Biochimica et Biophysica Acta, 1071 (1991) 429-471
© 1991 Elsevier Science Pubiishiei» B.V. All rights reserved 0304-4157 /91 /$03.50

BBAREYV 85387

Techniques and concepts in exocytcsis: focus on mast cells

Review

Manfred Lindau ! and Bastien D. Gomperts 2

! Biophysics Group, Depariment of Physics, Free University Berlin, Berlin (Germany)
and ? Department of Physiology, Rockefeller Building, University College London, London (U.K.)

(Received 5 March 1991)

4

9

Comtznts
I. INErOdUC O . . . . e e e e 430
A. First considerations . ... . ... ... i i e e e e e 434
1. Biophysical aspects . ... . ittt e e e 434
2, Biochemical aspects . . .. ... . L e e e e e 434
B. Calcium ... .. e e e e e e e e 435
JI.  Cell permeabilisation . . . ... ..ottt ittt s et sttt e 435
A. Quantitative description of permeability lesions . ... ............ ... ... .......... 436
II1. Permeabilisation of cell suspensions .. ... .. .. ... ... . ittt 437
A. Staphylococcal a-toXin . .. ... . e 437
B. Streptolysin-O . .. ... e e e et e e e e e 438
C. AT P 439
IV. Single cell experiments . ... .. ..t et e e e e e e e 439
A. Single cell mIiCroinjection . . ... . ..ot i e e e 439
B. Patch pipette . . .. ... e e e, 439
C. Measurement of secretion fromsinglecells . ... .. .. ... ... ... .. . i 440
L Degranulation . .. ... vttt it e e e e 440
A v 1T 3 111 € 2 440
3 FlUOIESCEMCE & . . o ittt it ittt tte st aasmaea s taanenaae e nnns 440
4. Measurement of membrane €apacitance . ............c.c.ieir e as 440
5. Slow-whole-cell configuration of the patch-clamp technique ...................... 441
V. Regulating cytosol composition ..........c. ittt e e i 442
A, Electrolyte composiilon . .« o v ot v it nn ittt ittt e i e 442
| R 51T 1T 1115 1] € P 442
2. Permeabilised cells ... ... it et e i e 442
B. Regulation of Ca2t ...\ttt ie e e et e e 442
C. Regulation of nucleotide composition ........ ... ... 443
D. Modulatiry role of cytosol proteins . .. .. oottt e s 443
1. Permeabilisedcells ........ ... ........ e e 443
Leakage of cytosol PrOteims . . . . . oo v oot i i it ittt i n et s 443
Introduction of €X0geNOUS ProteINS . . .. .. vttt i inn s ie it 444
VI. Dual effectors for EX0CYlOSIS . .. ...t i ittt riie ittt et 444
A. Ca?* and a guanine nucleotide. together, are necessary and sufficient ................. 444
1. SL-Opermeabilisedcells ........... .. . . i 444
2. Microinjected cells . . .. .o ol e e e 445
3 PatCh PIPEtE . . . oot e e e 446

Correspondence: B.D. Gomperts, Department of Physiology, Rockerfeller Building, University College London. University Street. London

WCIE 6JJ, UK.



430

B. The meaning of effector concentration-response relationships . ................... ...
C. Exocytosis in zwitterionic electrolyte solutions .. ........ ... ... e,
1. SL-Opermeabilisedcells . ... ... i i i i e i e
2, PatCh PIDBHIE . . e e e
D. Kinetics of the exocytoticreaction . ... ... .. ittt
1. Delayed onset of exocytosis; patch-ciamp . ... .......... .. . i ...
E. Delayed onset of exocytosis: SL-O permeabilisedcells. . . ..........................
1. ATPinducesonset delays . . ... ... ... . i it e e
2. Parallel or sequential effectorsystems . . . ..... ... it i
3. Abruptonsetinthe absence of ATP ....... ... .. .. ...

VII. Evidence for a G-protcin mediated dephosphorylation as an enabling reaction for exocytosis . . .
. Okadaic acid, a protein phosphatase inhibitor ... ........... ... i,
. SL-O permeabilised cells lose responsiveness to Ca* and GTP-y-S...................
. Okadaic acid ensures dependence on guanine nucleotide . .. .......................
. Evidence for protein dephosphorylation as an enabling step in other secretoryce . .......
. Evidence for a late-acting GTP-binding protein (G g) mediating secretion in other cells . . . . .
. Neutrophilsand HL60O cells . ....... ... .. it
B 2 | =1 T

monNE

L Parathyroid « . ... e e e
. Pituitarymelanotrophs . . ... .. o e e e
L Pituitary lactotrophs . . . ..o e e e
. Pituitary gonadotrophs . . ... ... L e e
. Exocrine pancreaticacinarcells ........ ... i e
. Inhibitory mechanisms ... ... L e

Insulin and ACTH secretingcells . ......... ... ... i inniiirnreaannnnnnn.
F. Classification of G, the GTP-binding protein mediating exocytosis in myeloid cells .......

1. Gg: an argumesii0r a heterotrimeric signal transducing G-protein ........... .....

2. Receptor control of Gg fUnction . ......... .. u.u vvuun e,

b=l N B Rl S

VIIL The exocytotic event . . . ... .. i ittt i e ettt e e,

C. Granulogenesis: the formation of secretory granules . ... ........ .00 veinennnnn. ...
D. The fusion pore . . ... . oiu it e e
1. Capacitance flicker . .......... ... i i
2. The opening of the fusionpore ................... e e e e e
3. Individual (microscopic) steps in the exocytotic event . .................o'vrrnn..
4. Is non-osmotic membrane tension the driving force for fusion? ................ ... .

AcknowledBements ... ... ..
References ... ..o




431

..'One mechanism involves binding of the hormone to the receptor resulting in a rise of the intracellular level of
Ca’™ and after a series of ill-defined steps, in stimulation of secretion’
from Molecular Cell Biology. Darnell, Lodish & Baltimore (Scientific American Books, 1986)

‘The final truth came io me as we stood there, trembling, searching berween all our past and all our future; at z

moment
misunderstarding’

when the difference between fission and fusion lay in a nothing, a tiniest movement, betrayal, further

(from THE MAGUS (C) John Fowles, first published by Jonathan Cape Ltd., 1966)

L. 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 relztively small compounds such as neuro-
transmitters to enzymes, antibodies, micellar phospho-
lipids (i.e.. in the type II cells of the lung epithelium)
and heparin (mast cells). Depeniding on ihie particular
requirements they are packed in vesicles having diame-
ters ranging from 50 nm in the case of synaptic vesicles
to more than 1 pm in the case of horse eosinog s o3
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 mammalian 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 secretion 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 ai synapses and neuro-
muscular junctions, the release of peptide hormones
from the pituitary and pancreatic glands and cate-
cholamine reiease by the adrenal medulla. These are

Fig. 1. Schematic representation of membrane-membrane interaction
in exocytotic fusion. Cytoplasmic granules (A) need to attach to the
plasma membrane (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 readiness. This allows for
very rapid release. In other secieiory cells, docking comprises a stage
in the stimulus-secretion seguence.
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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’?* which is believed to trigger the fusion of the
secretory vesicles with the plasma membrane by a still
unknown mechanism. s

Exocytosis also occurs in non-excitable ceils in which
secretion occurs in response to specific receptor di-
rected agonists and in these systems the regulatory
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 cf depolarisation {8,114,217,253]; parathy-
roid 160,255.326] (and some other peptide releasing
cells 160,78,120,147,279]) release hormone in response
to a decrement in cytosol Ca®*; parotid cells can re-
lease amylase in response to B-adrenergic activation
leading to elevation of cyclicAMP [170,231,295] and
this allows independent regulation of fiuid release in
response to elevation of cyiosol Ca’* by muscarinic
cholinergic activation. Nor does exocytosis necessarily
occur in fesponse to a change in the concentration of a
conventional water soluble second messenger. Thus,
activation through the protein kirase C pathway in-
duces secretion from platelets and neutrophils under
conditions in which cytosol Ca?* is maintained at or
even below resting levels [102,292,300,3011. There exist
alternative second messengers and also signalling sys-
tems in which the concentration of intraceliular 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 cvent
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®, or shouldn’t eat your next
pudding; release more than a few percent of your



Fig. 2. Freeze-fracture images of exocytosis in mast cells and neutrophils. (a) Freeze fracture replica of an un: timulated rat mast cell. A secretory
granule lies just under the plasma membrane. The specimen was quick-irozess on 4 liquid helium-cooled ce,-ser Liock, fractured and replicated
with platimum/carbon. X 90000. (b} ‘The beginning of exocytosis in rat mast cells stimulated with compound 48,/80. A small pore has formed
between the plasma membrane and the granule (arrow). X 75000. (c-¢) Exocytotic pores in stimulated rat mast cells during ihe 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). %280000. (d) Some pores. as small as 27 nm in diameter (arrow), appear to be pedestals that may still contain a singlz bilayer diaphragm.
% 360000 [73]. {e) Small pores are also seen joining granules. X 350000. (f&g) The pore grows as the granule matrix expands allowing exit of the
granule contents. X 58000 (f) and x 48000 (g). (g) reproduced from {71). (h&i) Exocytosis in rabbit neutrophils treated with cytochalasin B and



stimulated with fMetLeuPhe. The granules are interconnacted by marrow 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) and % 110000
(). (h) is reproduccd 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.., 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-
traitee action of the effector cells of the immune
system. Mast cells, basophils, neutrophils, macrophages,
eosinophils 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 ihem possess
voltage dependent calcium channels (mast cells
[212,213,284); macrophages [125,385]; neutrophils
[126,186]); basophils [186,358]; eosinophils [186); T-
lymphocytes [98]). Although Ca’* is an important de-
terminant of secretion, other effectors and other effec-
tor mechanisms enable exocytotic fusion in these cells.

I-A. First considerations
I-A-1. Biophysical aspects

Exocytosis has been deoscribed as the controlled in-
teraction of perigranular membranes with the plasma

membrane which results in their fusion and subszquent
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. Whiie this
portrayal remains valid in a macroscopic sense, and has
indeed been welil 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 osier (i.e., close to the
limi: 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-iar 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 phosphoclipid 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 experimentally, 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 ceils 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.

1-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 molecuie 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., throug!. the demonstration of a require-
ment for Ca®* 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 induced by the
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 (Ca**.ionophore) complex and thus on the rate
of entiy of the Ca’* ion into the cytosol [41]. Since this
occurs against the homeostatic mechanisms which nor-
mally maintain Ca?* 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 cells
50, Igf

g
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£ +PMA

e
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Fig. 3. Dependence on the concentration of intracellular Ca®* for
secretion of histamine from rat basophilic leukaemia cells. Intra-
cellnlar 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 (c) by an antigen
which activates these cells by cross-linking the receptors for IgE.
Redrawn and adapted from Beaven et al. [39].
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the level of intra-cellular calcium following stimulation
with: () a calcium jonophore; (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 Ca®*-sensitivity of these cells when
subjected to a Ca?*-only stimulus of this kind, or with
concomitant activation of protein kinase C, fails to
match the sensitivity achieved by stimulating the cells
through the normal receptor mechanism. Clearly, cle-
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 phosphatidyiinositol 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** at intracellular concentrations well
below 107¢ M.

In addition to a possible requirement for Ca’*,
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.

Nobodr 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), tarper with the works and get your
hands dirty. Similarly, ;ou 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®" 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’>* to enter the cell across the
plasma membrane, already represents an attempt to
achicve 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.

IL. Cell permeabilisation

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 rescived 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 iniegrity 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*~) [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,

TABLE I
Methods of cell permeabilisation

each of which offers its own special features. In this
way it is possible to design experimental s:rategies with
much greater flexibility and to analyse results 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 available methods for cell permeabilisation now
allows one to opt for methods which will permiit ihe
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.

1I-A. Quantitative description of permeability lesions

To describe the characteristics of a particular per-
meabilisation method a quantitative description of the
permeability lesions is clearly required. It is obvious
that only those molecules smaller than the size of
individual pores can leave or enter the cells. However,

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 filiration Method of assessment Reference
diameter
Sendai virus approx 1 nm exclusion of fluorescent peptides [171]
macromolecular dimensions protein leakage [135]
Staphylococcal a-toxin 2-3 nm electron microscopy [109]
Hi voltage discharge 2-4 nm uptake and efflux of various
markers in chromaffin cells 1190]
ATP*- variable dimensions rate of 32P-metabolite efflux
(a ATP*") and 5’Co, HEDTA uptake {42,83]
Lysolecithin variable dimensions RNAase (M, 14 kDa) uptake
and LDH efflux [235]
Plant glycosides macromoiecular dimensions slow leakage of LDH (M, 142 kDa) [286]
Streptolysin-O greater than 13 nm efflux of urease (M, 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 10 the inum-
ber of pcres.

The time constant r for diffusional equilibration
between the extracellular medium and the interior of a
spherical celi having radius r, permeabilised by a single
pore of length / and cross-sectional area a, is expected
to be

r=47-r*i/(aD) ‘1

where D is the diffusion constant for a particular
substance [318).

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

a=m-(d/2y 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

7= (16r1)/(3d*D) 3

and as long as the plasma membrane remains the
limiting diffusion barrier the time constant 7 in the
presence of n pores will be

T=n-(16r1)/(3d°D) (4)

The diffusional equilibration time constant is thus
inversely proportional fo 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*, indicating that any given method
of permeabilisation may have quite different conse-
quences in large and small cells. Finally the 7 is
inversely proportional to the square of the pore diame-
ter d? which means that changing the pore diameter
from 1 to 3 nm alters the equilibration time by an
order of magnitude.

1IL. Permeabilisation of cell suspensions
HI-A. 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 diameier of
approx. ! nm for an aqueous pore. The unit conduc-
tance is weakly voltage dependent and the channels
display a slight anion selectivity. Ca?* and other diva-
lent cations are permeant as might be expected for a
large pore but as with many other pore forming agents
(c.g., haemolytic viruses, complement), the induced
permeability is also inhibited by divalent cations (i.e.,
including Ca®* [233,282]). The inhibition of a-toxin
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 experimenis 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 precautions
have to be taken to ensure adequate equilibrriion of .
solutes such as nucleotides and Ca?* buffers (e.g.,
EGTA). For example, in a recent investigation con-
cerning the exocytotic mechanism ir. primary pituitary
gonadotrophs [369], the cells were first permeabilised
at 37°C, then loaded with Ca’*-buffers for 30 min at
0°C and only then returned to a temperature permis-
sive for secretion (37°C). In addition it was found
necessary to use the Ca.EGTA buffers at high concen-
trations (20 mM: in most work with permeabilised cells
3 mM is generally considered sufficient) in order to
ensure equilibration of Ca2*.

I1i-B. Streprolysin-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) [139] and lac-
tate dehydrogenase (LDH 140 kDa) [139,168]. Follow-
ing addition of streptolysin-O tc rat mast cells at 0.4 iU
ml~! 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 7 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 largs
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
smal! pores into one large pore [258].

If we assume a mast cell radius » of 6-8 pm, a pore
length / of 8 nm, a diffusion coefficient for LDH and
PGK of approx. 5 X 1077 cm? s~ and a pore diameter
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of about 10 nm then Eqn. 3 (see section 1I-A) yields a
diffusion time constant r of approa. 30-80 min. 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 2 few much larger pores are formed.
From estimates based on the diffusion constants, the
equilibration times of low molecular weight solutes
such as Ca?*, EGTA or GTP-y-S can be assumed to be
about 10-times faster than those for the proteins. These
will thus enter the cells within 5-10 s.

HI-C. ATP*~

For cells having appropriate receptors [44,352], the
application of ATF provides a particularly versatile
approach to membrane permeabilisation since the di-
mensions of the lesions can be regulated by changing
the conceniration of the free acid form, ATP*-
[83,357). Cells susceptible to ATP*~ include renal
tubules [304], trarsformed 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 celi 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 NaCl, 5 mM KCl, 10 mM Hepes/NaOH, pH 7.25). At —50 mV the conductance increases
upon 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, 1nactivation is apparent for the current 1., measured at the end of the 100 ms pulses. (C) Using
*physiological’ solutions (inside 135 mM potassium glutamate, 20 mM NaCl, 1 mM MgCl;, 0.5 mM Na,ATP, 0.1 mM BAPTA. 10 mM
Hepes/NaOH, pH 7.24; outside, 140 mM NaCl, 5 mM KCl, Z mM CaCl,, 1 mM MgCl,, 10 mM Hepes/NaOH, pH 7.25) ihe inward cuiicnis
(left) are very small throughout the 100 ms pulse. The current-voltage relationship (right) shows that the reversal potential remains close to 0 mV.
The voltage dependent block is thus due to the presence of high concentrations of the divalent cations Ca?* and Mg?*.
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Fig. 5. Ca’*-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*~ (6 uM) in the presence of guanine nucleotides at the
concentrations indicated. After 5 min, Mg®* (2 mM) was added to
chelai¢ the ATP and allow the permeability lesions to seal. 10 min
later, Ca®>* (5 mM) was added and the incubation carried on for a
further 10 min. @, GTP-y-S; e, GppNHp; a, GppCH,p. From
{130].
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Dialysis of the cytosol of mast cells can be achieved by
permeabilisation with ATP*~ at concentrations less
than 5 uM [42,83]; at higher concentrations (50 pM)
ATP*~ permits the slow leakage of actin and presum-
ablv other soluble proteins [198]. Moreover, removal of
the tetrabasic acid form of ATP (e.g., by chelation
following addition of excess Mg?*) allows the lesions
to reseal [130], re-establishing within milliseconds the
initial barrier properties of the membrane [357]. This
technique has been used to load and trap normally
impermeant aqucous 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 reguiated exocy-
tosis were first perceived {130] {see Fig. 5).

[V. Single cell experiments
IV-A. Single cell microinjection

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 somewnat 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 Ca* 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. Therv is thus no significant
exchange between the cell interior and the extracellu-
lar medium. The pipette solution however, exchanges
rapidly with the cytoplasm. Tiic volume of solution
loaded in the pipette is typically around 20 ul, whereas
the volume of spherical cells having a diameter of 6-20
um is as small as 0.1-4 pl. 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 pm and is quite sufficient 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 cnter 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,, is usually in the range of 2-20 Ms2. The
diffusion time constant for a given compound has been
found to increase in proportion to the value of R ,. For
soluble substances which do not exhibit significant
binding to intracellviar membranes or to other struc-
tures, the diffusior yate (i.e., the reciprocal value of the
time constant) is proportional to the diffusion coeffi-
cient D. For chromafiin cells having a mcan volume of
approx. 2 pl the diffusion time constant with a 5 M{2
pipette is less than 10 s for Na* or K* and is approx.
20 s for the Ca’*-sensing dye fura-2 (MW 637). For
organic substances like fura-2, nucleotides or proteins
the time constants were found to approximate the
relationship:

7=80-R, /D &)

[294] where 7 is in seconds, R, in M2 and D in 107’
cm?/s.

If we treat the connection between the bulk pipette
volume and the cell interior as a cylindrical tube of
length / and cross-sectional area a, then the access
resistance of this connection can be written as

Ro=1/0"l/a (6)
where o is the conductivity of the pipette solution
(approx. 10-15 mS cm ™! for physiological saline). With

this relationship Eqn. 1 can be rewritten as

7=V-a-Ry/D M
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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 experimentaily 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 constant 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~!/3, Eq. 5 can thus be rewritten as

r=06-RyM~ 172 ®

where R, is again in M{2 and M is in Daltons [294].
For a typical pipette (R, =5 M{) the diffusion time
constants are very close to those measured in SL-O
permeabilised cells (see above, section 1I-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 controlied. In particular,
the Ca’* concentration on the outside can be raain-
tained in the millimolar range while clamping Ca®* at
submicromolar levels inside the cell.

IV-C. Measurement of secretion from single cells

IV-C-1. 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
detecizd 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 cells and neutrophils which
have much smailer granules {diameter < 300 nm)) no
clearly observable morphological change associated
with degranulation is evident under the light micro-
scope.

WV-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-y-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 celis
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 individuzd
rat mast cells [353]. (NB histamine is not amenable to
voltammetric analysis since it is not readily oxidisable).

W-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 secretory granules and then re-
leased alongside the ncrmal 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 uF/cm? [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



Fig. 7. Schematic represcatation of the whole-cel! patch-clamp con-

figuration and minimal equivalent circuit. The circuit consists of the

access resistance R,, the membrane capacitance C,, and the mem-
brane conductance Gy,.

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,, the membrane capacitance C\; and the
membrane conductance G, 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 varicty 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 condi-
tions allow the simultaneous recording of membrane
capacitance and conductance '. In excitable cells it is
thus possible to relate exocytosis directly to the apen-
ing of voltage dependent calcium channeis 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 (/) and
voltage (V) according to

I=YxvVv.

so Y is formally similar to a conductance. Note, however, that the
admittance is a complex function of R,, C, 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 whele-cell configuration, second
messengers, activators and irhibitors of exocytosis can
be introduced into the cytosol and the 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
exacytotic granule fusion [250].

IV-C-5. Slov-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 48/8C [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 rormal-
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 amplitide 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 degranulation 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
invesiigaic 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
[I1-C) and very low free calcium [213]. The permeabili-
sation by ATP*~ generated a patch permeability hav-
ing an access resistance of 100 — 2000 M{2 (compared
with 2—-20 MJ#2 when the patch is disrupted: see section
JV-B). Besides retaining all molecules inside the cell
which are larger than the pore size, the approx. 100-fold
higher access resistance (R,) makes the loss of smalil
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 permeabilised with
ATP#~ [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 IgE/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
ihus 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.

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 used as the extracellular
medium (although this solution may be modified for
certain experiments). In most experiments on exccyto-
sis the pipette (intracelluiar) solutions have been based
on potassium glutamate. In mast cells, problems arising
from the presence of KCl 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 min [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 pipewe. The differences of GTP-y-S induced exo-
cytosis in cells dialysed with glutamate and Cl~ 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.

The reason why the Cl~ 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, Cl~ inhibits Ca®*-induced catecholamine
release. Physiological justification for this lies in the
fact that for most cell types the Cl~ 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 Cl™ ion (e.g., our work on mast ceils 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-B. Regulation of Ca®*

An important consideration for permeabilised cells
concerns the regulation of Ca?*. Under most normal
laboratory conditions, the concentration of free Ca®*
in a simple salt solution containing protein (e.g., albu-
min at 1 mg ml~') and other supplements will be in
excess of 10 uM [68]. This is 100-times the concentra-
tion of the free ion in the cytosol of resting cells. In
order to control Ca?* in the physiological micromolar
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?* 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®* flows rapidly into the cell and may over-
whelm the capacity of the intracellular EGTA to main-
tain a low concontration of Ca®*. This has been found
to lead, transiently, to a high concentration which is
sufficient to induce exocytotir. activity in chromaffin
cells [253], endocrine pituitary ceils [359,360] and in
nerve terminals from the rat posterior pituitary
[114,217].

In non-excitable cells, the release of calcium from
intracellular 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 wM) the calcium concentra-
tion has been found to be under the control of the cell
and not the pipetie solution [251,254].



By including the calcium indicator fura-2 in thc
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 celi 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 has 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 deoxyglicose and antimycin-A to
suppress glycolysis and electron transport) [167,178].
After 5 min ireatment with inhibitors at 37°C ihe
concentration of intra-cellular ATP in 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 Ca’*-ionophores. However,
they remain fully responsive, following permeabilisa-
tion, to intracellularly applied activating effectors such
as the combination Ca?*-plus-GTP-y-S [167] (see be-
low: section VI-A).

As described above, mast cells dialysed with a paich
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-y-S is included in the intraceilular solution
[111,259,261].

V-D. Modulatory role of cytosol proteins
V-D-1. Permeabilised 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-y-S and ATP in a simple NaCl based electrolyte
system) closely resembles the situation of IgE stimula-
tion illustrated in Fig. 3. Much higher concentrations
of both Ca’* (Fig. 8a) and GTP-y-S (Fig. 8b) are
needed when the cells are permeabilised by ATP*~,
which generates considerably smaller lesions (see sec-
tion 1II-C) [198]. When the stimulus (Ca?*-plus-GTP-y-
S) is applied after a protracted period of permeabilisa-
tion by ATP*~, (at a 10-fold higher concentration,

2+
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Fig. 8. Dependence on Ca®* and GTP-y-$ for exocytosis from mast

cells permeabilised with SL-O and ATP*~. (a&b) Mast cells were

permeabilised by ATP*~ (30 oM, apen symbols) or by the combina-

tion SL-O-plus-ATP*~ and stimulated with (x) 15 uM GTP-y-S and

a range of pCa and (b) a range of GTP-y-S ai fixed pCa 5. From
[198].

allowing leakage of actin), the sensitivity increases pro-
gressively (Fig. 9). After about 2 h of treatment with
ATP*~, 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*~.
This inhibitory factor must be a component of the
cytosol of intact cells and this probably explains why
such high concentrations of Ca?* must be achieved in
order for exocytosis to occur in response to a Ca®*-only
stimulus (Fig. 3). For stimulation in response to recep-
tor activation, which enabies exocytosis to occur at low
concentrations of Ca?*, a further signal (i.e., in addi-
tion to those provided by IP; and diglyceride) is re-
quired [39]. This relieves the suppression of effector
sensitivity so that exocytosis can proceed in response to
Ca’* at concentrations less than 107°M.
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Fig. 9. Effect of the permeabilisation interval on the calcium depen-
dence of secretion following permeabilisation by ATP*~. Mast cells
were treated with ATP?~ (50 M) under non-stimulating conditions
for proionged periods, sufficient to allow the efflux of soluble protein
(mesasured as actin). They were then stimulated by addition of
GTP-y-S (15 pM) and a range of Ca?* (as indicated) and incubated

for a further 25 min. From [198].
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In contrast to the enhancement due to prolonged
permeabilisation with ATP*~, 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 VI1I-
Q). A similar time related loss of reactivity of digitonin
permeabilised adrenal chromaffin cells has been re-
ported [310].

Introduction of 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 Ca®*-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 P1 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

VI-A. Ca’* and a guanine nucleotide, together, are
necessary and sufficient

VI-A-1. SL-O permeabilised cells

Fig. 10 illustrates the dependence on Ca** and
GTP-y-S for exocytosis from mast cells permeabilised
by SL-O in buffered NaCl [142). Routinely, before
permeabilisation, the cells were pretreated with
metabolic inhibitors for 5 min. At this point they are
resistant to stimulation by receptor-directed agonists
such as compound 48 /80, or Ca®*-ionophores.

A number of important points can be made:

1. Exocytosis requires the presence of both Ca?*
and a guanine nucleotide (the ‘essential effectors’)
[167,201]. Together, these suffica to induce almost totai
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, GppCH,,p and the ietrafiuoroaluminate an-
ion) can elicit secretion [79,167.3351).

2. Neither ATP [167,201] nor Mg?* [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 stagss 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’* 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®*) 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 [136]. This is distinct
from Gy, the activator of phospholipase-C [85].

5. There have been many proposals for an involve-
ment of phospholipase A, activation in the exocytotic
pathway of mast cells [288,315]} and other celis (neu-
trophils [372]; eosinophils [323]; platelets [329]; mono-
cytes; adrenal chromaffin cells [121}; pancreatic S8-cells
{3G3]). The phospholipase A, reaction causes the hy-
droiysis 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. En the case of intact mast cells
[76] and eosinophils [154] it has been shown that appli-
cation of exogenous phospholipase A, can stimulate
secretion. Mainly, these propesals have been based on
pharmacological experiments using so-called PLA, 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, Ca?*-plus-guanine nu-
cleoiive, should alse activate phospholipase A,
[23,67,50). Hewever, in permeabilised 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 PLA ,. ia permeabilised
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Fig. 10. Dependence on Ca®* and GTP-y-S for exocytosis from mast cells permeabilised by SL-O in buffered NaCl. Mast cells suspended in a

simple NaCl/Pipes buffer containing 2 mM Mg>* (pH 6.8) were treated with metabolic inhibitors and then permeabilised with SL-O and

stimulated to secrete by the presence of a range of Ca®* and GTP-y-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).
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he two G-proicin mediaied funciions have
proved hard to separate, but considerably higher con-
centrations of both effectors are needed to activate
PLA, [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 cccurring concurrently
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Fig. 11. GTP-y-S-induced secretion can occur under conditions in
whica phospholipase C is inhibited by neomycin. Mast cei! inositol
lipids were labelled by overnight incv sation with [*Hlinositol. Fol-
fowing permeabilisation with SL-O thoy were stimulated with Ca**
(pCa 5) and GTP-y-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~ *M.

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

Aithough 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, Ca2*-
plus-guanine nucleotide, can induce secretion from
permeabilised neutrophils (32}, eosinophils [93,261] and
HL60 cells [343]. For all of ihese, 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
brieflv outlined in section 1 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 cells (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®*
alone was without effect though there is one report of
a positive outcome, following iontophoresis of Ca’*
[183). Significantly, the cells r:main responsive to mi-
croinjection of GTP-y-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®* at the site of impalement.

TABLE 11

VI-A-3. Patch pipette

The dependence on GTP-y-§ concentration in
whoie-cell patcii-clamp experiments has been investi-
gated {110]. In the range 20--500 uM ihe increase of
membrane area is indcpendent 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 20-46 uM GTP-y-S, thesi 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?* concentration. However, the onset delay and

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

Technique Effectors Main anion Reference
Mast cells ATPY- Ca** cl- [42]
sendai virus Ca®* cl- [135)
digitonin Ca?*, GN, AlF, o [334,201,335]
SL-O Ca®*-plus-GN Ci- [167,168]
SL-0 Ca’* or GN glut {80]
patch pipette Ca’*,GN glut {110,111]
Adrenal chromaffin
cells plant glycosides Ca**,GN glut [48]
staph a-toxin glut [3,25]
digitonin Ca?*, GN, proteins glut [106,310]
SL-O Ca®* glut {332]
HVD Ca’*,GN glut [190,192]
patch pipette Cat glut [253}
PC12 cells plant glycosides Ca?* glut [314}
Nerve endings digitonin Ca’* glut [70]
patch pipette Ca’t glut [114,217]
Platelets HVD Ca?*, GN glut [22,92]
Neutrophils plant glycosides Ca®*,GN cl- [330,331}
sendai virus Ca’*, GN cl- [37,38)
patch pipette Ca®*, GN ghut [259)
HL60 cells SL-O Ca’*,GN Cl- {343]
Eosinophils pateh pipette Ca*, GN glut [261]
SL-0 Ca**, GN (o [93]
Cytotoxic T cells staph a-toxin Ca®*, GN glut 3171
Islet B-cells HVD Ca’* glut [275,383]
patch pipette Ca?*, GN glut [285a]
RINSmF cells HVD Ca’*,GN glut [366)
HIT cells HVD Ca’* glut (364]
Pancreatic acinar cells HVD Ca?* slut [193]
SL-O Ca’*,GN a (107
SL-0 Ca’*,GN glut (177,189]
. patch pipette Ca**,GN glut [226]
Parotid cells saponin cyclic AMP cl- [350}
Parathyroid cells HVD Ca®*, GN glut [263,262]
Pituitary: '
l.trophs patch pipette Ca®* gluconate [228]
m.trophs HVD cyclicAMP, GN acetate [381}
g.trophs staph a-toxin Ca®*; PMA Cl- [226)
GH; HVD Ca%*, PMA glut & prop [303]
AT20 digitonin Ca’*,GN glut [221]
7315¢ HVD Ca®", cyclicAMP acetate [144)




subsequent rate of exocytosis are dependent on the
Ca?* 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
repiesenis 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 sirictly, activity) of the effecior 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 fest tube) has
undergone exocytosis. This is made explicit in the
experiment illustrated in Fig. 13 in which the progress
of secrciion in response to GTP-y-S and a range of
Ca’* concentrations, was measured. The progress
curves indicate that for all concentrations of Ca’*, the

GTP—y—S injection

100 [

» BOF}

3

s /0\°\——o1 BmMCaZt
2 e}

3 01 B mMCa 2t
g s} (inhibited cells)
]

-4

201
iy No Ca 2+
o A
00 01 61 10 10 100
[BTP—7—S]heedte (mM)

Fig. 12. Concentration dependence for degranulation of mast cells
following injection of GTP-y-S, Effect of Ca?*-deprivation and
metabolic inhibition. The abcissa indicates the concentration of
GTP-y-S in the injection nzedle, this is diluted about i00-times on
entry into the cytosol. 60 cells were injected for each measurement
and the fraction of degranulated cells was counted. The data rapre-
sent mean and S.E.M. of three experiments. ‘No Ca%*’ indicates
substitution of 1.8 mM CaCl, by 1 mM EGTA. ‘Inhibited cells’
indicates pretreatment (for more than 45 min) with antimycin A (10
pM) and 2-deoxyglucose (5 mM), 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%* concentrations. Mast cells were permeabnhsed by SL-0 in the
presence of GTP-y-S (10 ;: M), Mg ATP (1 mM) and a range of Ca®*
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 min), a high concentration of
Ca®* buffer, pCa 5 (5 mM 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 nM) 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’* 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 stimuius couid
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
stimulaticn with a sub-optimal coacentration of com-
pound 48/80 indicate a reduced extent of releasc in
single cells. These observations, together with visual
examination of a mast cell population 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 degranulated. Furthermore, upon
subsequent application of a higher concentration of
48 /80, the individual cells undergo further degranula-
tion (Ref. 353 and Lindau, unpublished cbservations).

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 Ca2* 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
per-eived if, instead of permeabilising the cells in NaCl
(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®* and guanine
nucleotide. In the presence of ATP however, a sub-
stantial degree of secretion (60%) by Ca®* 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,,) [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.
Ca’*-independent) regulated pathway contributes sig-
nificantly to the normal response of intact cells since
tHis is strongly inhibited at the levels of Cl~ which are
normally present in mast cells [80]. By contrast, the
extent of Ca®*-induced (guanine nucleotide indepen-
dent) secretion merely requires the presence of the
zwitterion, the extent increasing progressively as the
fractional concentration of Cl~ 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?* (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 ClI-
and Br~ increase the affinity of G,a for GTP-y-S and
GTP, while SO,2~ decreases affinity and F~, 1 and
NO;™ have little effect. The enhancing effect of Cl~ is
expressed at concentrations in the range 3-20 mM
(i.e., probably below the normal range of intracellular
Cl1™ 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, and may
well explain the enhancing effect of chloride and azide
on the stimulation of adenylyl cyclase bv hormones,
fluoride and GTP-analogues [180,346). How this relates
to our observations is far from clcar, especially since

Cl~ inhibits GTP-y-S-induced (Ca?*-independent) se-
cretion, but bearing in mind the strong sequence no-
mologies that exist between all G-protein «-subunits
and also the monomeric GTP-binding proteins, a direct
anion effect at the level of G remains a possibility.

Regardless of whether or not these pathways opcr-
ate to regulate secretion under conditions of physis-
logical stimulation, these experiments have revealed
that two quite separate mechanisms, the one involving
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
(Gg) [173,307), the receptors for ligands such as com-
pound 48 /80 and the wasp venom peptide mastoparan
appear to act late in the exocytotic pathway, directly
with G [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 C1~ not more than 25 mM. When the intracellular
medium is also supplemented with EGTA (to suppress
the level of Ca?*) 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 Ca2* (2 mM) it has been found (using the
intracellular Ca®*-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%* concen-
tration in the individual cells has been recorded and so
a somewhat higher level of Ca?* directly under the
plasma membrane (i.e., the site of fusion) might have
escaped detection. Patch-clamp experimenis with
GTP-y-S have also been carried out using EGTA out-
side as well as inside the cell and even then many celis
were still able to degranulate. It thus appears that
there is no requirement for an elevation of intraccllular
calcium above the resting level under whole-cell condi-
tions.

When Ca®* 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’* transients
occur in response to external stimulation with antigens
and compound 48/80 or introduction of GTP-y-S
[9,250]. Although the Ca?* transients are clearly not
necessary [251,252], there is a striking coincidence of
the calcium transient and the onset of exocytosis. This



vy
(5
[~
P
w
[=4
2
o
&

0 1 1 i
0 10 20 30

time/ min
Fig. 14. Time-course of degranulation followed by measurement of
membrane capacitance. The pipeite solution contained 20 pM
GTP-y-S and 50 nM free Ca”*. The traces compare the effects of
varying the major anion, open symbols indicate glutamate, closed
symbols C1 7).

will be discussed in more detail below (see VI-D-1). In
the absence of GTP-y-S, Ca®>* 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-1), 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 pM
GTP-y-S alone (i.e., mainiaining intracellular calcium
at about 50 nM). Under these circumstances, degranu-
laticn is markedly 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-§ under
otherwise identical conditions (i.e., at low Ca’*) 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 Cl~ when Ca®* was
in the micromolar range (Lindau, unpublished data).

It is unlikely that the modulation of exocytosis by
Cl™~ 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 singie cells suggest that Cl~ inhibition may
be a consequence of the disintegration of the cyto-
skeleton by high intracellular Cl~.

VI-D. Kinetics of the exocytotic reaction

As an alternative to measuring completed events, a
very different view of the secretory 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®*, 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
©M (Fig. 15) [110]. At high concentrations of GTP-y-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 uM 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®* [215,251,254]. However,
if Ca’" is suppressed by including higher concentra-
tions of EGTA (> 500 uM) then the time-course of
degranulation becomes more variable and the delay
can be markedly prolonged [215,251,254].

The influence of Ca?* on the time-course has been
investigated in greater detail by making simultaneous
measurements of membrane capacitance and Ca?™*
concentration [251,254]. When Ca?* is weakly buffered,
the onset of exocytosis is usually coincident with a
large but brief Ca’* 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-y-S.
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Fig. 15. Concentration dependence of the delay between beginning

of intracellular 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 controiled by the cell as shown in

Fig. 16. The extracellular saline contained 2 mM CaCl;. The delay is

not strongly 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®* concentration in a single cell. Ca’* was
measured by including 100 uM 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®* transient coincides with the onset of exocytosis (1 min),
but the capacitance continues to increase after Ca%* has returned to
the resting level (1.5-2 min). 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 min).

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

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

VI-E-1. ATP induces onset delays

A delay in onset is also a feature of exocytosis from
permeabilised mast cells but the characteristics of the
delay, in terms of effector concentrations and other
conditions, are rvather different {142,354]. Fig. 17 illus-
trates the time-course of hexosaminidase release fol-
lowing addition of Ca’* (pCa 5) to cells permeabilised
2 min previously in the presence of ATP (Mg?2* salt)
and a range of concentrations of GTP-y-S. Following
completion of the pair of essential effectors there is a
delay before secretion commences, the duration of
which is related, in an inverse fashion, to the concen-
tration of the guanine nucleotide. The inset graph in
Fig. 17 reveals that the time-lag (plotted inversely, to
imply progress of a reaction through the silent period)
is proportional to the square-root of the concentration
of GTP-y-S. Similar experiments in which the cells
were loaded with a fixed concentration of GTP-y-S (10
pM) and then triggered by transfer to a range of Ca?*
concentrations reveal a similar relationship of the de-
lay to the concentration of the varied effector. It would
appear that the lag represents the time taken to achieve
a new steady-state condition which is conducive to
exocytosis. The reciprocal of this time lag could express
a rate given by

rate = k- {[Ca®* ][GTP-'y-S]}]/z

M
Note that the reaction rate constant, k, has the
dimensions of that describing the kinetics of a first
order reaction.
Unlike the patch-clamp experiments discussed in
the previous paragraph, there is no tendency to satura-
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Fig. 17. Ti'me-cou_rse of .secretion from mast cells permeabilised in the presence of ATP. Mast cells, pretreated with metabolic inhibitors, weve
permeabilised by SL-O in the presence of dilute (0.2 mM) Ca?* buffer (pCa 7), Mg.ATP (1 mM) and a range of GTP-y-S as indicated. At time
zero, 3 mM CaEGTA buffer, pCa 5, was added and samples removed and quenched as indicated. From [354).
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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
1M 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®* or GTP-y-S by 100. If we stimulate the
cells with concentrations of the two effectors sufficient
to induce maximal exocytosis (10 uM GTP-y-S, then
pCa 5) a deiay 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 effector sysiems

We have not been able to reach any definite conclu-
sion about the scquence of the Ca’*- 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 7 is determined by the time
taken to establish steady state conditions and its recip-
rocal gives an apparent first order rate constant, K \pps
for the process [105]. This form of analysis has also
been applied to the more complex situation of cellular
reactions such as in the activaiion of NADPH-oxidase
and production of H,0O, by human neutrophils. This
process exhibits a k,,,, 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 synergisticaily and symmetrically, a
parallel pathway 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 ¢ represent a G-protein and a Ca’* binding
protein, respectivelv; 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’*+¢c-C

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

G+C-GC

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

d[GC]}/dta [G]IC].

Since {G] and [C] depend on [Ca®*] and [GTP-y-S]
respectively,

diGC]/dta [GTP-y-S][Ca?*].

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

GC(t)a [GTP-y-S][Ca®* ]-1.

Since d[E]/dt « [e][GC] and since [e] is initially
constant,

E(Oa [GTP-y-S]-[Ca®* ]-¢2.

Fusion commences when [E] reaches a threshold
level, E,,, after a (delay) time T;

E e [GTP-y-S)[Ca?* - (7).
Thus, 1/ra {[Ca2* ]-[GTP-y-5]}"

While providing 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 ATP

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 exocytosis 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-y-S of exocytosis from mast cells stimulated after different permeabilisation intervals. Mast cells,
pretreated for 5 min 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~') and then triggered by transfer at the times indicated (the permeabilisation interval) to tubes
containing either (A) GTP-y-S (10 £ M) and calcium buffers (3 mM) to give a range of Ca’>* or (B) a range of GTP-y-S and calcium buffer (3
mM) to regulate pCa 5.25. At 5 min, ceils {cpen symbols) were also transferred to solutions of the two effectors supplemented with Mg. ATP (100
#M). The incubations were terminated after a further 10 min and the hexosaminidase released into the superratant 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 Gp.

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?* (by buffering
Ca?* with HEDTA instead of the normal EGTA we
can suppress Mg2* to <1073M). 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 exocytosis. 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
[64,65D. Thus, there exists the possibility that ATP
inhibits the onset of exocytosis by acting as an al-
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).

VIL. 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)

wouid be a receptor mediated process having speci-
ficity for ATP and ATP-y-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 ¥l 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
dephesphorylation 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.

2 Okadaic 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
cating contaminated European mussels [263). Initial observations
revealed that it has potent tumour promoting activity [123] and
induces ornithine decarboxylase activity [344] in mouse skin. Al-
though the tumour promoting activity of okadaic acid (and other
related toxins) is as streng 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 Ca2*
[325] by a direct effect on the contractile elements [273]. Smooth
muscle centrac:ion depends on the degree of myosin phosphoryla-
tion and hence in a dynamic situation, on the relative activities of
myosin light chain kinase and phosphatase.
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Fig. 20. Dependerce on Ca?* and GTP-y-S of exocytosis from mast cells stimulated after different permeabilisation intervals: Okadaic acid

ensures retention of GTP-dependence for secretion frum cells rendered refractory by prepermeabilisation and restored by ATP. Mast cells were

treated with DMSO (A) or 1 uM ckadaic acid (B) for 5 min, followed by metabolic inhibitors and 0.2 mM calcium buffer (pCa 7) fou a further 2

min and then permeabilised by addiuon of SL-U. At set times (the permeabilisation interval) the cells were stimutated to secrete by transfer to

solutions containing 3 mM calcium buffer (pCa 5.25) and GTP-y-S as indicated. At 5 min (open symbols), cells were also transferred to solutions

supplemented with 100 uM ATP. The incubations were terminated after a further 10 min and secretion determined as release of hex-
osaminidase. From [81].

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

o shi
disceriible

VII-B. SL-O permeabilised cells lose responsiveness to
Ca’* and GTP-y-S

Following permeabilisation by streptolysin O, the
ability of mast cells to undergo exocytosis in response
to provision of Ca?*-plus-GTP-y-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’* so that after about 5 min the cells are
unable to respond to 10 pM Ca?*. 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?* 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 pM) is provided together
with the stimulus after a permeabilisation interval of 5
min, the sensitivity for Ca?* returns to its initial level
and exocytosis can once again be elicited. Based on
experiments with inhibitors AMG.C,, (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 piosphoryiation 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’* alone becomes
sufficient to stimulate exocytosis. It appears that the
step normally controlled by G has either occurred
spontaneously, or has been obviated . 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
nucleotide in immediately stimulated cells refiects the
conditions needed for a specific protein dephospho-
rylation. The catalytic target of G¢ 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 least 25 occasions over a period of a year; however it must be
said that in other experiincats, 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-y-S (i.e., commenc-
ing at concentrations as low as 107%M, see Fig. 3C in [169)). The
observed guanine nucleotide-independence and the increased sen-
sitivity towards GTP-y-S are likely to be manifestations of the
same phenomenon but the reason underlying this variability is not
clear.



454

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
nucleotide is fully restored. Although one could imag-
ine other possibilities, these experiments certainly sug-
gest that the G-protein which mediates exocytosis (Gg)
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?*, 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, cccurs spontaneously. Following this,
Ca?* alone is a sufficient stimulus to exocytosis. A
problem remains however, since exocytosis (in immedi-
ately permeabilised cells) can be elicited in the absence
of Mg?* [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 sten 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-y-S blocks exocytosis, possibly by
forming stable thiophosphorylated proteins. However,
in permeabilised PC12 <ells [371] (a phaeochromacy-
toma line derived from adreaal chrom  “fin cells) and in
mast cells as already stated (see section VI-E-3), ATP-
¥-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®* 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
(G) mediating secretion in other cells

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

lic acid [376] become refractory to stimulation by IgE-
directed antigens and to Ca®* 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 nucleoside salvage path-
way and the selective depletion of guanine nucleotides:
ATP levels are maintained. The effects of the IMP
dehydrogenase inhibiters can thus be taken as evidence
for a role for GTP at a stage in the stimulus-response
pathway which is latcr than the elevation of cytosol
Ca%*. A requirement for guanine nucleotides 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 GTF and a GTP-bin-
ding protein mediating exocytosis (G) 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 sufficieut on its own as
a mediator of exocytosis, or it modulates the exocytotic
reaction (positively or negatively) through interaction
with a GTP-binding protein at a late stage in the
pathway.

VII-E-1. Neutrophils and HL60 cells

The initial definition of G, a GTP-binding protein
which mediates exocytosis, came from experiments on
rabbit neutrophils permeabilised with Sendai virus
[37,136]. Secretion of B-glucuronidase (a marker of
azurophilic granules) could be elicited either by Ca**
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®*-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-
B-S are inhibitory to secretion induced by Ca’*. This
suggests that the GTP-binding protein G plays an
active role in Ca®*-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®* is suppressed
towards and even below pCa 10. In the related HL60
cells, permeabilised with SL-O, the nucleotides which
synergise with Ca?* to induce B-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 which 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.,
cytochalasin-dependent) function of these cells.

VII-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’* to lower concentrations [149,197,151]. Since pro-
vision of thrombin or agonistic phorbo! ester [150,154]
produces a very similar effect on the Ca’*-dependence
of amine secretion, it was initially suggested that the
effect of the GTP analogues in this system is cxerted
through G, with consequent generation of diglyceride
and an enhancement in the sensitivity for Ca’* [197].
Hcwever, a case for the involvement of G can be
made, since, if sufficiently high concentrations of gua-
nine nucleotide are used (100 wM 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 earlic. observations obtained using
HVD-permeabilised bovine chromaffin cells which in-
dicated a negative influence of GppNHp [192] or GTP-
v-S [48] on Ca’*-induced exocytosis, it now appears
that GppNHp, ITP, XTP and GTP (all activating lig-
ands for GTP binding proteins [47]) [241] can induce
Ca?*-independent secretion, albeit at a rather low level
(3-5%), from digitonin permeabilised cells. In this
system, GTP-y-S has only a rather marginal effect.

The rank order of nucleotides stimulating Ca’®*-in-
dependent exocytosis (for maximal stimulation, XTP >
ITP > GppNHp > GTP-y-S) is quite distinct from the
order for activation of PLA ,. Whether the conditions
of stimulation by guanine nucleotides also rule out a
role for phospholipase C activation (i.e., a G, 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
M the ‘zero-Ca?*’ condition is likely to have been at
about pCa 8, which might have been insufficiently low
to ensure full suppression of the (Gp-mediaicd? PT-C
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**
[191]). A further indication of G-protein involvement ir:
the late stages of the pathway is offered by the finding
that pretreatment with pertussis toxin enhances the
effective affinity for Ca?* 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 cells, activation of Gg
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offers an aiternative pathway to exocytosis. Moreover,
GTP-binding proteins of both major classes, rab34 and
pertussis toxin substrates, are present as cornponents
of the chromaffin granule membrane [96,361].

VII-E-4. Parathyroid

Unlike most secretory systems, secretion from the
parathyroid {60,61,324], renal juxtaglomerular cells (re-
nin release) [120,279] and the release of human placen-
tal lactogen [78,147] is associated with a reduction in
the concertration of extracelluiar Ca®>*. 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’* [244). However,
it is unlikely that the secretory response is elicited
simply as a consequence of reducing Ca®*; since
dopamine, noradrenaline and Li* are all capable of
inducing secretion and do so without any alteration in
the concentration of cytosol Ca®* [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 extracellular Ca?* and
appears to proceed constitutively. Since the application
of Ca?*-ionophore inhibits release regardless of
whether cells have been treated with the toxin, the
pertussis substrate is probably mediating events at the
receptor level [117), possibly associated 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 Ca’*-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®* (see Fig. 21), although the
exter of Ca2* induced secretion is rather small [263]).
e ~curs in the same range of concentrations (1077-
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Fig. 21. Dependence on Ca2* 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. @, control; O,
GppWNHp (10~*M). From [262]
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10~5M) 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 Ca2?* (Fig. 21). This effect can be regarded
as Ca?*-independent since it is fully expressed at pCa
9. When loaded with GppNHp (10~3M) exocytosis
remains maximal as the level of Ca®* 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%*. Following depolarisation, Ca** en-
ters the cell inducing exocytosis as demonstrated by
simultancous 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 B-adrenergic receptors acting
conventionally to elevate cyclicAMP [362]. However, in
permeabilised cells (high voltage discharge) cyclicAMP
is without effect on Ca?*-induced secretion unless GTP
(or one of its analogues) is also provided [382]. Mg2* 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; release.

VII-E-6. Pituitary lactotrophs

A capacitance increase of 20-50%, commencing af-
ter a delay of 3-10 min has been found to occur in
bovine lactotrophs (anterior pituitary) dialysed with
high Ca?* using a patch pipette [229,389]. When GTP-
¥-S is included in addition to 1 xM Ca?* 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-7. Pituitary gonadotrophs

Secretion of lutenizing hormone (LH) from a-toxin
permeabilised pituitary cells can be stimulated by ele-
vation of Ca* and at resting levels of Ca2* (pCa 7) by
introduction of cyclicAMP, GTP-y-S or GppNHp. This

stimulatory effect of the guanine nucleotides is proba-
bly mediated through G4 and the generation of cycli-
cAMP. However, by pretreating the cells with GTP-y-S
(GppNHp is without effect), subsequent responses due
to elevation of Ca?*, 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 ceils. These capaci-
tance changes were absent when 1-2 mM EGTA was
included in the pipette solution. The capacitance
changes were inhibited by GDP-B-S and potentiated by
GTP-y-S which indicates the involvement of a G-pro-
tein in the elevation of intracellular calcium or exocyto-
sis [226]. While the capacitance increase is only tran-
sient in the presence of extracellular 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-
v-S increases the effective affinity for Ca®* 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®*-
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-y-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 [ALF,] .
Such fusion requires neither Ca®*, 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?*. There are several low molecular weight (21.5-29
kDa} GTP-binding proteins integrally associated with
the cytnsolic face of the zymogen granule membranes,
though whether these constitute a component of the
exocytotic mechanism is not known [277]. Equally well



they could represent vestigial species related to the
formation, maturation and mainicnance 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], RINmSF and HIT-T15 (in-
sulinoma) cells [364,366] and in ATt20 (pituitary) cells
[221,222], secretion can be induced either by Ca®*, or
by non-hydrolysable analogues of GTP at low Ca*. In
RINSmF cells, GTP-y-S remains effective as Ca®* is
suppressed to pCa 9, under which conditions the G,
mediated release of IP; does not occur. Stimulation of
receptors, for a,-adrenergic agonists or somatostatin
can inhibit exocytosis induced by Ca’* 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, Gg, 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
RINmSF cells [365] (conventionally by suppression of
cyclicAMP production, through G;) there is no correla-
ticn berween the amount of cyclicAMP and the rate of
secretion. When GTP is provided to permeabilised
RINmSF cells, adrenaline and clonidine («,-agonists)
inhibit both Ca’*- 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 Gy, the GTP-binding protein
mediating exocytosis in myeloid cells

In order to understand how GTP and the GTP-bind-
ing protein G 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 G¢ 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 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 monomeric GTP-bin-
ding proteins, of which the ras proteins and elongation
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factor are widely regarded as structural and mechanis-
tic archetypes.

Ras-related GTP-binding proteins have been impii-
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™: 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 termss of G-protein regulation of exocytosis
remains far from clear. In reconstitution experiments,
GTP is 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
depleied 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 several 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 Ca’*-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 sensitivity of the non-hydrolysable analogues
of GTP (GTP-y-S, GppNHp and GppCH,p) in sup-
port of the secretory process can be as much as 103-
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 G
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 function is possibly provided by the
familiar G-proteins such as Gg, G; 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 Mg?* (using HEDTA buffers (see
section VI-E-3) to chelate Mg?* and to buffer the
Ca?*) 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. Gg: 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-ribosylation of G; and related G-pro-
teins, inhibits exocytosis in response to polycationic
stimulation, but not the response due to IgE receptor-
directed stimulation [308]. Although it is well estab-
lished that ADP ribosylation by PT treatment does not
prevent activatio:: of G; by GTP-y-§, it does retard the
onset of the G;-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 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 1V-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-y-S. So far, none of these
preparations (including G, ,, (the main neutrophil per-
tussis toxin substrate) [49,127,265], brain G,, brain S8y
[249,342], or mixtures containing G, G,, and G,
[51]) stimulated exocytosis (Niisse, Bokoch and Lindau,
unpublished). These experiments indicate that either
G 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 By inhibited exocytosis when applied simultane-
ously with GTP-y-S. Since the pipette contains 20 pM
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 exocytotic effector system
without activating it, thereby preventing its stimulation
by the endogenous GTP-y-S-activated Gg.

VII-F-2. Receptor control of G function
Support for the idea that the G 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 Gy, [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
[242,24R,308].

In these experiments [18] the technique of ATP*—-
permeabilisation (see section 1II-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®* [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 Ca’*: it occurs in the
absence of external Ca?* and it cannot be mimicked by
application of Ca?*-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, Gp;) 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
Gg.

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 cells are simultaneously
loaded with GTP [17]. Furthermore, and in contrast to
direct stimulation of G 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 likely that G is one of the heterotrimeric
(apy) signal-transducing G-proteins, having some re-
semblance to the group exemplified by G,.

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 & subunit of the G-protein
G,, 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 Gy and G,
[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 and /or species
as well as the closely reiated rat basophilic leukaemia
cells are resistant 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 equalily 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 sble to
traverse the thickness of a membrane.

Despite these reservations, the polybasic agonisis
are probably best regarded as pseudo-receptors which
interact directly with G-proteins, consequentiy activat-
ing the downstream function of G 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 Ca?*-independent secre-
tion) is due to interaction with a pertussis scnsitive
GTP-binding protein, late in the exocytotic pathway
[274].
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VIiI. The exocytotic event
VIH-A. Exocytsis of single granules

The quantal concept of exocytosis is due to the
experiments of Katz and his collabora.ors [160,184,185].
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 mcasurements thus recorded a
secondary response to the exocytosis in which the
movement of Na* ions registered a current flow which
reported on an carlier 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 whiie 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 um~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 cosinophils
[216,261] and horse blood eosinophils [312]. In all three
cell types the magnitude of the capacitance steps is in
excellent agreement with morphometric data on the
exocytotic 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 um.

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 necu-
trophils in Fig. 22d. If the granules are assumed to
have a simple spherical geometry, then upon fusion, a
granule having diameter d; (measured in microns),
should generate a capacitance change of AC,, fF ac-
cording to

ACy = wdg’
For neutrophils, the step size distribution corre-

sponds to a Gaussian distribution of granule diameters
having a mean of d, = 280 nm and variance o =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. 22¢) and this can be fitted approx.
by the sum of two Gaussian distributions d, = 520 + 10
nm and d, =590 + 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
crystalloid granules [216], respectively. The agreement
between the granule dimensions and the capacitance
step sizes for 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 larger
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
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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-y-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

200fFF 1000 fF
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Fig. 22.. High resolution capacitance measurements with a lock-in amplifier reveal the stepwise nature of the membrane capacitance increase

reflecting the seql.lentia.l fusion of individual granules. Note the markedly different step sizes in human neutrophils (A), guinea-pig eosinophils

(B) and horse eosinophils (C). (D) and (E) illustrate the frequency distributions of step sizes for human neutrophils and the derived granule size
distribution for guinea-pig eosinophils.
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Fig. 23. Quanta! distribution of granule size. The granule size distri-

buticn shows several regularly spaced peaks. The position and spac-

ing of the individual peaks varies between individual cells (e.g., A

and B). After normalization to multiples of unit granule surface area

the peaks are also seen in pooled data from many cells (C). From
{13).

fusion of smaller ‘unit’ granules with each other. In
response to intracellular stimulation with GTP-y-§, 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 ihiz 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 =29pear to be
formed by a process of continued intergranule fusion
during the maturation of the cells [12].

VIH-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 vira! 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-2. The opening of the fusion pore
When a cell is held at a fixed membrane potential
under voltage clamp conditions, the fragment of mem-
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Fig. 24. Capaciiance ‘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 capacite_mce

trace (top) and the corresponding opening of the fusion pore as indicated by the fusion pore conductance (bottom) was measu.red_ in a

degranulating guinea-pig cosinophil, 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.

brane 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
pore 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 reclosing 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 nanosiemens [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 guinca-pig cosinophil. It can be seen
that the pore maintains a relatively constant conduc-
tance of 170 pS 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
?ocu]r even after its conductance has exceeded 1 nS
216

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

versibly established [387,388]. The inward movement of
water and the volum: 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 cells 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., chromaffin 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
Almers [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-QO
[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 lipids 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 protein lined pore similar to a gap
junction [8,337,338] (sce 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.

VII-D-3. Individual (microscopic) steps in the exocytotic
eveni

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 patch-clamp 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 {i2]

UesF-S

The time-course of mast ceii degranulation, previ-
ously shown to be sensitive to the concentrations of
GTP-y-S and Ca’* (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 Ca®*;
the duration of the flickers is unaffected. The kinetics
could be explained only if the transition from F to S is

Fig. 26. Hypothetical scheme illustrating the organisation of the fusion pore. The fusion pore is an assembly of several protein subuni!s (A). TE]C
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**
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 um? s™! of

Gac

10s

flicker duration. Thus, for a typical rat peritoneal mast
cell having a surface area of 500-1000 uwm?, 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 um? 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’ [1i]l. We confi-
dently anticipate that the wider importance of these
individual phenomena, revealed by high resolution ca-
pacitance measurcments, 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.

100 fF

500 pS

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 beige mouse mast celis) but
the composition of the granule matrix is quite different
from that of the mast cell, being hydrophilic and thus
rapidly dissipated following exocytosis and cxposure to
the extracellular saline [216,261,312].

IX. Envoi

‘Unlike the Pope, I believe my opinions to be very
fallible, and therefore I may be mistaken that the enemy’s

fleet has gone to Europe; but I cannot think myself

otherwise, notwithstanding the variety of opinions which
a number of good people have 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 cells. A number of events which
occur in response to stimulation have been identified
or suggested such as activation of phospholipases C
and A,, protein kinase C, phosphorylation, dephos-
phorylation and Ca®* release. However, the direct
involvement of any of these 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?* which has
heen continuously recognised as an effector for secre-
tivn 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 varicus intraceilular effec-
tors 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. Qur 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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