out using EGTA out- 
side as well as inside the cell and even then many cells 
were still able to degranulate. It thus appears that 
there is no requirement for an elevation of intraedlular 
calcium above the resting level under whole-cell condi- 
tions. 

When Ca 2+ is allowed to fluctuate (i.e., it is only 
weakly buffered) and is measured by introducing fura-2 
into the cell, then large and rapid Ca 2+ transients 
occur in response to external stimulation with antigem 
and compound 48/80 or introduction of GTP-y-S 
[9,250]. Although the Ca 2+ transients are clearly not 
necessary [251,252], there is a striking coincidence of 
the calcium transient and the onset of exocytosis. This 
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will be discussed in more detail below (see VI-D-1). In 
the absence of GTP-y-S, Ca 2+ must be elevated to 
several micromolar for sustained periods of time to 
induce mast cell degranulation [285], conditions which 
are never attained in intact cells stimulated under 
physiological conditions. 

As mentioned above (see section V-A-I), replace- 
ment of glutamate by chloride was found to induce 
rapid disintegration of the cellular structure and to be 
inhibitory to degranulation [10]. This is particularly 
evident when the cells are stimulated with 20 ~M 
GTP-y-S alone (i.e., maintaining intracellular calcium 
at about 50 nM). Under these circumstances, degranu- 
lation is marked'y delayed, taking 8-20 min before it 
commences. However, after this, the degranulation is 
very rapid (Fig. 14). Using a glutamate based elec- 
trolyte, degranulation in response to GTP-y-S under 
otherwise identical conditions (i.e., at low Ca 2+) com- 
mences after a delay of only 60-90 s, but then the 
ensuing capacitance increase is much slower and oc- 
curs in phases of variable steepness as shown in Fig. 
14. In agreement with the SL-O permeabilisation ex- 
periments very little difference was found between the 
degranulations with high and low CI-  when Ca 2 + was 
in the micromolar range (Lindau, unpublished data). 

It is unlikely that the modulation of  exocytosis by 
CI-  results from Cl--dependent changes of the granule 
membrane potential. Measurements of individual mast 
cell granules at the time of fusion indicate a widely 
scattered range of potentials (between 11 and 160 mV) 
[56] and this is therefore unlikely to be a determinant 
of a granule's ability to undergo exocytosis. The obser- 
vations on single cells suggest that CI- inhibition may 
be a consequence of the disintegration of the cyto- 
skeleton by high intracellular CI-. 

VI-D. Kinetics of the exocytotic reaction 

As an alternative to measuring completed events, a 
very different view of the secietory process can be 
gleaned by measuring kinetics [111,140,354]. 
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VI-D-1. Delayed onset of exocytosis: patch-clamp 
In patch-clamp experiments, using weakly buffered 

intracellular Ca 2+, there is a characteristic delay before 
GTP-y-S-stimulated exocytosis commences. This delay 
has been found to have an inverse linear relationship 
with the concentration of GTP-y-S in the range 20-500 
/xM (Fig. 15) [110]. At high conc;mtrations of GTP-~,-S 
the delay appears to approach a minimal value of 
approx. 20 s and it has been speculated that this might 
reflect the off-rate of GDP from its binding site on a 
guanine nucleotide binding protein. At 20/zM GTP-y-S 
the delay is about 70 s and the same delay is observed 
when GTP-y-S is introduced in the presence of micro- 
molar concentrations of Ca 2+ [215,251,254]. However, 
if Ca -,+ is suppressed by including higher concentra- 
tions of EGTA (>  500 /.tM) then the time-course of 
degranulation becomes more variable and the delay 
can be markedly prolonged [215,251,254]. 

The influence of Ca 2 + on the time-course has been 
investigated in greater detail by making simultaneous 
measurements of membrane capacitance and Ca 2+ 
concentration [251,254]. When Ca 2 + is weakly buffered, 
the onset of exocytosis is usually coincideo.t with a 
large but brief Ca 2+ transient which attains concentra- 
tions in the micromolar range (Fig. 16). However, after 
the calcium concentration has returned to the resting 
level the degranulation continues as indicated by the 
continued increase of membrane capacitance, albeit at 
a lower rate. In some cells there is a second calcium 
transient which is usually somewhat smaller as exem- 
plified in the experiment shown in Fig. 16. During this 
second period of elevated calcium concentration the 
capacitance increases more steeply indicating an in- 
creased rate of exocytotic granule fusion. These experi- 
ments directly confirm and extend the previous obser- 
vations using calcium buffers and suggest a modulatory 
role for calcium in the regulation of granule fusion 
once the exocytotic machinery has been turned on by 
GTP-~/-S. 
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Fig. 15. Concentration dependence of the delay between beginning 
of intraeellular dialysis and start of degranulation. The pipette con- 
tained 100 #M BAPTA and the indicated concentrations of GTP-y-S. 
Under these conditions Ca ̀ '+ is controlled by the cell as shown in 
Fig. 16. The extracellular saline contained 2 mM CaCl 2. The delay is 
not  strongl.y affected by the diffusion time required for GTP-y-S to 

enter the cell. From [110]. 
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Fig. 16. Simultaneous measurement of membrane capacitance and 
intracellular free Ca 2+ concentration in a single cell. Ca 2+ was 
measured by including 100/LM fura-2 in the pipette solution and the 
fluorescence at 390 and 358 nm as well as capacitance conductance 
and access resistance were determined every 2 s. The peak of the 
first Ca 2+ transient coincides with the onset of exocytosis (1 min), 
but the capacitance continues to increase after Ca 2 + has returned to 
the resting level (1.5-2 rain). The second smaller calcium transient is 
correlated with an increased slope of the capacitance trace corre- 

sponding to a higher rate of granule fusion (approx. 2.5 rain). 

In mast cells the calcium transient does not depend 
on extracellular calcium and can be elicited without a 
delay by including inositol trisphosphate (IP 3) (i.e., no 
GTP-y-S)  in the pipet te  solution [254]. The  Ca 2+ is 
thus released from an IP 3 sensitive intracellular pool. 
In neutrophils, GTP-y-S also induces calcium release 
and this is also inhibited by the simultaneous presence 
of  IP 3. However, Ca 2+ release due to injection of IP 3 
was not detectable [260]. 

VI-E. Delayed onset of exocytosis: SL-O perrneahilised 
cells 

VI-E-1. ATP induces onset delays 
A delay in onset is also a feature of exocytosis from 

permeabil ised mast cells but  the characteristics of the 
delay, in terms of  effector  concentrat ions and o ther  
conditions, are ra ther  different  [142,354]. Fig. 17 illus- 
t rates  the time-course of  hexosaminidase release fol- 
lowing addition of Ca ~+ (pCa 5) to cells permeabil ised 
2 min previously in the presence of  A TP  (Mg 2+ salt) 
and a range of concentrat ions of  GTP-y-S.  Following 
complet ion of the pair of  essential effectors there  is a 
delay before secretion commences,  the durat ion of 
which is related, in an inverse fashion, to the concen- 
trat ion of the guanine nucleotide. The inset graph in 
Fig. 17 reveals that the time-lag (plotted inversely, to 
imply progress of a react ion through the silent period) 
is proport ional  to the square-root  of  the concentrat ion 
of  GTP-y-S.  Similar experiments in which the cells 
were loaded with a fixed concentrat ion of GTP-y-S  (10 
/zM) and then triggered by transfer  to a range of  Ca 2+ 
concentrat ions reveal a similar relationship of  the de- 
lay to the concentrat ion of  the varied ef~ector. It would 
appear  that the lag represents  the time taken to achieve 
a new steady-state condit ion which is conducive to 
exocytosis. The  reciprocal of  this time lag,, could express 
a rate given by 

rate = k" {[Ca 2+ ][GTP-y-S]} ]/2 (9) 

Note that the reaction rate constant,  k, has the 
dimensions of that describing the kinetics of  a first 
o rder  reaction. 

Unlike the patch-c!amp experiments discussed in 
the previous paragraph,  there  is no tendency to satura- 
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Fig. 17. Time-course of secretion from mast cells permeabilised in the presence of ATE Mast cells, pretreated with metabolic inhibitors, we,re 
permeabilised by SL-O in the presence of dilute (0.2 mM) Ca e÷ buffer (pCa 7), Mg.ATP (1 raM) and a range of GTP-7-S as indicated. At time 

zero, 3 mM CaEGTA buffer, pCa 5, was added and samples removed and quenched as indicated. From [354]. 



tion at high effector concentrations and the inverse 
square-root dependence holds as either effector is ele- 
vated in the concentration ranges tested (i.e., up to 20 
/LM GTP-y-S and pCa 5). In order to shorten the delay 
by a factor of 10 it is necessary to, increase the concen- 
tration of Ca z+ or GTP-y-S by 100. If we stimulate the 
cells with concentrations of the two effectors sufficient 
to induce maximal exocytosis (10 /.tM GTP-y-S, then 
pCa 5) a delay of 15 s before exocytosis commences is 
typical; at concentrations above this the delay becomes 
progressively shorter; if we trigger at pCa 6, then 
secretion is delayed for over a minute, but when it does 
start it occurs at about the same rate and reaches the 
same final extent. This resembles the outcome of 
patch-pipette experiments which have been carried out 
under similar conditions (see Fig. 13) [110]. 

VI-E-2. Parallel or sequential ef]ector systems 
We have not been able to reach any definite conclu- 

sion about the sequence of the Ca 2+- and GTP-y-S- 
mediated steps. Delays such as we have observed are a 
characteristic feature of coupled enzyme reactions [43]. 
In a simple linear or sequential pathway of homoge- 
neous reactions, the delay ~- is determined by the time 
taken to establish steady state conditions and its recip- 
rocal gives an apparent first order rate constant, k,o p, 
for the process [105]. This form of analysis has also 
been applied to the more complex situation of cellular 
reactions such as in the activation ot  NADPH-oxidase 
and production of H 2 0  2 by human neutrophils. This 
process exhibits a kap o which is invariant to alterations 
in agonist concentration [379] and clearly contrasts 
with our observations concerning the onset of exocyto- 
sis in mast cells in which there is a clear dependence of 
the delay on the concentrations of two effectors. Since 
these appear to act synergistically and symmetrically, a 
parallel patkway of activation is suggested [142]. Dr 
Tobias Meyer has proposed the following formulation 
which could account for the unusual square-root de- 
pendence (Eqn. 9) which we have observed. 

g and c represent a G-protein and a Ca z+ binding 
protein, respectively; it is assumed that these are so 
abundant that the concentrations [g] and [c] can be 
treated as being constant: 

GTP-y-S + g ~ G 

Ca 2+ +C -* C 

The nucleotide- and the CaZ+-bound forms, G and 
C, can act together (possibly involving a third protein) 
to eatalyse the conversion of e, a nascent fusion factor, 
to its activated form E: 

G + C - , G C  

GC+ e--, E. 
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The rate of formation of GC is then given by the 
proportionality 

d lGC l /d t a  [GI[CI. 

Since r 1 tG, and [C] depend on [Ca 2+] and [GTP-y-S] 
respectively, 

d[GC]/d ta  [GTP-y-S][Ca 2+ ]. 

The time-dependent concentration of [GC] can be 
obtained by integrating this expression to yield 

GC(t)a [GTP-y-S][Ca z+ ] ' t .  

Since d [L ] / d t  a [e][GC] and since [e] is initially 
constant, 

E(t )a  [GTP-y-S]. [Ca 2 + l" t 2. 

Fusion commences when [E] reaches a threshold 
leve l ,  Ethr, after a (delay) time ~-; 

Etnra [GTP--/-S][Ca 2+ ] - ( r )  2. 

Thus, 1/ra {[Ca 2* ]-[GTP-y-S]} I/z 

While pro¢iding a plausible basis for the square-root 
dependence on effector concentrations, neither this 
scheme nor the sequential argument provide any indi- 
cations concerning the identity of the intermediates 
and the nature of the steady state condition which 
appears to be a sine qua non for exocytosis. 

VI-E-3. Abrupt onset in the absence of  A TP 
All the above results refer to experiments in which 

the permeabilised cells were supplemented with ATP 
or ATP-y-S. A very different result is achieved if 
otherwise identical experiments are carried out in its 
absence (Fig. 18). In this case exoeytosis commences 
without any detectable delay and secretion ensues at 
its maximum rate within 3 s of completing the pair of 
essential effectors [354]. Since exocytosis is also instan- 
taneous when the cells are provided with (non- 
phosphorylating) AppNHp [142], we were led to con- 
clude that ATP delays the onset of exocytosis by tend- 
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Fig. 18. Time-course of secretion from SL-O permeabilised cells in 
the absence and presence of ATP. The experimental details are 

similar to those described in the legend to Fig. 17. From [354]. 
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Fig. 19. Dependence on Ca +-+ and GTP-3,-S of exocytosis from mast cells stimulated after different permeabilisation intervals. Mast cells, 
pretreated for 5 rain with metabolic inhibitors and suspended in buffered salt solution containing 0.2 mM calcium buffer (pCa 7) were 
permeabilised by addition of SL-O (0.4 iu ml - I )  and then triggered by transfer at the times indicated (the permeabilisation interval) to tubes 
containing either (A) GTP-+,-S (10 t+M) and calcium buffers (3 raM) to give a range of Ca -'+ or (B) a range of GTP-+/-S and calcium buffer (3 
mM) to regulate pCa 5.25. At 5 min, ceils (open symbols) were also transferred to solutions of the two effectors supplemented with Mg.ATP (100 
tiM). The incubations were terminated after a further 10 rain and the hexosaminidase released into the supervatant was determined. From [81]. 

ing to maintain a phosphorylation state. From this it 
follows that the enabling reaction might involve 
dephosphorylation. Since both essential effectors have 
the effect of shortening the ATP-induced delay the 
possibility exists that, in combination with their binding 
proteins, they cause the activation of a phosphatase 
that might be the target of G E. 

In a recent re-examination of onset kinetics we have 
found [208] that ATP is able to induce delays equally 
well when the system is depleted of Mg 2+ (by buffering 
Ca 2+ with HEDTA instead of the normal EGTA we 
can suppress Mg 2+ to < 10-SM). So far as we are 
aware there are no examples of reactions in which 
ATP acts as a donor in phosphorylation reactions 
under these conditions and so other reasons must be 
sought to explain why ATP causes a delay in the onset 
of exoeytosis. As is well known, anionic species of ATP 
act as allosteric regulators of a number of intracellular 
activities including the inhibition of K + channels in 
islet cells [20] and some forms of phosphofructokinase 
(e.g., in red blood cells [272] and malarial parasites 
[64,65]). Thus, there exists the possibility that ATP 
inhibits the onset of exocytosis by acting as an at- 
losteric regulator of an enabling enzyme for exocytosis. 
However, the idea of a protein dephosphorylation as 
an enabling stage in the process of guanine nucleotide 
induced exocytosis has instead found some support in 
experiments involving the use of an inhibitor of protein 
phosphatases (see section VII-C). 

VII. Evidence for a G-protein mediated dephosphoryla- 
tion as an enabling reaction for exocytosis 

VII-A. Okadaic acid, a protein phosphatase inhibitor 

Among other possible mechanisms that might ex- 
plain the retardation in the onset of exocytosis (Fig. 17) 

would be a receptor mediated process having speci- 
ficity for ATP and ATP-7-S, but this would have to be 
one which did not involve a role for soluble second 
messengers since these would leak from the perme- 
abilised cells. Another would involve the release of 
pyrophosphate and transfer of the aden', ~yl group to 
some fixed structure within the cells. A demonstration 
that exocytosis could be blocked by a defined inhibitor 
of protein phosphatases would certainly strengthen the 
dephosphorylation argument. Okadaic acid is one such 
inhibitor 2. Okadaic acid inhibits myosin phosphatase 
[349] and more generally those phosphatases (of the 
classes 1 and 2A) which catalyse the dephosphorylation 
of those substrates phosphorylated by protein kinase C 
[46,88,152]). 

On the premise that the enabling reaction for exocy- 
tosis requires protein dephosphorylation, one might 
have expected that treatment of mast cells with an 
inhibitor of protein phosphatases would be inhibitory. 

20kada ic  acid is a polyether present in marine dinoflagellates 
[245,348] which accumulates in sponges, mussels and scallops and 
is the toxic principle associated with diarrhetic illness derived from 
eating contaminated European mussels [203]. Initial observations 
revealed that it has potent tumour promoting activity [123] and 
induces ornithine decarbo~lase activity [344] in mouse skin. Al- 
though the tumour promoting activity of okadaic acid (and other 
related toxins) is as strv~g as phorbol esters, the mechanism is 
clearly different [122,345]. The first hints that okadaic acid might 
exert its effects, not by phosphorylation, but through the mainte- 
nance of a phosphorylated state due to the inhibition of a protein 
phosphatase came from the demonstration that it could induce 
long lasting contractions of smooth muscle in the absence of Ca 2 ~ 
[325] by a direct effect on the contractile elements [273]. Smooth 
muscle ccntracJon depends on the degree of myosin phospholyla- 
tion and hence in a dynamic situation, on t~e relative activities of 
myosin light chain kinase and phosphatase. 
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Fig. 20. Dependet~ce on Ca 2+ and GTP-y-S of exocytosis from mast cells stimulated after different permeabilisation intervals: Okadaic acid 
ensures retention of GTP-dependence for secretion from cells rendered refractory by prepermeabilisation and restored by ATP. Mast cells were 
treated with DMSO (A) or 1 # M  okadaic acid (B) for 5 rain, followed by metabolic inhibitors and 0.2 mM calcium buffer (pCa 7) fo~ a further 2 
min and then permeabilised by addituon of SL-0. At set times (the permeabilisation interval) the cells were stimulated to secrete by transfer to 
solutions containing 3 mM calcium buffer (pCa 5.25) and GTP-3,-S as indicated. At 5 min (open symbols), cells were also transferred to solutions 
supplemented with 100 /.tM ATP. The incubations were terminated after a further 10 min and secretion determined as release of bex- 

osaminidase. From [81]. 

However, not only does okadaic acid fail to inhibit 
secretion [81], but it has no d.;sce.._-nible effects on the 
onset kinetics either (unpublished observation). On the 
other hand, when the cells are conditioned so that 
exocytosis can be induced by Ca 2 ÷ alone, okadaic acid 
can then restore guanine nucleotide dependence (see 
section VII-C). 

VII-B. SL-O permeabilised cells lose responsiveness to 
Ca 2 + and GTP-3~-S 

Following permeabilisation by streptolysin O, the 
ability of mast cells to undergo exocytosis in response 
to provision of Ca2+-plus-GTP-T-S (in the absence of 
ATP) decays over a period of about 5 min [169]. As 
shown in Fig. 19, there is a progressive (rightwards) 
shift in the dependence of secretion on the concentra- 
tion of Ca 2+ so that after about 5 min the cells are 
unable to respond to 10 ttM Ca 2+. This decay occurs 
very much more slowly in cells permeabilised in the 
presence of ATP [169], or which have been pretreated 
with PMA, indicating that maintained phosphorylation, 
or initial hyperphosphorylation might serve to retain 
high sensitivity for Ca 2+ and hence an ability to re- 
spond to the essential effectors. A phosphorylation 
state, maintained by protein kinase C is almost cer- 
tainly implicated. 

Exocytotic responsiveness can be restored to refrac- 
tory cells permeabilised in the absence of ATP. For 
example, when ATP (100 p.M) is provided together 
with the stimulus after a permeabilisation intewal of 5 
rain, the sensitivity, for Ca 2÷ returns to its initial level 
and exocytosis can once again be elicited. Based on 
experiments with ,_'nhibitors AMG.Ct6 (stearylmethyl 
glycerol, a diether analogue of diglyceride [202,367]) 
and PKC-I peptide [81] (a peptide based on the pseu- 

dosubstrate sequence, amino acids 19-31 of protein 
kinase C [6,166]) we believe that the restoration of 
responsiveness is yet another reaction mediated 
through a phosphoryiation catalysed by protein kinase 
C [169]. 

When the cells have been conditioned by permeabil- 
isation for 5 min, followed by restoration of responsive- 
ness by late addition of ATP, Ca 2÷ alone becomes 
sufficient to stimulate exocytosis. It appears that the 
step normally controlled by G E has either occurred 
spontaneously, or has been obviated 3. Since rephos- 
phorylation (i.e., addition of ATP) restores responsive- 
ness it is plausible that one or more dephosphorylation 
reactions could figure among the changes occurring 
during the interval following permeabilisation. This 
again suggests that the requirement for a guanine 
nueleotide in immediately stimulated cells reflects the 
conditions needed for a specific protein dephospho- 
rylation. The catalytic target of G E may be a protein 
phosphatase. 

VII-C. Okadaic acid ensures dependence on guanine 
nucleotide 

Evidence to support this conclusion was obtained by 
testing the guanine nucleotide-dependence for exocyto- 

3 Note: We obtained results similar to those illustrated in Fig. 19 on 
at lea.~t 25 occasions over a period of a year; however it must be 
said that in other experiments, following add-back of ATP, a 
complete independence of guanine nucleotide was not achieved 
and instead the secretion was characterised by a considerable 
enhancement  in the apparent affinity for GTP-%,-S (i.e., commenc- 
ing at concentrations ~ law as 10-~M, see Fig. 3C in [169]). The 
observed guanine nucleotide-independence and the increased sen- 
sitivity towards GTP-,/-S are likely to be manifestations of the 
same phenomenon but the reason underlying this variability is not 
clear. 
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sis following restoration of responsiveness to pre-per- 
meabilised cells treated with okadaic acid (with the 
intention of retaining a phosphorylated state after per- 
meabilisation" see Fig. 20) or with PMA (with the aim 
of generating a hyperphosphorylated state prior to 
permeabilisation). After such preconditioning and after 
taking the cells through the cycle of permeabilisation 
and restoration with ATP, dependence on the guanine 
nueleotide is fully restored. Although one could imag- 
ine other possibilities, these experiments certainly sug- 
gest that the G-protein which mediates exocytosis (G E) 
may have a protein phosphatase as its target. When the 
cells are permeabilised in the absence of ATP, phos- 
phorylation is not maintained and dephosphorylation 
may even be accelerated due to the leakage of soluble 
endogenous phosphatase inhibitors. Among other 
things this reduces the sensitivity for Ca 2+, which then 
recovers following readdition of ATP; meanwhile an- 
other dephosphorylation event, sensitive to okadaic 
acid and which comprises a normal step of the exocy- 
totic pathway, occurs spontaneously. Following this, 
Ca 2+ alone is a sufficient stimulus to exocytos[s. A 
problem remains however, since exocytosis (in immedi- 
ately permeabilised cells) can be elicited in the absence 
of Mg 2+ [208], a component which is considered to be 
essential for the activation of the okadaic acid sensitive 
protein phosphatases. 

VII-D. Evidence for protein dephosphorylation as an 
enabling ste,~ in other secretory cells 

Only in lower eukaryotic organisms (Paramecium 
tetraurelia) has a dephosphorylation reaction been pos- 
itively identified as a necessary precursor of regulated 
exocytosis [237,311,386]. In sea urchin eggs (the cortical 
granule discharge reaction [374]) and in mammalian 
neurosecretory cells (bovine adrenal chromaffin cells 
[57,58]) a dephosphorylation reaction is suggested by 
the finding that ATP-~,-S blocks exocytosis, possibly by 
forming stable thiophosphorylated proteins. However, 
in permeabilised PC12 cells [371] (a phaeochromacy- 
toma line derived from a&eaal ch rom  "fin cells) and in 
mast cells as already stated (see section VI-E-3), ATP- 
y-S (like ATP) modulates, but certainly does not block 
the exocytotic mechanism. A recent account [177] 
demonstrating an enhancement in both the extent of 
amylase secretion and in the sensitivity for Ca 2+ in this 
process by introduction of a cloned tyrosyl phosphatase 
into SL-O permeabilised pancreatic acini, is further 
grounds for a dephosphorylation mechanism of exocy- 
tosis. 

VII-E. Evidence for a late-acting GTP-binding protein 
(GE) mediating secretion in other cells 

Mast cells and rat basophilic leukaemia cells cul- 
tured in the presence of ribavirin [224] or myeopheno- 

lic acid [376] become refractory to stimulation by IgE- 
directed antigens and to Ca 2 + ionophores. These com- 
pounds are inhibitors of IMP (inosine monophosphate) 
dehydrogenase and prevent the conversion of inosine 
to hypoxanthine [69,219,347,380]. The consequence is 
the suppression of the purine nueleoside salvage path- 
way and the selective depletion of guanine nucleotides: 
ATP levels are maintained. The effects of the IMP 
dehydrogenase inhibitors can thus be taken as evidence 
for a role for GTP at a stage in the stimulus-response 
pathway which is later than the elevation of cytosol 
Ca 2+. A requirement for guanine niaeleotides in the 
activation of adenylate cyclase in intact cells was simi- 
larly demonstrated by the use of inhibitors of this class 
[179]. 

All other evidence implicating GTP and a GTP-bin- 
ding protein mediating exocytosis (G E) in regulated 
secretory processes comes from experiments with per- 
meabilised cells. Apart from the myeloid cells already 
mentioned (see section VI-A-1), there are many other 
systems in which GTP is either sufficient on its own as 
a mediator of exocytosis, or it modulates the exocytotic 
reaction (positively or negatively) through interaction 
with a GTP-b;.nding protein at a late stage in the 
pathway. 

VII-E-1. Neutrophils and HL60 cells 
The initial definition of GE, a GT_P-binding protein 

which mediates exocytosis, came from experiments on 
rabbit neutrophils permeabilised with Sendal virus 
[37,136]. Secretion of /3-glucuronidase (a marker of 
azurophilic granules) could be elicited either by Ca 2+ 
at concentrations buffered in the micromolar range or 
by guanine nucleotides such as GTP-y-S and GppNHp. 
Pretreatment of the cells with phorbol ester was found 
to inhibit the Ca 2 +-induced secretion and so the activa- 
tion due to the guanine nucleotides is unlikely to be 
due to an interaction with Gp, the activator of 
phospholipase C. Further evidence in favour of a sec- 
ond site for GTP in the stimulus-secretion sequence of 
these cells came from the finding that GDP and GDP- 
/3-S are inhibitory to secretion induced by Ca 2+. This 
suggests that the GTP-binding protein G E plays an 
active role in Ca2+-induced lysosomal enzyme secretion 
even when exogenous GTP is not provided. On the 
other hand, the extent of GTP-y-S-induced secretion 
increased as the concentration of Ca 2+ is suppressed 
towards and even below pCa 10. In the related HL60 
cells, permeabilised with SL-O, the nucleotides which 
synergise with Ca 2+ to induce /3-glucuronidase secre- 
tion include XTP and ITP, neither of which cause 
activation of phospholipase C [343]. This again demon- 
strates that the GTP-binding protein whi~:h activates 
phospholipase C (Gp) is quite distinct from that which 
mediates exocytosis. There is also evidence for a late 
acting GTP-binding protein in the regulation of the 



respiratory burst [220], which unlike secretion, may be 
considered to be a real as opposed to an artificial (i.e., 
eytochalasin-dependent) function of these cells. 

I/II-E.2. Platelets 
The most evident effect of the guanine nucleotides 

on serotonin secretion from HVD-permeabilised 
platelets is to shift the dependence of secretion on 
Ca 2+ to lower concentrations [149,197,151]. Since pro- 
vision of thrombin or agonistic phorbo! ester [150,194] 
produces a very similar effect on the Ca 2 +-dependence 
of amine secretion, it was initially suggested that the 
effect of the GTP analogues in this system is exerted 
through Gp with consequent generation of diglyceride 
and an enhancement in the sensitivity for Ca 2÷ [197]. 
However, a case for the involvement of G E can be 
made, since, if sufficiently high concentrations of gua- 
nine nucleotide are used (100/xM GTP-y-S), then it is 
possible to induce exocytosis from all three types of 
secretory granule under conditions in which the con- 
centration of Ca -~+ is suppressed to the point at which 
there is no activation of phospholipase C [22,92,151]. 

VII-E-3. Adrenal chromaffin cells 
Contrary to eadit~_ observations obtained using 

HVD-permeabilised bovine chromaffin cells which in- 
dicated a negative influence of GppNHp [ 192] or GTP- 
y-S [48] on Ca2+-induced exocytosis, it now appears 
that GppNHp, ITP, XTP and GTP (all activating lig- 
ands for GTP binding proteins [47]) [241] can induce 
Ca2+-independent secretion, albeit at a rather low level 
(3-5%), from digitonin permeabilised cells. In this 
system, GTP-~/-S has only a rather marginal effect. 

The rank order of nucleotides stimulating Ca2+-in - 
dependent exocytosis (for maximal stimulation, XTP > 
ITP > GppNHp > GTP-y-S) is quite distinct from the 
order for activation of PLA 2. Whether the conditions 
of stimulation by guanine nucleotides also rule out a 
role for phospholipase C activation (i.e., a Gp medi- 
ated reaction) is not quite so sure. According to our 
calculations based on the conditions used and assum- 
ing the presence of contaminating calcium at about 25 
/xM the 'zero-Ca 2+' condition is likely to have been at 
about pCa 8, which might have been insufficiently low 
to ensure full suppression of the (Gp-me,:~i~.~cd~ P! 4 :  
reaction. However, as phorbol esters do not elicit se- 
cretion, the effect of the guanine nucleotides is un- 
likely to involve activation of protein kinase C (which 
could be expected to enhance the sensitivity for Ca z+ 
[191]). A further indication of G-protein involvement in 
the late stages of the pathway is offered by the finding 
that pretreatment with pertussis toxin enhances the 
effective affinity for Ca 2 ÷ for exocytosis from digitonin 
permeabilised chromaffin cells [264,333]. These experi- 
ments make a good, if not quite overwhelming case for 
thinking that in chromaffin ceils, activation of G E 
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offers an alternative pathway to exocytosis. Moreover, 
GTP-binding proteins of both major classes, rab3A and 
pertussis toxin substrates, are present as co~e~,~nents 
of the chromaffin granule membrane [96,361]. 

VII-E-4. Parathyroid 
Unlike most secretory systems, secretion from the 

parathyroid [60,61,324], rena~ juxtaglomerular cells (re- 
nin release) [120,279] and the release of human placen- 
tal lactoge~l [78,147] is associated with a reduction in 
the concet tration of extracelluiar Ca 2+. For parathy- 
roid cells, hormone secretion occurs as this is reduced 
to less than 1.25 mM [117], with a corresponding de- 
cline in the level of intracellular Ca 2 ÷ [244]. However, 
it is unlikely that the secretory response is elicited 
simply as a consequence of reducing Ca2+i  s ince  

dopamine, noradrenaline and Li ÷ are all capable of 
inducing secretion and do so without any alteration in 
the concentration of cytosol Ca 2 ÷ [256]. 

There is evidence for the involvement of GTP-bind- 
ing proteins at two distinct stages in the stimulus-secre- 
tion sequence of these cells. In parathyroid cells treated 
with pertussis toxin, exocytosis becomes insensitive to 
the inhibitory effects of high extraceilular Ca 2+ and 
appears to proceed constitutively. Since the application 
of Ca2+-ionophore inhibits release regardless of 
whether cells have been treated with the toxin, the 
pertnssis substrate is probably mediating events at the 
receptor level [117], possibly a~gciated with produc- 
tion of inositol phosphates [59]. On the other hand, the 
finding that PT treatment also renders the - , ~  m 
insensitive to the inhibitory effects of Ca2+-c,annel 
agonists argues in favour of a downstream location of a 
regulatory G-protein [118]. 

Surprisingly it was found that exocytosis from per- 
meabilised cells correlates not with depletion, but with 
an ation of cytosol Ca 2+ (see Fig. 21), although the 
extel," of Ca 2+ induced secretion is rather small [263]. 
"~' ,curs in the same range of concentrations (10 - 7 -  

-o_ 
~3 
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M 

Fig. 21. Dependence on Ca 2÷ and guanine nucleotide for hormone 
secretion from permeabilised parathyroid cells, Secretion was mea- 
sured from HVD-permeabilised parathyroid cells incubated for 5 
min in a glutamate system containing Mg.ATP (5 mM), GppNHp 
and Ca.EGTA buffers to regulate pCa as indicated, e, control; n 

GppNHp (10-SM). From [262]. 
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10-SM) which causes activation of most other secre- 
tory systems and from this viewpoint the control mech- 
anism for exocytosis appeared initially to be perfectly 
conventional. Non-metabolisable analogues of GTP 
(i.e., GTP-y-S and GppNHp) are also capable of induc- 
ing exocytosis in the permeabilised cells and this occurs 
to an extent that is much greater than that due to 
elevation of Ca 2+ (Fig. 21). This effect can be regarded 
as Ca2+-independent since it is fully expressed at pCa 
9. When loaded with GppNHp (10-SM) exocytosis 
remains maximal as the level of Ca 2+ is raised up to 
200 nM but above this it declines steeply approaching a 
baseline response at pCa 6 [262] nicely in line with the 
physiological response of intact cells. 

VII-E-5. Pituitary melanotrophs 
Secretion of a-MSH from cells of rat pituitary gland 

intermediate lobe is dependent on the presence of 
extracellular Ca 2+. Following depolarisation, Ca 2+ en- 
ters the cell inducing exocytosis as demonstrated by 
simultaneous fura-2 and capacitance measurements 
with the patch pipette. The rate of secretion grows 
with the 4th or 5th power of the intracellular calcium 
concentration [360]. In intact cells the secretion can be 
enhanced by agonists for fl-adrenerg~e receptors acting 
conventionally to elevate cyclicAMP [362]. However, in 
permeabilised cells (high voltage discharge) cyclicAMP 
is without effect on Ca2+-induced secretion unless GTP 
(or one of its analogues) is also provided [382]. Mg 2+ is 
also a requirement for the potentiation, but not for the 
exocytotic reaction. The finding that neomycin, an in- 
hibitor of inositide-specific phospholipase C, is without 
effect on the enhancement due to GTP suggests ihat 
this is another example of involvement of a G-protein 
at a late stage in the control pathway for exocytosis. 
Confirmation of this latter point will require a formal 
demonstration of maintained a-MSH secretion in the 
face of full suppression of IP 3 release. 

VII-E.6. Pituitary lactotrophs 
A capacitance increase of 20-50%, commencing af- 

ter a delay of 3-10 rain has been found to occur in 
bovine iactotrophs (anterior pituitary) dialysed with 
high Ca 2+ using a patch pipette [229,389]. When GTP- 
y-S is included in addition to 1/zM Ca 2+ in the pipette 
the amplitude of the exocytotic response is decreased 
but the rate is increased [327]. These results could be 
explained by a stimulatory role of G-proteins in the 
translocation of granules to the plasma membrane and 
an inhibitory role of G-proteins at the fusion site. 

VII-E- Z Pituitary gonadotrophs 
Secretion of lutenizing hormone (LH) from a-toxin 

permeabilised pituitary cells can be stimulated by ele- 
vation of Ca 2 + and at resting levels of Ca 2 + (pCa 7) by 
introduction of cyclicAMP, GTP-y-S or GppNHp. This 

stimulatory effect of the guanine nucleotides is proba- 
bly mediated through G s and the generation of ~cli- 
cAMP. However, by pretreating the cells with GTP-y-S 
(GppNHp is without effect), subsequent responses due 
to elevation of Ca 2+, introduction of cyclicAMP, treat- 
ment with PMA or the combination cyclicAMP plus 
PMA, are all inhibited suggesting the presence of an 
inhibitory GTP-binding protein operating late in the 
pathway [97,370]. 

VII-E-8. Exocrine pancreatic acinar cells 
Patch clamp experiments have shown that acetyl- 

choline induces capacitance changes indicative of exo- 
cytotic activity in pancreatic acinar cells. These capaci- 
tance changes were absent when 1-2 mM EGTA was 
included in the pipette solution. The capacitance 
changes were inhibited by GDP-/3-S and potentiated by 
GTP-y-S which indicates the involvement of a G-pro- 
tein in the elevation1 of intracellular calcium or exocyto- 
sis [226]. While the capacitance increase is only tran- 
sient in the presence of extraceUular calcium, it is 
smaller but sustained in the absence of extracellular 
calcium which indicates a role for extracellular calcium 
for the re-uptake (endocytosis) of the granule mem- 
branes [227]. 

In SL-O permeabilised pancreatic acinar cells, GTP- 
y-S increases the effective affinity for Ca 2+ in the 
secretion of amylase in a manner which requires the 
presence of ATP [107,189,276], while GDP and 2'-de- 
oxyGDP both suppress the maximum extent of Ca 2+- 
induced secretion [276]. Treatment of the cells with 
phorbol ester also enhances secretion implying a role 
for protein kinase C and activation by Gp of phospho- 
lipase C. However, the finding that the combined ap- 
plication of phorbol ester and GTP-T-S, both at their 
maximally effective concentration (and also at lower 
concentrations) causes an even greater enhancement of 
secretion suggests that the guanine nucleotide also 
interacts at another point in the exocytotic pathway 
[107]. Using a cell-free system, Edwardson [247] and his 
colleagues have shown that fusion of isolated pancre- 
atic plasma membranes and zymogen granules (mea- 
sured by the technique of fluorescence dequenching of 
the membrane probe octadecylrhodamine B-chloride) 
with concomitent release of amylase can be induced by 
GTP and its non-hydrolysable analogues or [ALF4]-. 
Such fusion requires neither Ca 2+, cytosol proteins, 
nor ATP. These results make a strong case for thinking 
that in pancreatic acinar cells, fusion of secretory gran- 
ules with the plasma membrane is mediated by a 
G-protein acting at a stage subsequent to the action of 
Ca 2+. There are several low molecular weight (21.5-29 
kDa) GTP-binding proteins integrally associated with 
the cyt,~solic face of the zymogen granule membranes, 
though whether these constitute a component of the 
exocytotic mechanism is not known [277]. Equally well 
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they could represent vestigial species related to the 
formation, maturation and maintenance of the secre- 
tory vesicles. 

VII-E-9. Inhibitory mechanisms 

Insulin and ACTH secreting cells 
In insulin secreting cells and in ACTH secreting 

cells there is evidence for GTP-binding proteins acting 
both to promote and to inhibit exocytosis. In perme- 
abilised islets [378], RINm5F and HIT-T15 (in- 
sulinoma) cells [364,366] and in ATt20 (pituitary) cells 
[221,222], secretion can be induced either by Ca 2÷, or 
by non-hydrolysable analogues of GTP at low Ca z÷. In 
RIN5mF cells, GTP-y-S remains effective as Ca 2+ is 
suppressed to pCa 9, under which conditions the Gp 
mediated release of IP 3 does not occur. Stimulation of 
receptors, for a2-adrenergic agonists or somatostatin 
can inhibit exocytosis induced by Ca z÷ in a manner 
requiring the presence of GTP and which is reversed 
by pretreatment with pertussis toxin. This suggests that 
there is a GTP-binding protein, GEi which inhibits 
exocytosis. Since such inhibition is determined by the 
normal inhibitory receptors, it would appear likely that 
this G-protein is located at the plasma membrane. 
Although these receptors remain coupled to adenylate 
cyclase in permeabilised pancreatic islets [182] and 
RINm5F cells [365] (conventionally by suppression of 
c~,elicAMP production, through G i) there is no correla- 
tion benveen the amount of CYclicAMP and the rate of 
secretion° When GTP is provided to permeabilised 
RINm5F cells, adrenaline and clonidine (a2-agonists) 
inhibit both Ca 2+- and diglyceride-induced secretion, 
an effect which is abolished by pretreatment with per- 
tussis toxin [365]. The non-hydrolysable analogues of 
GTP do not support inhibition, presumeably because 
they support the activation response so strongly. 

VII-F. Classification of  G e, the GTP-binding protein 
mediating exocytosis in myeloid cells 

In order to understand how GTP and the GTP-bind- 
hag protein G E regulates secretion, it will be helpful to 
compare what we know of its functional characteristics 
with other GTP-binding proteins having well defined 
structures, but which in some cases lack a defined 
function. It must be stressed that GE exists so far only 
as a concept, not as a reality: it is a conclusion born of 
experiments in cell physiology, not biochemistry. 

In attempting to classify G E as  a GTP-binding pro- 
tein we need to consider the signal transducing G-pro- 
teins (heterotrimeric structures linked upstream to cell 
surface receptors and downstream to catalytic effectors 
such as adenylyl cyclase, phospholipase C and a num- 
ber of ion channels) and also the monomerie GTP-bin- 
ding proteins, of which the ras proteins and elongation 

factor are widely regarded as structural and mechanis- 
tic archetypes. 

Ras-related GTP-binding proteins have been impli- 
cated as mediators of vesicle fusion at a number of 
stages in the pathway leading to both constitutive and 
regulated secretion (for an overview see reference [53]). 
When injected into mast cells, the oncogenic form of 
ras (H-ras p21 vahz which is persistently activated) in- 
duces degranulation [.36]. This occurs after a prolonged 
lag period of about 3 h and although the proto-onco- 
gene product is without effect, the meaning of this 
result in terms of G-protein regulation of exocytosis 
remains far from clear. In reconstitution experiments, 
GTPis  required to enable trafficking to occur between 
the endoplasmic reticulum and the Golgi stacks [24,40] 
and then through the Golgi [232,321] and again in the 
terminal stages of the constitutive secretory pathway, 
in cells as diverse as yeast [309] and mammalian liver 
[232]. In general, the non-hydrolysable analogues of 
GTP inhibit vesicle traffic [232] and from this it is 
understood that the GTP-binding proteins must cycle 
repeatedly between the GTP- and GDP-bound states 
[24,52,53,257]. However, an alternative view, based on 
reconstitution of endosome fusion, does allow for a 
supportive role for GTP-y-S so long as the system is 
depleted of cytosol factors [230]. 

A role for small GTP-binding proteins in the termi- 
nal stages of the regulated exocytotic process has also 
been discerned in se~,eral mammalian cells [32]. A 
ras-related protein, rab3A, which in neural tissues as- 
sociates exclusively with secretory vesicles [96,115,236], 
has been shown to undergo a cycle of dissociation and 
reassociation during and after the release of glutamate 
induced by K+-depolarisation or Ca2+-ionophore [116] 
which may indicate a role at some stage in the traffick- 
ing process. In most other systems [132,133] it appears 
that the sensi0viW of the non-hydrolysable analogues 
of GTP (GTP-y-S, GppNHp and GppCH2p) in sup- 
port of the secretory process can be as much as  10 3- 

times higher than that of the parent nucleotide [167]. 
These findings are based on investigations of perme- 
abilised cells and in mast cells the effect of cytosol 
proteins is to suppress the sensitivity for both essential 
effectors (see section V-D) [198]. 

Although the argument is far from being settled, we 
take the view that the role and characteristics of GE 
are distinct from those of the GTPases which ensure 
accuracy and directionality of membrane interaction in 
the constitutive pathway [52,138]. A more appropriate 
paradigm for G E function is possibly provided by the 
familiar G-proteins such as G s, G i and transducin. 
Persistent binding of GTP (or analogues) results in 
dissociation and release of a-subunits from such het- 
erotrimeric G-proteins with consequent activation of 
downstream effectors. Some support for this proposal 
may come from the finding [209] that when mast cells 
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are deprived of M g  2+ (using HEDTA buffers (see 
section VI-E-3) to chelate Mg 2+ and to buffer the 
Ca 2+) GTP becomes almost equipotent with GTP-y-S. 
Under these conditions the GTPase activity of the 
heterotrimeric signal transducing G-proteins is not 
supported [54,128,161]. 

VII-F-1. GE: an argument for a heterotrimeric signal 
transducing G-protein 

The clostridial ADP-ribosylating toxins have been 
widely used in attempts to establish the role and class- 
identity of GTP-binding proteins in cellular processes. 
Pretreatment of mast cells with pertussis toxin, which 
catalyses ADP-ribos.ylation of G i and related G-pro- 
teins, inhibits exocytosis in response to polycationic 
stimulation, but not the response due to lgE receptor- 
directed stimulation [308]. Although it is well estab- 
lished that ADP rib osylation by PT treatment does not 
prevent activatio,: of G i by GTP-y-S, it does retard the 
onset of the Gi-associated cyclase inhibition about 5- 
fold [174]. This offers the possibility that by measuring. 
the kinetic characteristics (particularly the onset de- 
lays) of exocytosis in PT-treated cells, we might get 
some insight into the class of the G E protein. How- 
ever, the delay in the onset of exocytosis in PT-treated 
mast cells, whether measured in SL-O permeabilised 
cells (Lillie & Gomperts, unpublished experiments), or 
in patch-clamp experiments was found to be com- 
pletely unchanged [215]. In the slow-whole-cell config- 
uration of the patch-clamp set-up (see section IV-C-5), 
GTP-y-S caused degranulation with an unchanged 
time-course and amplitude even on a cell which had 
first been shown to be insensitive to stimulation by 
compound 48/80. 

Using the patch-pipette, we have introduced into 
neutrophils a number of different GTP-binding pro- 
teins isolated from neutrophils and pre-activated with 
low concentrations of GTP-T-S. So far, none of these 
preparations (including Gn,~, (the main neutrophil per- 
tussis toxin substrate) [49,127,265], brain Gi, brain fly 
[249,342], or mixtures containing G2z, G24 and G26 
[51]) stimulated exocytosis (Niisse, Bokoch and Lindau, 
unpublished). These experiments indicate that either 
G E is a different protein or that the proteins failed to 
bind in an effective manner. In contrast, at 10 nM or 
higher concentration, all of these preparations except 
for fly inhibited exocytosis when applied simultane- 
ously with GTP-y-S. Since the pipette contains 20 ftM 
GTP-y-S and only approx. 20 nM G-protein, the deple- 
tion of the nucleotide should not be significant. The 
experiments might indicate the ability of a variety of 
G-proteins to bind to the e~:ocytotic effector system 
without activating it, thereby preventing its stimulation 
by the endogenous GTP-y-S-activated G E. 

VII-F-2. Receptor control of GE function 
Support for the idea that the G E function is ex- 

pressed by a member of the class of signal transducing 
G-proteins now comes from a complex set of experi- 
ments in which it has been shown that the group of 
polybasic agonists which elicit mast cell degranulation 
do so, probably by interacting directly with a GTP-bin- 
ding protein quite distinct from G e [18]. The polybasic 
agonists comprise a very diverse group of compounds~ 
including compound 48/80 [283] (a condensation prod- 
uct of N-methyl-p-methoxy phenylethylamine with for- 
maldehyde [33,200]), the bee venom peptide 
mastoparan [162], substance P [113], polylysine [108] 
and possibly the complement derived peptide C3a [124]. 
There is no evidence that any of these interact with a 
formal cell surface receptor [297] though unlike the 
stimulation pathway involving the receptor for IgE 
[308], stimulation of exocytosis is prevented in cells 
which have been treated with pertussis toxin 
[242,248,308]. 

In these experiments [18] the technique of ATP 4-- 
permeabilisation (see section lII-C) has been used to 
load and trap GTP-y-S [130]. Internalisation of GTP-y- 
S renders the cells spontaneously responsive to appli- 
cation of extracellular Ca 2+ [130] but when loaded at 
very high concentrations (around 1 mM) this becomes 
self inhibitory (see Fig. 5). However, under these con- 
ditions exocytosis can still be elicited following stimula- 
tion of the resealed cells with mastoparan or com- 
pound 48/80. Such agonist-induced secretion proceeds 
without any involvement of Ca2+: it occurs in the 
absence of external Ca 2 + and it cannot be mimicked by 
application of Ca2+-ionophores, nor by activators of 
protein kinase C. Moreover, under these conditions, 
phospholipase C activity is inhibited (possibly due to 
the presence of an inhibitory G-protein, G p i )  so that 
any secretory activity which is dependent on the gua- 
nine nucleotide is likely to involve a GTP-binding 
protein late in the exocytotic pathway, by definition 
G E • 

As an alternative to loading the cells with over- 
whelming concentrations of GTP-y-S, direct masking 
of polyphosphoinositides by loading with neomycin also 
prevents phospholipase C activation [85,313], yet under 
these conditions again, the polycationic agonists re- 
main effective so long as the ceils are simultaneously 
loaded with GTP [17]. Furthermore, and in contrast to 
direct stimulation of G E with non-hydrolysable ana- 
logues of GTP, secretion due to the polybasic agonists 
from cells loaded with neomycin and GTP is inhibited 
by treatment with pertussis toxin [17]. For these rea- 
sons it is likel~ that G E is one of the heterotrimeric 
(a/3y) signal-transducing G-proteins, having some re- 
semblance to the group exemplified by G i. 

Some clues to the possible mechanism of activation 
come from the finding that a number of these polybasic 
agonists, including mastoparan [158,160]; compound 
48/80 and substance P [242] are able to interact with 



the carboxy terminus of the a subunit of the G-protein 
G i, causing direct activation of its GTPase function 
[66,243,373]. Neomycin is another direct activator of 
GTPase activity (of the membrane associated G-pro- 
teins in platelet plasma membranes) [156,157] and it 
also activates secretion when applied externally to mast 
cells (and even internally when provided at exceedingly 
high concentrations which certainly suppress phospho- 
lipase C activity) [17]. All these activating polycations 
can be regarded as structural amphipaths expressing 
non-polar surfaces which could conceivably insert into, 
and indeed across membranes. In the case of com- 
pound 48/80, spectroscopic studies using a spin- 
labelled derivative indicate penetration into a non-polar 
environment [270]. Mastoparan also, is understood to 
penetrate the plasma membrane and in so doing, to 
interact directly with the receptor interface of the 
a-subunits of G-proteins such as G O and G i 

[158,160,373]. 
The mechanism of activation clearly involves more 

than just the penetration of the plasma membrane 
followed by interaction with a G-protein at the cyto- 
plasmic surface. If it were as simple as this, then one 
would expect that all susceptible G-protein functions 
would be activated regardless of cell type. However, 
the mast cells derived from other tissues a n d / o r  species 
as well as the closely related rat basophilic leukaemia 
cells are rests!ant or much less sensitive to these poly- 
cationic activators [19,21]. There are a number of other 
problems: thus polylysines of molecular weights 3000 
and 70000 are reported to be equally active on a 
weight (but not on a mole) basis [108], implying that it 
is the total number of charged residues which deter- 
mines the extent of  secretion. Also, when sub- 
fractionated, high molecular weight polymers of com- 
pound 48/80 are reported to be much less potent in 
stimulating secretion than the hexamer [271,296] (but 
see [200]), which could hardly be expected to be ~ble to 
traverse the thickness of a membrane. 

Despite these reservations, the polybasic agonist~ 
are probably best regarded as pseudo-receptors which 
interact directly with G-proteins, consequently activat- 
ing the downstream function of G E in susceptible cells. 
The varying susceptibility of the different mast cell 
types may be due to variable expression of specific 
membrane components required for proper membrane 
insertion. This conclusion is supported by the finding 
that mastoparan, which is a very poor agonist for 
secretion of serotonin from intact platelets (maximum 
about 3%) can induce over 80% release when provided 
to digitonin-permeabilised cells [274]. As with the RBL 
cells it is likely that in platelets, activation by 
mastoparan (which induces Ca2+-independent secre- 
tion) is due to interaction with a pertussis sensitive 
GTP-binding protein, late in the exocytotie pathway 
[274]. 
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VIII. The exocytotic event 

VI!!-A. Exocytoris of  single granules 

The quantal concept of exocytosis is due to the 
experiments of Katz and his collaboraiors [100,184,185]. 
The phenomenon of the miniature end-plate potential 
at the neuromuscular junction derives from the bolus- 
like release of acetylcholine and the consequent open- 
ing of acetylcholine receptor channels in the post-syn- 
aptic membrane. Their measurements thus recorded a 
secondary response to the exocytosis in which the 
movement of Na + ions registered a current flow which 
reported on an earlier process. The quantal nature of 
the exocytotic event can now be directly demonstrated 
by high resolution measurements of the capacitance of 
the plasma membrane of a cell while it is undergoing 
exocytotic secretion. 

When a secretory granule fuses, the area of the 
plasma membrane increases by an amount equal to the 
area of the granule membrane and the capacitance 
increases as a discrete step, each granule contributing 
approx. 10 fF g m  -2 of membrane. The stepwise na- 
ture of the fusion process was first demonstrated in the 
pioneering work of Neher and Marty [253] on chromaf- 
fin cells. Capacitance steps corresponding to the se- 
quential fusion of individual granules have subse- 
quently been observed in rat mast cells [111], mast cells 
from normal [13] and beige mice [55,56,388], human 
neutrophils [259], guinea-pig peritoneal eosinophils 
[216,261] and horse blood eosinophiis [312]. In all three 
cell types the magnitude of the capacitance steps is in 
excellent agreement with morphometric data on the 
cxocytotic granules obtained by electron microscopy of 
thin sections [26,153,154,216,336]. The mean step sizes 
vary from 3 fF in human neutrophils to several hun- 
dred fF in beige mouse mast cells and horse eosinophils, 
corresponding to granule diameters ranging from 300 
nm to more than 1 #m. 

Fig. 22 shows typical sequences of capacitance steps 
measured during degranulation of (a) a human neu- 
trophil (b) a guinea-pig eosinophil and (c) a horse 
eosinophil. By measuring the step height of a large 
number of individual steps, one may construct fre- 
quency-distribution diagrams as shown for the neu- 
trophils in Fig. 22d. If the granules are assumed to 
have a simple spherical geometry, then upon fusion, a 
granule having diameter d G (measured in microns), 
should generate a capacitance change of AC M fF ac- 
cording to 

AC M = ,~-d¢; 2 

For neutrophils, the step size distribution corre- 
sponds to a Gaussian distribution of granule diameters 
having a mean of d 0 = 280 nm and variance tr = 40 nm 
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(smooth line in Fig. 22d) [259]. The capacitance steps 
of the guinea-pig eosinophils have been transformed 
into a granule size distribution also assuming a spheri- 
cal geometry (Fig. 22e) and this can be fitted approx. 
by the sum of two Gaussian distributions d I = 520 + 10 
nm and d 2 -- 590 -F 260 nm reflecting a relatively wide 
distribution with a rather sharp peak (smooth line) 
[216]. These distributions are in good agreement with 
the morphometric data for human neutrophil 
azurophilic granules [26,336] and guinea-pig eosinophil 
crystaUoid granules [216], respectively. The agreement 
between the granule dimensions and the capacitance 
step sizes /or each cell type so far tested, clearly 
demonstrates that during exocytosis the granules mainly 
fuse sequentially, one by one, with the plasma mem- 
brane. 

VIII-B. Compound exocytosis 

While the large majority of capacitance steps fall 
within a limited range, indicative of a single population 
of granules having rather uniform dimensions, in 
murine mast cells a significant number of capacitance 
steps were recorded which are of a size much I~rger 
than expected for the fusion of individual granules [14]. 
These large steps most likely arise from the phe- 
nomenon known as 'compound exocytosis', meaning 
that two or more granules may fuse among each other 

and then fuse with the plasma membrane. It has gener- 
ally been assumed that such granule to granule fusions 
occur at the time of exocytosis as a consequence of the 
stimulus to secrete. From this assumption one would 
predict that the incidence of large capacitance steps 
(caused by exocytosis of pre-fused granules) would 
tend to become more frequent as secretion progresses, 
since this would give time for such compound granules 
to form. However, the incidence of the large steps is 
mainly concentrated in the early stages of GTP-7-S-in- 
duced degranulation and so this observation must be 
taken as evidence that the large granules are present in 
the resting cells and that they are primarily located 
close to the periphery [14]. Such fusions must therefore 
occur at some point in the time before, and unrelated 
to, the stimulus and final release to the exterior. 

VIII-C Granulogenesis: the formation of secretory gran- 
ules 

A detailed examination of the capacitance step size 
distribution in rat mast cells reveals a series of regu- 
larly spaced peaks which correspond to a periodicity in 
granule size [13] (see Fig. 23) which is in rather good 
agreement with the multimodel distribution of granule 
volumes derived from morphometric analysis of elec- 
tron micrographs of thin sections [146]. This periodicity 
indicates that the larger granules may be formed by the 
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fusion of smaller 'unit '  granules with each other. In 
response to intracellular stimulation with GTP-y-S, the 
membrane capacitance of  mast cells from adult rats 
increases approx. 4-fold, whereas the increase is only 
2-fold in mast cells from 3-week-old animals [13]. This 
again closely parallels the nearly 2-fold increase of 
granule volume per cell as well as th.¢ total histamine 
per cell [146]. The distribution of step sizes is identical 
for cells from both the new-born and the adult animals 
indicating that while the number of granules per cell 
increases during maturation, their size distribution re- 
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mains essentially unaltered. This observation is in con- 
trast to the morphometric analysis where the number 
of granules per cell was reported to be constant whereas 
the mean size of the granules appeared to increase by 
more than 50% [146]. However, in beige mice the giant 
granules which typify this phenotype are not present in 
the mast cells of new born animals and .~ppear to be 
formed by a process of continued intergranule fusion 
during the maturation of the cells [12]. 

VIII-D. The fusion pore 

VIII-D-1. Capacitance flicker 
High resolution measurements on rat mast cells 

reveal that 'on-steps' may be followed by 'off-steps' of 
similar amplitude (Fig. 24). This is due to the closure 
or annealing of a fusion pore shortly after it has 
opened and indicates that in the early stages at least, 
membrane fusion is a reversible process [111]. Such 
transient changes have been called 'flickers' by analogy 
with the openings and closings of ion channels, also 
referred to as flickers. While capacitance flickers are 
rather frequently observed in the mast cell only very 
few such events are seen during degranulation of 
guinea-pig eosinophils [216] and have not yet been 
detected during degranulation of horse eosinophils (25 
cells). In human neutrophils the steps are very small 
and so it is not possible to make a reasonable estimate 
of the frequency of flicker events. Capacitance flickers, 
presumably reflecting reversible fusion events have, 
however, been observed in nerve terminals derived 
from the posterior pituitary (Lindau & Nordmann un- 
published) (see Fig. 24) and also during fusion of red 
blood cells with fibroblasts mediated by a viral fusion 
protein [338]. The capacitance flicker phenomenon has 
been investigated in detail in the mast cells of beige 
mice. Having only a few (typically less than 10) gran- 
ules of enormous size, these mutant cells give rise to 
particularly large capacitance steps [12,55,56,388]. 

VIII-D-Z The opening of the fusion pore 
When a cell is held at a fixed membrane potential 

under voltage clamp conditions, the fragment of  mem- 

B c 

5s  3 s  10s  

Fig, 24. Capachance 'on-steps' and 'off-steps'. Off steps have occasionally been observed, This figure shows examples from a rat mast cell (A), 
guinea-pig eosinophil (B) and a nerve terminal (C). 
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Fig. 25, Relationship between fusion pore conductance and capacitance change for a single granule fusion. The time-course of the capacitance 
trace (top) and the corresponding opening of the fusion pore as indicated by the fusion pore conductance (bottom) was measured in a 
degranulating guinea-pig eosinophiI.The arrows indicate that between them the pore conductance was greater than 1 nanosiemens which is the 

detectable threshold for a granule of this size and an 800 Hz sine wave command voltage. 

brahe added upon fusion has to be charged to the 
given holding potential and the current which does this 
is carried through the fusion pore. If the areas of the 
granule membranes are sufficiently large, as they are in 
beige mouse mast cells, the charging current becomes 
considerable. It is then possible to measure the charg- 
ing current and the time-course of the early fusion 
pope conductance can be determined [56,338]. The 
initial conductance of these pores is scattered widely 
with a median value of 280 pS (quite comparable to 
that of a gap junction [338]) and within a few millisec- 
onds of its initial formation it rapidly dilates 
[56,338,388]. The roclosing of the fusion pore leading 
to the capacitance flickers (see Fig. 24) occurs not only 
when the fusion pore is in its initial low conductance 
state but also after the pore conductance has increased 
to several nanosiemons [338], 

In guinea-pig eosinophils" the fusion events are oc- 
casionally preceded by a relatively long-lived state hav- 
ing a pore conductance of 70-250 pS [216], which is 
very similar to the initial fusion pore conductance of 
beige mouse mast cells. Fig, 25 shows the time-course 
of the developing pore conductance measured in a 
degranulating guinea-pig eosinophil. It can be seen 
that the port maintains a relatively constant condoc- 
tane¢ of I'/0 1~ for a while, then closes, then opens 
again and rapidly attains a much higher conductance. 
As with the mast cell, complete reclosure of a pore can 
occur even after its conductance has exceeded 1 nS 
[216], 

When tbe granules are loaded with the fluorescent 
dye quinacrine, release of tbe dye into the exterior 
medium (i,e,, secretion, see section IV-C-3) occurs only 
after the capacitance on-stop has been irreversibly es- 
tablished. During periods of sustained capacitance 
fl i~er tbere is no measurable loss of dye, indicating 
that the fusion pore is too narrow to allow rapid 
e, achanp  between the granule matrix and the extracel- 
lular phase [55], Similarly, the increase in the volume 
o1' the granules, which is due to the hydration of the 
hepadn matrix and which is such a blatant feature of 
~____~osing mast cells (Fig. 6) [55,95,387], only occurs 
after the increa~ in membrane capacitance is irre- 

versibly established [387,388]. The inward movement of 
water and the volume increase are therefore conse- 
quences of exocytosis and cannot possibly drive the 
fusion process as has frequently been suggested 
[16,77,302,316]. Furthermore, it is possible to induce 
membrane fusion and the resultant release of secretory 
products under conditions in which the swelling of the 
granules has been prevented. This can be achieved by 
treating the ceils with isotonic solutions of histamine 
under conditions of low pH which restricts the exten- 
sive hydration of the proteoglycan matrix so that there 
is no swelling on stimulation [95,239]. Even then, nei- 
ther the duration of the flicker state nor the rate of 
expansion of the fusion pore are altered, which again 
confirms that the swelling of the granules does not 
determine the initiation or the expansion of the fusion 
pore [239]. 

While the ultimate detail of the membrane fusion 
mechanism remains obscure, it is now certain that for 
the mast cell at least, an osmotic mechanism, can be 
ruled out. In view of this very clear conclusion, and 
other criticisms [29,163] it must be doubtful whether an 
osmotic mechanism of exocytotic membrane fusion in 
other cells, for which there have been frequent propos- 
als (e.g., ehromaffin cells: [204,289,290], platelets: 
[291,368], parathyroid: [62]) all based on the influx of 
water into the secretory granule to provide a driving 
force, can still be considered realistic. 

Fig. 26 shows a hypothetical arrangement of the 
organisation of membrane proteins constituting a fu- 
sion pore. This is assumed to be a protein complex 
consisting of several subunits (A) as proposed by Wolf 
Almors [8,11]. The initial opening of the pore is as- 
sumed to be associated with a change in the arrange- 
ment of protein subunits leading to the formation of a 
channel which traverses both the plasma and the gran- 
ule membrane (B). This generates a structure which 
could be similar to gap junctions, so far the only 
proteins known to span two membranes in series. For 
such a structure, one would predict a pore length of 15 
nm (i.e., two membrane widths), so that the measured 
280 pS conductance corresponds to a pore diameter of 
2-3 nm. _The variability of the initial conductance may 



arise either from variability in the structure of the open 
pore or could alternatively reflect a variable number of 
subunits which may be preassembled and which then 
lead to pores of variable size. For the subsequent 
dilation of the pore two possibilities are suggested in 
Fig. 26. One possibility (C) involves the insertion of 
further protein subunits of  the same or a different 
kind. Such a mechanism would be similar to the mech- 
anism proposed for pore formation by streptolysin-O 
[45] which generates lesions in membranes by forming 
oligomeric ring structures after membrane insertion. 
Another possibility would be that pore expansion is 
mediated by flow of [ipids into the spaces between the 
protein subunits (D) [8,11]. Any proposal based on a 
protein-lined pore has the advantage that the hy- 
drophobic regions of the lipids never come into contact 
with the aqueous phase at any time during the fusion 
process, a problem which would be most difficult to 
solve if the pore is presumed to be composed of lipids. 

If the initial approx. 280 pS conductance reflects the 
formation of a prt~tein lined pore similar to a gap 
junction [8,337,338] (see also Fig. 25), then we can 
reasonably anticipate that it should be able to close 
again. However, as we have seen, reclosing of the 
fusion pore can occur even after its conductance has 
increased many times over, to several nanosiemens 
corresponding to a pore size of 7-20 nm [337] at which 
it approaches the dimensions which are visible in 
freeze-fracture micrographs (see Fig. 2). The fusion 
pore can thus be extensively dilated by incorporation of 
further proteins or lipids to form a much larger open 
structure, without ever losing the ability to reclose. The 
mechanism underlying the reversible opening and clos- 
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ing of these large structures is still far from being 
understood. 

VIII-D-3. Individual (microscopic) steps in the exocytotic 
even t 

The recording of single fusions and the associated 
capacitance flicker extends the level of measurement to 
the microscopic events which comprise the terminal 
stage of the exocytotic process. This recalls the pro- 
gression, about 10 years ago, from measuring mem- 
brane currents under voltage clamp to observing single 
channel events by the patchoclamp technique. It has 
now become possible to measure the conductance of 
single fusion pores and to determine their microscopic 
kinetic properties such as the rates of opening and 
their open-time distribution (see VIII-D-2). If those 
granules that are neither unfused (U) nor stably fused 
(S) are classified together as a transition or 'flicker' 
state (F), then the following scheme is immediately 
suggested [ 12] 

U,~ F--* S 

The time-course of mast ceil degranulation, previ- 
ously shown to be sensitive to the concentrations of 
GTP-T-S and Ca 2+ (see VI-D-1) has recently been 
examined at the level of microscopic kinetics using this 
simple formulation. It was found that the time between 
irreversible fusion events (formation of the S state) is 
inversely proportional to the GTP-y-S concentration 
and is then curtailed still further by elevation of Ca2+; 

the duration of the flickers is unaffected. The kinetics 
could be explained only if the transition from F to S is 
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Fig. 26. Hypothetical scheme illustrating the organisation of the fusion pore. The fusion pore is an assembly of several protein subunits (A). The 
pore opens due to a structural rearrangement in response to an intracellular signal (B). The pore expands by insertion of further protein subunits 

(C) or by flow of lipid into the space between the protein subunits (D). 
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sensitive to the concentration of GTP-y-S and Ca 2+ 
whereas the F to U transition is assumed to be con- 
stant [15]. However, commonsense must dictate that 
the situation is more complicated than this since the 
transition rate from U to F is virtually zero in the 
absence of GTP-y-S and becomes quite high in its 
presence, as indicated by rapid degranulation. A more 
detailed analysis of the flickers now appears to require 
more than one F-state (J.M. Fernandez, personal com- 
munication) so the simple three state scheme given 
above should be considered as a minimal model which 
can account for the flicker phenomenon but not for the 
detailed properties of the reversible intermediate 
structures. 

VIII-D-4. Is non-osmotic membrane tension the driving 
force for fusion ? 

Some further clues about the structure and kinetics 
of the fusion pore and the more general interaction 
between the two fusing membranes are offered by the 
finding that after sustained periods of capacitance 
flicker, the plasma membrane capacitance declines 
[238] (Fig. 27). This is due to the transfer of surface 
area away from the plasma membrane into the granule 
membrane during the time the two are linked by the 
fusion pore and it occurs at a rate of 0.16/~m 2 s - ~  of 

flicker duration. Thus, for a typical rat peritoneal mast 
cell having a surface area of 500-1000/zm 2, approx. 
0.02% of its surface area is transferred per second, 
adding approx. 10% to the area of a typical granule 
having a surface area of 1.6 /zm 2. Flicker episodes 
extending for upwards of 1 s are not infrequent and so 
the scale of transfer away from the plasma membrane 
though small, is significant. From the point of  view of 
the recipient granule membrane, the transfer is quite 
considerable. The observation has been interpreted to 
reflect a difference in the tension between the two 
fusing membranes, though whether or not this plays a 
role in initiating or expanding the fusion pore remains 
to be determined. 

Whatever the role of this lipid flow turns out to be, 
the observation strongly suggests that the fusion pore 
rapidly takes on a lipidic character. This favours the 
idea of a pore expansion model as is illustrated in Fig. 
26d, the 'dispersing subunit model' [11]. We confi- 
dently anticipate that the wider importance of these 
individual phenomena, revealed by high resolution ca- 
pacitance measurements, will become clearer when 
similar experiments are performed on other cell types 
in which the control mechanisms for exocytosis, or 
more simply, in which the contents of the secretory 
granules are different. 
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Fig. 27. Lipid flow in the fusion pore. When the fusion pore recloses after an episode of flicker the capacitance is slightly smaller than the initial 
capacitance (top trace). The decrease reflects a true decrease in capacitance since no change is observed in the conductance trace (bottom trace). 

From [238]. 



In this latter respect, the eosinophils which are 
currently being investigated in our laboratories should 
be particularly appropriate. In these cells, the phenom- 
ena related to exocytosis can be investigated with very 
high resolution (i.e., approaching that which can be 
achieved with the mutant l~eige mouse mast cells) but 
~the composition of the granule matrix is quite different 
|~rom that of the mast cell, being hydrophilic and thus 
rapidly dissipated following exocytosi~ and exposure to 
the extracellular saline [216,261,312]. 

IX. Envoi 

'Un~'ike the Pope, I beliet~e my opinions to be very 
fallible, and therefore I may be mistaken that the enemy's 
fleet ha~ gone to Europe; but I cannot think myself 
otherwise, notwithstanding the var'ety of opinions which 
a number of good people hare formed' 

The Right Hon Lord Viscount Nelson, K.B., Com- 
mander in Chief, on board HMS Victory standing off 
Antigua, 12 June 1805. 

We have presented a great deal of data and a 
number of complex arguments concerning the mecha- 
nism of regulated exocytosis, especially as it is mani- 
fested in myeloid ceils. A number of events which 
occur in response to stimulation have been identified 
or suggested such as activation of phospholipases C 
and A 2, protein kinase C, phosphorylation, dephos- 
phorylation and Ca 2+ release. However, the direct 
involvement of any of ~:hese pathways in the activation 
of exocytotic granule fusion is still completely obscure. 
One feature stands out and that is that guanine nu- 
cleotides and hence a GTP binding protein (possibly 
more than one) are key players in this process. They 
are certainly equal in importance to Ca 2+ which has 
been continuously recoguised as an effector for secre- 
tioJl for almost a century [103,148,218,298,299]. 

As our work and that of others has proceeded, we 
have from time to time presented schematic figures to 
illustrate how we believe the various intracellular effec- 
tots and modulators interact with events lying up and 
downstream and between themselves [132]. On occa- 
sion, especially at times when matters appear to be 
approaching a firm conclusion, such pictorial sum- 
maries, however facile, can certainly be helpful. It is 
our opinion that as of now, the field is moving as never 
before and that any update of previous schematics that 
we might present here will become fossilised well be- 
fore the ink on these pages is dry. Our opinion remains 
simply that; we have presented the data and the argu- 
ments as they appear to us now and we hope that our 
colleagues will find much to enjoy and much to argue 
about. But a scheme represents some kind of conclu- 
sion and this is not the time to present schemes. 
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