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Abstract

The secretory responses of streptolysin-O-permeabilised peritoneal rat mast 
cells have been studied extensively. Here, a novel flow cytometry technique was 
developed which enabled the secretory responses of large numbers of cells to be 
analysed. This method was used to identify differentially responding cell sub
populations and to study the factors which influence the transition between the various 
secretory states.

Rac and Rho, have previously been shown to control various aspects of 
cytoskeletal organisation in different cell types including mast cells. The effect of 
constitutively active mutant forms of these proteins on the secretory response was 
investigated. When added to permeabilised cells, both proteins enhanced secretion and 
this effect was achieved by increasing the proportion of secreting cells. Furthermore, 
the presence of the endogenous Rac and Rho proteins in mast cells and their role in the 
secretory response was also demonstrated.

It has been proposed that the cortical actin cytoskeleton acts as a barrier, which 
must be overcome to allow fusion of secretory granules with the plasma membrane. 
Upon cell stimulation, the F-actin cortex disassembled. Disassembly occurred in both 
secreting and non-secreting cells, indicating that this was not sufScient for exocytosis 
to occur. In addition to its previously described cytoskeletal effects, Rho was shown 
here to promote F-actin disassembly describing a novel cytoskeletal effect of this 
protein.

It has been shown that F-actin filaments that disassemble fi*om the cortex upon 
stimulation with GTP-y-S relocate to the cell interior, a process which is dependent on 
the small GTP-binding protein Rac. Here, F-actin relocalisation was shown to occur 
preferentially in secreting cells, demonstrating a correlation between regulation of the 
cytoskeleton and secretion. Taken together, the results presented here indicate that 
the regulation of the cytoskeleton and secretion is closely correlated. However, a 
degree of independence suggests that the control of these two processes subsequently 
diverges.
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Chapter 1) Introduction.

1.1) Mast cells.
Mast cells play an important role in mediating inflammation. A component of 

the inflammatory response results from the secretion of a variety of vasoactive 
mediators (the best known being histamine), primarily following crosslinking of IgE 
receptors. Various qualities of mast cells have made them suitable for use as a model 
secretory cell and their properties have been studied extensively.

1.1.1) Origin and development of mast cells.
Mast cells are offspring of the multipotential haematopoietic stem cells from 

bone marrow. Stem cells also give rise to neutrophils, basophils and
eosinophils and these progeny are often collectively known as granulocytes, due to 
their content of dense secretory granules. With the exception of mast cells, these cells 
leave the bone marrow after differentiation. Mast cells, on the other hand, leave the 
bone marrow and migrate into blood, connective and mucosal tissue before 
differentiating (Kitamura et al. 1993). Mast cells differ in their phenotypes according 
to their tissue location. Two main types have been described: connective tissue-type 
mast cells and mucosal-type mast cells. In rats, mast cells that are present in 
connective tissue, such as those in the peritoneal cavity, contain large amounts of 
histamine. In contrast, mast cells that are found in mucosal tissue, such as those found 
in skin, have relatively small amounts of histamine (Kitamura, 1989). The cells used in 
the work described in this thesis were peritoneal rat mast cells and this section will 
generally focus on these cells.

Differentiated mast cells can be encouraged to proliferate in culture. In rats 
and mice, proliferation of mast cells can be induced by activated T cells, providing a 
regulated mechanism, whereas fibroblasts induce a constitutive proliferation. These 
cells induce proliferation of mast cells via the release of interleukins (Kitamura, 1989).

In contrast to the related basophil, which has a life span of several days, rat 
peritoneal mast cells can survive for several months (Kitamura, 1989). They are 
capable of repeated bouts of degranulation and following release, the granular content 
recovers slowly over a period of several weeks. Consequently, there is heterogeneity 
in the granular content between cells at different stages of recovery. Furthermore, 
individual cells can contain granules at various stages of maturity (Hammel et al.
1989).
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1.1.2) Activation of mast cells.
Mast cells possess the high affinity receptor for IgE, (FcgRl) (reviewed in 

Metzger, 1992). IgE is produced by B lymphocytes in response to allergens, and binds 
to the IgE receptors of mast cells. The crosslinking of IgE bound to adjacent receptors 
via the selective antigen results in receptor activation and degranulation (Landry et al.
1992). The Fc^Rl receptor is not a member of the G-protein-coupled receptor family 
(with seven membrane spanning domains) (Metzger, 1992; Baldwin, 1994). Nor do 
these receptors possess intrinsic tyrosine kinase activity common to many of the 
growth factor receptors, although they may associate with src-like tyrosine kinases 
following their aggregation (reviewed in Metzger, 1992). Although the sequence of 
events following receptor crosslinking has not been delineated, PLC, PLD and PLA2  

activation all result, probably following tyrosine kinase activation (Landry et al. 1992).
In addition to antigenic stimulation, degranulation of peritoneal rat mast cells 

can also be activated by a number of amphipathic cationic compounds including the 
neuropeptide - substance P, mastoparan (from wasp venom), mast-cell-degranulating- 
peptide (from bee venom), and synthetic polyamines, such as compound 48/80 (Mousli 
et al. 1989; Mousli et al. 1991; Dainaka et al. 1986). These compounds have been 
shown to stimulate PIP2  breakdown (Dainaka et al. 1986), increase the levels of IP3 

(Dainaka et al. 1986; Mousli et al. 1989) and induce an increase in internal [Ca^+j, 
even in the absence of external Ca^+ (Fujimoto et al. 1991). In mast cells, the effects 
of these compounds are inhibited by pertussis toxin treatment, indicating that they act 
via heterotrimeric G-proteins (Mousli et al. 1989; Mousli et al. 1991; Fujimoto et al. 
1991). Furthermore, compound 48/80, mastoparan and substance P increase the 
binding of GTP to the a-subunit of purified G/Gq and increase their GTPase activity 
(Mousli et al. 1991). The evidence therefore supports a direct activation of plasma 
membrane associated, pertussis toxin sensitive heterotrimeric G-proteins and that this 
in turn leads to the activation of phospholipase C.

1.1.3) Mast cell morphology and granule content.
Rat peritoneal mast cells measure approximately 10-15 |LiM in diameter and are 

packed with approximately 1000 secretory granules (mean diameter 0.3 |xM) 
(Gomperts, 1990). The secretory granules contain proteases, histamine and serotonin 
in a heparin-protein complex. They also contain lipid mediators of inflammation, 
including prostaglandins, leukotrienes and thromboxanes which are synthesized from 
arachidonic acid in the granule membranes (Chock and Schmauder-Chock, 1988 and 
reviewed in Gordon et al. 1990).
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1.2) Secretion.
1.2.1) Constitutive and regulated secretion.

Newly synthesized proteins are folded, chemically modified and sorted in the 
endoplasmic reticulum (ER) and Golgi apparatus. Proteins are transported between 
the ER and Golgi and between different Golgi compartments in transport vesicles, 
which bud off from one compartment and fuse with the next. This process is referred 
to as a constitutive pathway, since it can occur continually without an extracellular 
stimulus. The fusion of certain vesicles with the plasma membrane (exocytosis) can 
occur without an extracellular stimulus and release of material by this mechanism is 
referred to as constitutive secretion. This type of secretion occurs in many cell types, 
ranging from microorganisms to mammalian liver (reviewed in Burgess and Kelly,
1987; Rothman and Orel, 1992).

Proteins, peptides and other molecules synthesized by specialised secretory 
cells can be stored in secretory vesicles which only fuse with the plasma membrane 
following receipt of an extracellular stimulus. This type of secretion is referred to as 
regulated secretion. The contents of these secretory vesicles are typically highly 
concentrated compared to the contents of vesicles which are secreted constitutively, 
allowing a large amount of secretable material to be stored in the cell. Consequently, 
these vesicles are dense and appear granular under the microscope and are often 
referred to as secretory granules. The term degranulation is often used to refer to the 
exocytosis of these vesicles (Burgess and Kelly, 1987; Lindau and Gomperts, 1991; 
Burgoyne and Morgan, 1993).

1.2.2) Techniques employed for the analysis of secretion.
Numerous techniques have been used to analyse secretion from cells. The most 

widely used techniques are based on the quantification of material released into the 
extracellular medium. The level of release is usually determined by fluorimetric or 
spectroscopic assays of supernatants (for example see hexosaminidase determination 
described in methods) or release of pre-loaded radiolabelled compounds, such as 

serotonin (Pfeiffer et al. 1985) or [^H]noradrenaline (Sontag et al. 1988). 
Measurements can be made from single cells, for instance by voltammetry, whereby 
oxidisable compounds such as catecholamines released from cells can be detected 
when they oxidise at the surface of an adjacent electrode (Tatham et al. 1991; 
Leszczyszyn et al. 1990; Jankowski et al. 1992)

Measurements from cell suspensions can be performed simply and can give 
accurate measurements of the average response of cells. In contrast, single cell 
recordings can be used to get a 'closer look' at cell responses and allow heterogeneity
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in responses to be detected. The properties of some of the other more commonly used 
techniques will be discussed here.

1.2.2.1) Plasma membrane capacitance measurement.
The time-course of fusion of secretory vesicles was first recorded using 

capacitance measurements in sea urchin eggs following fertilisation (Jaffe et al. 1978). 
The capacitance of the plasma membrane is proportional to its surface area and 
therefore increases as the membrane from secretory granules is incorporated following 
granule fusion (reviewed in Lindau, 1991). A decrease in capacitance is observed as 
plasma membrane is internalised by endocytosis. Capacitance can be recorded in real
time and can deliver a resolution such that individual granule fusion events can be 
identified (Fernandez et al. 1984). Membrane capacitance measurements have 
demonstrated large stepwise changes in membrane surface area following stimulation of 
beige mice mast cells, which have abnormally large secretory granules (Breckenridge 
and Aimers, 1987). These large capacitance steps correlated with the stepwise loss of 
fluorescent dyes pre-loaded into the secretory vesicles. Capacitance 'flicker' has been 
demonstrated in normal and beige mice mast cells, whereby the capacitance fluctuates 
between a fused and unfused granule state, suggesting that granule fusion is reversible 
and providing additional insight into the fusion process (Monck, 1992; Breckenridge 
and Aimers, 1987). Capacitance measurements have also been performed on single 
nerve terminals (Lindau et al. 1990; Heidelberger et al. 1994), however, the small size 
of the secretory vesicles means that individual fusion events cannot be resolved.

1.2.2.2) Identification of morphological changes associated with exocytosis by 
analysis of light scatter.

Fusion of secretory granules with the plasma membrane result in reduction of 
the cell content and perturbations of the cell surface. These morphological changes are 
reflected by changes in the scattering of incident light; concomitant with exocytosis 
there is a reduction in the proportion of light that is scattered perpendicular to the 
incident beam (90° light scatter). This feature has been exploited to record the kinetics 
of the secretory response of neutrophils in a cuvette (Smolen et al. 1987).

Flow cytometry records the light scattering characteristics of individual cells as 
they are directed in single file through the path of a laser. The ability to measure the 
state of individual cells allows different sub-populations of cells to be identified and has 
been used to demonstrate the presence of both basal and maximally degranulated mast 
cells in a population of cells (Hide et al. 1993; Crabb and Jackson, 1986).

14



1.2.2.31 Quantitative measurement of secretion by cell fluorescence techniques.
Several techniques have been employed to label sites of exocytosis for 

subsequent visualisation by light microscopy. Many of these have involved using 
antibodies to markers of the inner surface of granule membranes, such as dopamine-p- 
hydroxylase (Cheek et al. 1989; Wildmann et al. 1981), or of secretory granule 
contents, such as chromogranin A from pancreatic islet cells (Ehrhart et al. 1986) and 
alpha amylase in parotid acinar cells (Perrin et al. 1992). Other techniques have 
involved the direct binding of fluorescent compounds to exposed granule contents, 
such as FITC-concanavalin A (Amatruda et al. 1992), which binds to glycoproteins in 
the yeast granule. Such techniques can be very useful in identifying regions of granule- 
plasma membrane fusion, but, generally, have not been used for quantitative 
measurements of granule release.

Several fluorescence techniques have been used to make quantitative estimates 
of granule fusion; berberine has been used as a vital stain, binding heparin which is 
exposed following mast cell granule fusion (Berlin and Enerback, 1983). Other 
techniques exploit other properties of the secretory granules; secretory granules have a 
low internal pH, the pH of the mast cell granule being approximately 5.5 (de Young et 
al. 1987). Various weak basic fluorescent probes such as quinacrine and acridine 
derivatives have been used to label secretory granules. These probes accumulate in the 
acidic granule lumen and are released following granule fusion and subsequent de- 
acidification (Johnson et al. 1980). The loss of quinacrine fluorescence has been shown 
to correlate with capacitance changes (Breckenridge and Aimers, 1987) and changes in 
voltammetric signals (Tatham et al. 1991) in mast cells. In this latter study, the 
electrochemical changes were slower than the fluorescence changes (Tatham et al.
1991) and may be due to the time taken for diffusion of the granule contents (in this 
case serotonin) to the tip of the electrode (P. Tatham personal communication). 
Similarly, acridine orange has been used to observe the fusion of secretory granules in 
macrophages (Olsson et al. 1990) and the close relatives of acridine orange, acriflavine 
and 9-aminoacridine, have been used to measure degranulation in platelets (Wuthrich et 
al. 1984; Smolen et al. 1987). Acridine orange fluorescence of pre-loaded neutrophils 
has been measured using flow cytometry and demonstrated basal and degranulated sub
populations in response to sub-optimal concentrations of the Ca^+ ionophore, 
ionomycin (Abrams et al. 1983).

1.2.3) Cell permeabilisation.
Studies of intact cells can be restricted by limitations on the ability to 

manipulate the internal environment of cells. Cell permeabilisation allows the ionic 
composition of the cell interior to be regulated and can allow the introduction of
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nucleotides, proteins or other molecules. The size of the molecules that can be 
introduced into a cell, and perhaps equally important, the size of cytosolic molecules 
that leak out, will be determined by the size of the holes made. These vary with the 
permeabilisation technique used consequently will influence the secretory responses of 
cells (Koffer and Gomperts, 1989; Tatham and Lindau, 1990 and reviewed in Tatham 
and Gomperts, 1990). Permeabilised cells were used in this study. The commonly 
used permeabilisation techniques will therefore be discussed briefly and some of their 
properties outlined.

The streptococcal a-toxin creates small channels of 1-3 nm and consequently 
the rate of flux of small molecules or ions is slow, a-toxin is generally used when 
exchange of small molecules (but not proteins) is required (ie <1000 K D a. Similarly 
small pores are created by high voltage discharge (also known as electroporation) 
(reviewed in Lindau and Gomperts, 1991; Burgoyne, 1991).

The bacterial toxin, streptolysin-O (SLO) creates pores in excess of 13 nm in 
diameter and allow the leakage of large molecules such as lactate dehydrogenase (140 
KDa). SLO binds to cholesterol on the plasma membrane and since cholesterol is not 
present on the membranes of cell organelles, these remain intact (reviewed by Lindau 
and Gomperts, 1991). At 4° C, SLO binds to membranes, but does not permeabilise 
them (A.J O'Sullivan, personal communication). Unbound SLO and other components 
of the commercial SLO preparation can then be removed by centrifugation and the 
temperature raised to induce permeabilisation. Permeabilisation with digitonin and 
saponin also allow proteins to enter or leave cells (reviewed by Burgoyne, 1991).

Among the many known properties of ATP is the ability of the ATP anion 
(ATP4-) to create pores in membranes of some cells (reviewed in Lindau and 
Gomperts, 1991). Application of ATP^' does not create lesions, indicating that ATP^- 
binds to an extracellular receptor (Tatham and Lindau, 1990). The pore size is 
proportional to [ATP^-]; at concentrations less than 5 |liM , Ca^+ ions can be 
introduced, but proteins do not leak out, whereas at 50 |iM, actin (43 KDa) leaks out 
gradually over a period of approximately one hour (Lindau and Gomperts, 1991; 
Koffer and Gomperts, 1989). A particularly useful property of ATP" ‘̂ 
permeabilisation is that it is reversible; chelation of ATP^' with divalent cations results 
in rapid resealing of pores, allowing the 'loading' of desired molecules inside cells 
during transient permeabilisation (reviewed in Lindau and Gomperts, 1991).

An additional method of gaining access to the cytosol is through microinjection 
or application of a patch pipette. The diameter of the holes made will naturally be 
determined by the bore of the pipette, but typically exceeds 1 |im. These holes 
therefore result in the rapid leakage of cytosolic contents and allow the application of 
large macromolecules such as antibodies (reviewed in Lindau and Gomperts, 1991).
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1.2.4) Effectors of secretion from permeabilised cells.
Ca^+, ATP and GTP analogues are the principal 'effectors' of secretion from 

permeabilised cells, indicating the importance of Ca^+ and GTP binding proteins in the 
secretory pathway and a role for protein phosphorylation or dephosphorylation. 
However, the stimulus requirements for secretion vary between cells. For instance, the 
haematopoietic-derived granulocyte cells (mast cells, HL-60 cells and eosinophils) 
require the presence of both Ca^+ and GTP analogues for maximal secretion, 
suggesting that at least one Ca^+ binding protein and one GTP-binding protein function 
in the secretory pathway of these cells. In other cells, Ca^+ is sufficient to elicit 
secretion and guanine nucleotide is not required, suggesting that a Ca^+-dependent, 
GTP-independent exocytotic process exists. On the other hand, in the adrenal 
chromaffin cell, secretion can be elicited be either Ca^+ or GTP analogues indicating 
that two separate mechanisms may operate in one cell type.

The effects of Ca^+ and nucleotides have been examined extensively in 
numerous different cell types in attempts to help identify the sequence of events that 
lead to fusion of secretory granules with the plasma membrane. This thesis would be 
considerably thicker if it contained a comprehensive description of the particular 
requirements for secretion of each different cell type. Instead, the common elements 
and striking differences that reveal something of the mechanisms of exocytosis will be 
discussed.

1.2.4. D A  central role for Ca^+ in exocytosis.
In neuronal cells, Ca^+ is a sufficient stimulus to induce exocytosis; in patch- 

clamped nerve endings, application of Ca^+ induces release of synaptic vesicles (Lindau 
et al. 1990). A direct effect of GTP analogues on secretion from patch-clamped nerve 
cells has not been reported, however in digitonin-permeabilised cells, GTP has only a 
small stimulatory effect at mM concentrations (Cazalis et al. 1987). Adrenal chromaffin 
cells are excitable cells, which, embryonically, are derived from neural crest tissue.
Ca^+ alone induces secretion from permeabilised chromaffin cells and when applied by 
patch pipette (Knight and Baker, 1983; Augustine and Neher, 1992; Neher and Marty, 
1982), and this response is only slightly inhibited by GDP-p-S (Morgan and Burgoyne, 
1990). In excitable cells, depolarisation leads to the opening of Câ """ channels at the 
plasma membrane and the very rapid release of neurotransmitter. In adrenal chromaffin 
cells, it is predicted that concentrations of Ca^+ in the range of 100 \iM can be achieved 
locally in the vicinity of these channels (Augustine and Neher, 1992), and that steep 
Ca^+ gradients are generated (reviewed in Yoo and Albanesi, 1990). The chelation of 
extracellular Ca^+ with EGTA prevents secretion upon subsequent depolarisation of 
chromaffin cells demonstrating the importance of Ca^+ influx (Knight and Baker, 1985;
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Neher and Marty, 1982) and emphasising the importance of intracellular Ca^+ for 
exocytosis in excitable cells.

The responses of excitable cells contrast with those of many non-excitable cells; 
as mentioned above, maximal secretion from SLO permeabilised mast cells and 
eosinophils requires both Ca^+ and GTP-y-S. Secretion from permeabilised 
neutrophils, mast cells and pancreatic acinar cells can be induced by Ca^+ in the absence 
of GTP-y-S although these responses are enhanced by GTP analogues. However, 
GDP-p-S inhibits Ca^+ induced secretion from these cells, indicating that a GTP- 
binding protein-dependent component is still present (reviewed in Gomperts, 1990).

Intact mast cells can be stimulated to secrete in the absence of extracellular 
Ca^+ (Douglas and Kagayama, 1977). Cross-linking of the mast cell IgE receptor 
results in an IP3 mediated Ca^+ release from intracellular stores and an increase in the 
intracellular Ca^+ concentration from approximately 0.1 p.M to only 0.3-1 |liM 

(Fewtrell et al. 1989). The different patterns of responses in mast cells and adrenal 
chromaffin cells may reflect the presence of different mechanisms; the lower increase in 
intracellular [Ca^+] upon mast cell stimulation may necessitate a reaction that reduces 
the [Ca^+J required for secretion and may explain why the synergistic relationship 
between Ca^+ and guanine nucleotide is important in these and many other cells 
(reviewed in Gomperts, 1990). The slower secretory response observed in non- 
excitable cells may, in part, reflect a dependence on a more complex - perhaps enzymic 
reaction.

A sole requirement for Ca^+ is not restricted to excitable cells; micromolar Ca^+ 
is sufficient to induce exocytosis in sea urchin eggs and isolated egg cortices (Whitaker 
and Baker, 1983) and from permeabilised platelets (Knight and Scrutton, 1986;
Athayde and Scrutton, 1990) and GDP-p-S has no effect on these responses (Whitaker, 
1994). However, in platelets, (but not sea urchin cortices), GTP-y-S enhances the 
apparent affinity for Ca^+ indicating that a GTP-binding protein has a modulatory role 
in Ca^+ induced secretion in these cells (Whitaker, 1994; Haslam and Davidson, 1984; 
Athayde and Scrutton, 1990).

1.2.4.21 Effect of GTP analogues on secretion.
In neutrophils (Niisse and Lindau, 1988), eosinophils (Scepek and Lindau,

1993) and mast cells (Fernandez et al. 1984), application of GTP-y-S by patch pipette 
in the presence of Ca^+ chelators is sufficient to induce pronounced degranulation, 
indicating that Ca^+ is not essential for exocytosis in these cell types.

It is not clear why a cell permeabilised with SLO is dependent on Ca^+ for 
maximal secretion to take place, whereas when it is microinjected, it can secrete fully in 
the absence of Ca^+. It has been suggested that the variation in the requirements for
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secretion between the different cell preparations may be due to a different level of 
leakage of cytosolic components (Tatham and Gomperts, 1991). However, 
unpublished results from our laboratory indicate that when cells are allowed to attach to 
glass (a process necessary for the patch-clamp experiments) followed by 
permeabilisation with SLO, they are more responsive to stimulation by GTP-y-S in the 
absence of Ca^+ than their unattached counterparts. Therefore, the differences in 
responses may also be affected by the attachment process, which may sensitize the cells, 
as has been reported previously (Hamawy et al. 1992).

The primary stimulus for secretion in adrenal chromaffin cells appears to be an 
increase in free Ca^+. However, in digitonin permeabilised cells, high concentrations 
(10 mM) of xanthosine triphosphate (XTP) (Morgan and Burgoyne, 1990) and GMP- 
PNP (Bittner et al. 1986) stimulate low levels of secretion in the absence of Ca^+, 
effects which were inhibited by GDP-p-S, indicating the involvement of a GTP-binding 
protein . Unlike GTP, XTP does not stimulate phospholipase C activity (Stutchfield 
and Cockcroft, 1988), indicating that a GTP-binding protein, acting late in the 
secretory pathway, may be responsible for the secretion. Paradoxically, GTP-y-S can 
actually inhibit Ca^+ induced secretion from adrenal chromaffin cells (Knight and 
Baker, 1985; Morgan and Burgoyne, 1990), suggesting that both stimulatory and 
inhibitory GTP-binding proteins may regulate exocytosis.

A role for a GTP-binding protein in late events in exocytosis is supported by 
membrane fusion reconstitution experiments; fusion of isolated pancreatic zymogen 
granules with pancreatic plasma membranes (but not other membranes) was 
demonstrated to occur spontaneously, but was enhanced to a small extent by GTP and 
GTP-y-S (MacLean and Edwardson, 1992). As mentioned above, Ca^+ is required for 
secretion from SLO permeabilised pancreatic acinar cells. However, Câ """ had no 
effect on the reconstituted membrane fusion, suggesting that either Ca^+ acts 'upstream' 
of the putative GTP-binding protein in these cells, or that this preparation does not 
provide a true reflection of exocytosis in permeabilised cells.

1.2.4.3) Is Ca^+ essential for exocytosis?
Although in some cell types, pronounced exocytosis can be stimulated by 

microinjection of GTP analogues, when EGTA is present in the pipette (Fernandez et 
al. 1984; Scepek et al. 1994), the possibility that sufficient Ca^+ is available for these 
responses should still be addressed.

There is evidence that in adrenal chromaffin cells, release of Ca^+ through Ca^+ 
channels produces local Câ """ transients which may exceed lOOjLiM (Augustine and 
Neher, 1992). Such transients may be of a high enough concentration to overcome the 
buffering capacity of EGTA applied to the cell interior by patch pipette. Indeed, the
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native buffering capacity of the excitable saccular hair cell can greatly exceed that 
achieved by ImM EGTA (Roberts, 1993), indicating that cells are quite capable of 
responding to Ca^+ transients under heavy Ca^+ buffering conditions. Although mast 
cells have plasma membrane Ca '̂"' channels (Fewtrell et al. 1989), GTP-y-S-induced 
exocytosis occurs when GTP-y-S is applied in the absence of external Ca^+, excluding 
an involvement of Câ """ entry at the plasma membrane in these experiments (Fernandez 
et al. 1984).

The application of GTP-y-S by patch pipette has been shown to induce Ca^+ 
transients in weakly buffered cells, after which, degranulation commenced (Neher, 
1988). These Ca^+ transients could be mimicked by the introduction of IP3 , although 
degranulation did not follow. Ca^+ release from internal stores could therefore be 
important in the supposedly Ca^+ independent secretion induced by GTP-y-S. Neher 
demonstrated that at high concentrations of FGTA, Ca^+ transients were not detected 
(Neher, 1988). However, average cell [Ca^+] was recorded in these experiments and it 
is therefore possible that a very localised Ca^+ transient could remain undetected.

If Ca^+ transients do occur briefly in the presence of high concentrations of 
FGTA, they would have to occur in the vicinity of the two membranes that are to 
ultimately fuse (in order to have an effect before Ca^+ chelation). This probably 
excludes the participation of putative calcium storage organelles such as the 
endoplasmic reticulum, which do not tend to be located in the vicinity of the plasma 
membrane.

It has been suggested that secretory granules themselves act as IP3 -sensitive 
Câ "*" stores (Yoo and Albanesi, 1990; Blondel et al. 1994), which suggests that when 
the secretory granule is adjacent to the plasma membrane, the Ca^+ required for fusion 
could be released from the granule itself. Intracellular application of IP3 alone does 
not induce secretion in chromaffin cells (Burgoyne and Handel, 1994) or mast cells 
(Neher, 1988) demonstrating that IP3 induced Ca^+ release is not sufficient for 
exocytosis to take place. However, the effect of IP3 , and therefore stored Ca^+, on 
GTP-y-S induced secretion from patch-clamped mast cells in the presence of high 
FGTA has yet to be demonstrated; due to the synergy between GTP-y-S and Ca^+, 
even sub-micromolar increases in [Ca^+j would be expected to have an effect on the 
rate of capacitance increase and an effect of stored Ca^+ in the presence of FGTA 
might be observed under these conditions.

Although not definitive, the evidence is against the absolute requirement for 
Câ """ in exocytosis in some cell types.

In conclusion, the work discussed above suggests that the relative importance 
of Ca^+ and guanine nucleotides vary in different cell types. In nerve endings.
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exocytosis appears to be solely dependent upon Ca^+ and a GTP-binding protein does 
not appear to participate. In contrast, secretion from many other cell types can be 
induced by GTP-y-S alone, and Ca^+ appears to only play a modulatory role. Several 
Câ '*' and GTP-binding proteins have been implicated in the Ca^+ and GTP-y-S 
dependent exocytotic mechanisms and will be discussed later in this introduction 
(sections 1.2.5 and 1.3.3)

1.2.4.4) Phosphorylation and dephosphorylation in exocytosis.
There is no immediate requirement for ATP in many permeabilised cell 

systems, including mast cells (Cockcroft et al. 1987; Koffer and Churcher, 1993), 
adrenal chromaffin cells (Holz et al. 1989), HL60 cells (Stutchfield and Cockcroft, 
1988), pancreatic acinar cells (Jena et al. 1991) and sea urchin eggs (Whalley et al.
1990). However, ATP and its analogues do effect the secretory responses of these 
cells. In some of these cells, ATP reduces the requirements for Ca^+ and guanine 
nucleotides (reviewed in Lindau and Gomperts, 1991; Gomperts, 1990). In adrenal 
chromaffin cells (Holz et al. 1989) and] Paramecium (Vilmart-Seuwen et al. 1986) it 
has been suggested that ATP primes the cells to secrete when subsequently stimulated.

Several kinases have been implicated in the regulation of the secretory response. 
Protein kinase C and nucleoside diphosphate kinase (NDPK) are two such proteins and 
are discussed later in this section. Inositol lipid kinases have also been implicated in 
secretion; wortmannin, an inhibitor of phosphatidylinositol 3-kinase (PI 3-kinase), 
inhibits secretion from IgE stimulated RBL-2H3 cells. ATP-dependent priming of 
secretion in PC 12 cells (a cell line related to the adrenal chromaffin cell), has been 
shown to involve PIP 5-kinase and its product, phosphatidylinositol (4,5) bisphosphate 
(PIP2 ). Their participation is not due to the hydrolysis products of PIP2 , IP3 or 
diacylglycerol (Hay et al. 1995), suggesting a role other than Ca^+ signalling or 
activation of protein kinase C. A requirement for inositol lipids and their kinases in 
ATP-dependent priming is strengthened by a requirement for an additional protein, 
phosphatidylinositol transfer protein (PITP). PITP can transport PI, a precursor of 
PIP2 , between membrane compartments and may therefore function to maintain the 
levels of PIP2  (Hay and Martin, 1993).

Although there is no immediate requirement for ATP for secretion, 
permeabilised cells gradually become refractory to stimulation when ATP is absent 
(Churcher et al. 1990; Bittner and Holz, 1992; Vilmart-Seuwen et al. 1986; Koffer and 
Churcher, 1993). The requirement for Ca^+ increases as the period between 
permeabilisation and stimulation is increased (Churcher et al. 1990) or when cells are 
metabolically inhibited, suggesting that the affinity for Ca^+ is under the control of a 
phosphoprotein (Koffer and Churcher, 1993). Furthermore, under certain stimulus
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conditions, secretion from permeabilised mast cells is inhibited by the phosphatase 
inhibitor, okadaic acid and it was proposed that a dephosphorylation event comprised a 
step in the pathway to exocytosis (Churcher et al. 1990).

An important role for protein dephosphorylation has been implied in other cell 
types; in pancreatic acinar cells, okadaic acid inhibits cholecystokinin-stimulated 
secretion (Wagner et al. 1992) and exogenous protein tyrosine phosphatase enhances 
Ca^'^-stimulated secretion in SLO permeabilised cells (Jena et al. 1991). Protein 
déphosphorylation has been identified as a necessary step for exocytosis in Paramecium 
tetraurelia and some of the proteins responsible have been positively identified; 
parafusin, a protein located in the cortical region of Paramecium, is dephosphorylated 
by a 63-65 KDa protein (Satir et al. 1990). This 63-65 KDa protein is related to a 65 
KDa mammalian serine/threonine phosphatase and calmodulin target, calcineurin 
(Momayezi et al. 1987). When a Ca^+-calmodulin-calcineurin complex is injected into 
Paramecium, exocytosis results. Furthermore, exocytosis is inhibited by an antibody to 
calcineurin (Momayezi et al. 1987). However, calcineurin is not present in 
Paramecium and unless a Paramecium homologue is identified, the significance of 
these effects must be questioned.

ATP-y-S results in irreversible thiophosphorylation by kinases, preventing 
subsequent dephosphorylation. ATP-y-S inhibits exocytosis when microinjected into 
sea urchin eggs (Whalley et al. 1990) and when applied to bovine adrenal chromaffin 
cells (Brooks and Brooks, 1985). However, ATP-y-S does not inhibit Ca^+ stimulated 
secretion from isolated sea urchin egg cortices (Whalley et al. 1990) or digitonin- 
permeabilised adrenal chromaffin cells (Wagner and Vu, 1989) and okadaic acid does 
not inhibit secretion from intact mast cells (Estevez et al. 1994). These results suggest 
that protein dephosphorylation does not comprise an essential step in membrane fusion, 
but may comprise a step in a pathway that ultimately leads to exocytosis, which can be 
bypassed under certain conditions. Alternatively, different fusion mechanisms may exist 
which may be independent and dependent on protein dephosphorylation.

1.2.4.51 Effectors of secretion in permeabilised mast cells.
The stimulus requirements for secretion from permeabilised mast cells vary 

considerably depending experimental protocol, such as the permeabilisation technique 
or buffer conditions used. In streptolysin-0 (SLO)-permeabilised mast cells, Ca^+ and 
GTP-y-S are the essential effectors of secretion; both are required to elicit a maximal 
secretory response (Howell et al. 1987), providing evidence that at least one GTP- 
binding protein and one Ca^+-binding protein are essential components of the secretory 
pathway in mast cells.
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Partial secretion from SLO-permeabilised mast cells can be obtained by 
GTP-y-S alone, (Churcher and Gomperts, 1990; Koffer and Churcher, 1993) which 
could indicate the presence of a Ca^+ independent pathway. Curiously, chloride ions 
inhibit this response, although the reasons for this inhibition are not clear (Churcher and 
Gomperts, 1990). On possible explanation is a chloride-induced dissociation of 
proteins essential for exocytosis; indeed, the chaotropic properties of chloride ions 
results in dissociation of proteins from sea urchin cortices and an inhibition of secretion, 
an effect which is reversed when these proteins are added back to the preparation 
(Sasaki, 1992).

In the absence of GTP-y-S, high [Ca^+] (1-10 |iM) can elicit a moderate 
secretory response (Lillie and Gomperts, 1992; Koffer, 1993) or when applied by patch 
pipette (Penner and Neher, 1988), although ATP is required. However, as discussed 
above, this does not exclude the necessity for the activation of a GTP-binding protein, 
as the response is inhibited by high concentrations of GDP or its non-hydrolysable 
analogue, deoxy GDP (Lillie and Gomperts, 1992; Koffer, 1993). This, together with 
the observation that low concentrations of GDP (<100 jiM) actually enhance GTP- 
independent secretion, led to the suggestion that endogenous GDP or low 
concentrations of exogenous GDP can be phosphorylated to produce GTP by a 
nucleoside diphosphate kinase (NDPK) therefore abrogating the requirement for 
exogenous GTP analogues (Lillie and Gomperts, 1992; Koffer, 1993).

In the presence of Ca^+ and GTP-y-S, ATP is not required for secretion, 
excluding the requirement for PKC activation, however ATP and phorbol esters reduce 
the requirement for Ca^+ (Howell et al. 1989). Inhibition of PLC abolishes this effect 
of ATP, although does not completely abolish secretion (Cockcroft et al. 1987), 
suggesting that although a GTP-binding protein acts at an early stage in the secretory 
pathway (to activate PIP2  and ultimately PKC), a GTP binding protein is also required 
at later stages. It has been proposed that an as yet uncharacterised GTP-binding 
protein (Gg) and a Ca^+ binding protein (Cg) interact with each other, are modulated 
by PKC-induced phosphorylation, and function in the pathway to exocytosis 
(Gomperts, 1990).

In contrast to the results obtained from SLO-permeabilised mast cells, the 
application of GTP-y-S with EGTA (ie, [Ca^+] < 50 nM), by patch pipette, to cells 
attached to glass, induces complete degranulation (Fernandez et al. 1984), although 
only in about 50% of cells (Neher, 1988). The rate of GTP-y-S induced degranulation 
is slow and occurs following a pronounced delay. Ca^+ reduces the delay before the 
onset of degranulation, increases the rate of the response and increases the proportion 
of cells that responds to the stimulus (Neher, 1988).
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These results demonstrate the importance of Ca^+ and guanine nucleotides in 
the secretory response of mast cells. They also emphasise how varying the 
experimental conditions can dramatically affect these responses.

1.2.5) Ca^+ regulated proteins implicated in the secretory pathway.
1.2.5.1) Annexinn.

Annexin II is one of a family of highly conserved Ca^+ and phospholipid binding 
proteins, some of which also bind F-actin (reviewed in Crompton et al. 1989). Annexin 
II exists as a monomer or as a heterotetramer complex consisting of two molecules of 
annexin II (p36) and two molecules of the protein pi 1. The binding of annexin II to 
phospholipids and F-actin is Ca^+ dependent (Powell and Glenney, 1987). Tetrameric 
annexin H, but not monomeric annexin II, has been demonstrated to induce aggregation 
of chromaffin granules at micromolar concentrations of Ca^+ and subsequent fusion in 
the presence of arachidonic acid (Drust and Creutz, 1988), suggesting a role for 
annexin II in secretion (reviewed in Creutz, 1992). The tetramer is present on both 
granule and plasma membrane in chromaffin cells (Drust and Creutz, 1991), and it was 
suggested that the two annexin II molecules of the tetramer may bind to membranes of 
different secretory granules and hence induce aggregation; equally, apposition of 
granule and plasma membranes could also occur.

The participation of annexin II in secretion is supported by the findings that the 
secretory response in permeabilised chromaffin cells which have reduced secretory 
competence due to the leakage of cytosolic proteins (a process referred to as 'run 
down'), is reconstituted by purified monomeric annexin II (Ali et al. 1989); this effect is 
blocked by pre-incubation with an antibody against annexin II. In a different study, 
secretion from chromaffin cells was also reconstituted by annexin II, although only the 
tetrameric form was effective (Sarafian et al. 1991). The participation of annexin II in 
secretion is supported further since RBL-2H3 cells underexpressing annexin II have 
reduced levels of secretion (A.L. Upton, personal communication).

Annexin II is phosphorylated when chromaffin cells are stimulated to secrete 
(Creutz et al, 1987). PKC, p60^"^^^ and calmodulin and cAMP-dependent kinases can 
phosphorylate annexin II, and phosphorylation results in a reduced ability to aggregate 
vesicles (Johnsson et al. 1986; Powell and Glenney, 1987). Tetrameric annexin II, 
prephosphorylated by PKC, can reconstitute secretion from chromaffin cells depleted of 
their PKC (Sarafian et al. 1991). In contrast, stimulation of secretion with monomeric 
annexin II occurs in the presence of PKC inhibitors (Ali and Burgoyne, 1990). The 
differences between the monomer and tetramer may be due to a different mechanism by 
which they influencing secretion.
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1.2.5.2) Protein Kinase C.
dependent and Ca^+ independent isoforms of PKC have been shown to be 

essential for antigen induced secretion whereas some isoforms of PKC have been 
shown to be inhibitory (Ozawa et al. 1993). In several different permeabilised and 
intact cell systems, activation of PKC with a brief treatment with phorbol esters shifts 
the Ca^+ (or Câ """ ionophore) dose-response curve to the left, enhancing the apparent 
affinity for Ca^+ (Knight and Baker, 1983; Ruskoaho et al. 1985; Howell et al. 1989; 
O'Sullivan and Jamieson, 1992; Walker and Watson, 1993). However, downregulation 
of PKC with a lengthy treatment with phorbol ester (24 hours) or inhibition with 
specific peptides does not completely abolish secretion in permeabilised adrenal 
chromaffin cells (Burgoyne et al. 1988), mast cells (Howell et al. 1989) or pancreatic 
acinar cells (O'Sullivan and Jamieson, 1992), and it has been suggested that the action 
of PKC is modulatory rather than essential.

Washing of permeabilised RBL-2H3 cells removes all detectable PKC - a 
process which completely abolishes IgE-dependent secretion (Ozawa et al. 1993). 
However, secretion can be reconstituted with nanomolar concentrations of Ca^+- 
dependent or Ca^+-independent isoforms of PKC, both in the presence of micromolar 
Ca^+. This indicates a role for PKC in secretion and a role for Ca^+ other than for the 
activation of PKC.

A relationship has been described between PKC and members of the family of 
14-3-3 proteins (Isobe et al. 1992), proteins which have been implicated in Ca%+ 
dependent exocytosis. These proteins are discussed later (see 1.2.5.4).

1.2.5.3) Calmodulin and its target proteins.
Exocytosis in Paramecium, sea urchin eggs and chromaffin cells is inhibited by 

the calmodulin inhibitor, TFP (Garofalo et al. 1983; Whitaker and Baker, 1983; 
Clapham and Neher, 1984). Through a genetic approach involving Paramecium 
mutants, it has been demonstrated that calmodulin is required for 'docking' of secretory 
granules; calmodulin defective mutants fail to produce the rosette feature at the plasma 
membrane which is visible by microscopy and is indicative of docking of the granule 
with the plasma membrane (Kerboeuf et al. 1993).

Calmodulin is a ubiquitous Ca^+ binding protein with several targets and has 
been implicated in several Ca^+ dependent cell functions (Alberts et al. 1994). One 
target is calcineurin-like proteins, which were discussed above. Another target is 
Ca^+/calmodulin-dependent protein kinase II (Cam kinase H), which is ubiquitously 
expressed and has been identified in synaptic vesicle membranes (Benfenati et al. 1992). 
In sea urchin eggs, fusion of undocked granules was shown to be blocked by peptide
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and antibody inhibition of Ca^+ZCalmodulin-dependent-kinase, whereas fusion of 
peripheral (apparently docked) granules was unaffected (Steinhardt et al. 1994).

1.2.5.4) 14-3-3 proteins.
A screening of adrenal medullary and sheep brain extracts for proteins that 

could reconstitute Ca^+ dependent secretion from run down permeabilised adrenal 
chromaffin cells, revealed two proteins, which were termed Exol and Exo2 (Morgan 
and Burgoyne, 1992). Exol was found to comprise members of the 14-3-3 family of 
proteins (reviewed in Burgoyne et al. 1994). Reconstitution by Exol was dependent 
on the presence of ATP and reconstitution occurred synergistically with partially 
purified PKC, although Exol was found not to be a substrate for PKC (Morgan and 
Burgoyne, 1992).

14-3-3 proteins comprise a family of related proteins and have been shown to 
interact with a number of kinases (Burbelo and Hall, 1995). One in vitro study has 
shown that a 14-3-3 protein increases the level of PKC activity to double that of the 
control level (Isobe et al. 1992), although others have observed no significant effect on 
PKC activity in vitro (Morgan and Burgoyne, 1992). Interactions between the Ras 
target Raf kinase and 14-3-3 proteins in yeast and mammalian systems have also been 
demonstrated, suggesting an involvement of 14-3-3 proteins in Ras signalling (Burbelo 
and Hall, 1995). Both PKC and to a lesser extent, Ras (discussed below) have been 
implicated in the signalling pathways that regulate exocytosis, suggesting that 14-3-3 
proteins could regulate secretion via their interactions with these proteins. Recent 
work has shown that 14-3-3 proteins form homodimers and heterodimers with other 
14-3-3 proteins and interact with membrane or cytoskeletally associated proteins. 
These dimers may then act as adaptor proteins whereby two proteins (each binding to 
one 14-3-3 protein) are brought together at the plasma membrane and may 
communicate with each other (David Jones, personal communication).

1.2.6) Snaps and Snares in membrane docking.
Rothman and colleagues have shown that several proteins are required for 

vesicle fusion in several different areas of vesicle transport; fusion of endoplasmic 
reticulum-derived vesicles with the Golgi and endocytotic vesicle fusion require NSF 
(NEM [N-ethyl maleimide]-sensitive factor) and Soluble NSF Attachment Proteins 
(SNAPs) (reviewed in Rothman and Warren, 1994). SNAPs bind to membranes, and 
binding of SNAPs subsequently enables binding of NSF.

An affinity column of SNAP-NSF complexes was used to bind SNAP receptors 
(SNAREs) from triton extracts of brain membranes. Elution of the column released 
syntaxin A, syntaxin B, and SNAP 25 (synaptosome associated protein of 25K -not to
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be confused with soluble NSF attachment proteins), which are pre-synaptic membrane 
proteins and a fourth protein synaptobrevin 2 (or VAMP 2 - for vesicle associated 
membrane protein 2) (Sollner et al. 1993). These proteins have been implicated in 
neurotransmitter release (Huttner, 1993), inferring that NSF and SNAPs also 
participate in the fusion of synaptic vesicles. Since both vesicle (v) SNAREs and 
synaptic or target (t) SNAREs bind the NSF-SNAP complex, these proteins could 
form the basis of determining the specificity of vesicle targeting to the pre-synaptie 
membrane (see figure 1 .1 ).

SNAP

pre-synaptIc
membrane

synaptic
vesicle

Figure 1.1) The SNAP-SNARE model of vesicle-plasma membrane association.
V SNAREs (such as synaptobrevin) associate with t-SNARES (such as syntaxin) 
via a complex of NSF and SNAPs. This model is extended to other vesicle-target 
membrane associations such as trans-Golgi transport and it is proposed that 
different SNAPs and SNAREs may provide the necessary specificity. Adapted 
from Warren, 1993.

Although t- and v-SNARES have yet to be observed in the same SNAP-NSF 
complex, other studies have shown that synaptobrevin, syntaxin and SNAP-25 form 
protein complexes in stoichiometric amounts in the absence of NSF and SNAPs 
(Sollner et al. 1993).

Antibodies to N-type calcium channels have been used to immunoprecipitate 
syntaxin A and B, SNAP-25, synaptobrevin and Rab3A (Horikawa et al. 1993). In 
addition, syntaxin has been shown to bind N-type calcium channels and synaptotagmin 
(O'Connor et al. 1993), a calcium sensitive synaptic vesicle membrane protein. These 
results suggest that the SNAP/SNARE complex may target vesicles to calcium 
channels and incorporate a calcium switch, the activation of which may be required for 
membrane fusion. Similarly, the involvement of a small GTP-binding protein in such a 
complex may confer a GTP-dependent switch to the docking or fusion process.
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Rab3A, a protein implicated in exocytosis (discussed in L3.3.2) has been identified in a 
complex with SNAPs and SNAREs (Horikawa et al. 1993), supporting this suggestion.

A functional role for SNAPs has recently been demonstrated in a 
neuroendocrine cell; recombinant SNAPs reconstitute secretion from digitonin- 
permeabilised adrenal chromaffin cells, which have a reduced ability to secrete due to 
the leakage of soluble proteins (Morgan and Burgoyne, 1995). SNAPs and NSF have 
been introduced into run-down mast cells, but were without effect. This does not 
exclude the participation of these proteins in exocytosis from mast cells but does 
suggest that their leakage from cells is not rate-limmiting (A.J O'Sullivan, personal 
communication).

1.3) GTP-binding proteins.
A considerable proportion of the work described in this thesis relates to the 

action of GTP-binding proteins, in particular the Ras-related proteins. Therefore, a 
broad introduction to GTP-binding proteins will be given here, with particular 
attention being paid to the function of the Ras-related members. The effects of GTP 
analogues on the secretory responses of various cell types have been discussed 
(1.2.4.2) and strongly indicate that GTP-binding proteins are involved in the secretory 
response. However, despite strenuous efforts, few named GTP-binding proteins have 
been implicated in the secretory pathway and none have been demonstrated to 
participate in the exocytotic process itself. The introduction to each group of GTP- 
binding proteins will be followed by a discussion of their role in secretion. Later in this 
introduction, the role of these proteins in the regulation of the cytoskeleton will be 
discussed.

1.3.1 Introduction to GTP-binding proteins.
GTP-binding proteins consist of a large superfamily of proteins which have 

been implicated in the regulation of a remarkably diverse range of functions. These 
include protein synthesis, trafficking of protein-containing vesicles through the cell and 
their subsequent exocytosis. They control cytoskeletal organisation and cell 
proliferation and, capable of possessing oncogenic mutations, are important factors in 
the aetiology of cancer. As targets of a variety of bacterial toxins, they are important 
in the pathogenesis of many diseases.

These proteins bind GTP and act as molecular switches. In general, they are 
active in GTP-bound form and inactivated when bound GTP is hydrolysed. This 
superfamily consists of two main subfamilies:
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1) the heterotrimeric GTP-binding proteins. These are commonly referred to as G- 
proteins and will be referred to as such in this thesis. These proteins consist of a , |3 
and y subunits, although the GTP-binding properties are only contained within the a- 
subunit.

2) the small GTP-binding proteins. These proteins have a molecular weight of 20-30 
KDa of which the 21 KDa protein, Ras is the archetype. For the sake of convenience 
(although not strictly correct), these proteins are commonly referred to as p2 1 s, both in 
this thesis and elsewhere.

The proteins within these sub-families share considerable homology, both in 
structure and function. There are also similarities in structure and sequence between 
the a-subunits of G-proteins and the p21s, particularly in the region which comprises 
the GTP-binding site (Bourne et al. 1991). Several other proteins bind GTP, including 
tubulin and guanylyl cyclases, although these are only distantly related to the G- 
proteins and Ras-related p21s, and are outside the scope of this discussion.

Cycling of GTP-binding proteins.
The GTP-binding proteins exist mainly in one of two states - in a GTP-bound 

active form and in a GDP-bound inactive form, which follows GTP hydrolysis. These 
proteins all share the same feature in that they cycle between these two states (see 
figure 1 .2 ).

Both the p21s and the G-proteins possess intrinsic GTPase activity, although 
GTP hydrolysis is much more rapid in G-proteins than in p21s (Bourne et al. 1991). A 
family of GTPase-activating proteins (GAPs) are responsible for promoting GTP 
hydrolysis and these and other regulatory proteins are more fully discussed below. 
When GTP-binding proteins are allowed to bind to non (or very slowly)-hydrolysable 
analogues of GTP such as GTP-y-S, intrinsic and GAP-stimulated hydrolysis is 
inhibited and the proteins remain in a permanently activated state.

The inactive GDP-bound protein can be reactivated by exchanging its GDP for 
GTP, a process which is facilitated by proteins known as guanine nucleotide exchange 
factors (GEFs), also referred to as guanine nucleotide releasing proteins. There is also 
evidence to suggest that bound GDP can be directly phosphorylated by a nucleoside 
diphosphate kinase (NDPK). Such phosphorylations have been demonstrated on the 
heterotrimeric G-proteins Gq and Gg (Kikkawa et al. 1990), although have been shown 
not to occur on Ras and Arf (Randazzo et al. 1992). Whether phosphorylation of 
bound GDP can occur on other p21s has yet to be determined.
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Figure 1.2) The GTPase cycle.
The inactive GDP-bound p21 is converted to an active form by exchange of GDP 
for GTP, which is proposed to enable its interaction with target proteins. 
Exchange activity is promoted by guanine nucleotide exchange factors (GEFs). 
Hydrolysis of bound GTP to GDP returns the p21 to its inactive form and is 
promoted by GTPase-activating proteins (GAPs). Adapted from Bourne et al. 
1991.

Exchange of GDP for GTP on Ras-related proteins is inhibited by GDP 
dissociation inhibitors (GDIs), proteins which mainly bind to the GDP-bound form of 
p2 1 s and maintain them in inactive states.

1.3.2) Heterotrimeric GTP-binding proteins (G-proteins).
The most characterised roles of G-proteins is as transducers of extracellular 

signals from trans-membrane receptors to internal targets, which generate second 
messengers (Baldwin, 1994). However, G-proteins have been implicated in various 
other cellular functions. The expression of some G-proteins is limited to specialised 
cells, such as Ĝ ^̂  in olfactory cells and Gjj in rod photoreceptor cells. Other G- 
proteins are more ubiquitously expressed, such as Gg and Gq (Spiegel et al. 1995).

Regulation of activity of G-proteins.
It is the a-subunit which binds to the activated receptor, and although this can 

occur independently of py, binding is enhanced when a  and py subunits are associated 
(Sternweis, 1994). Release of GDP from a-subunits is promoted by the activated 
receptor and binding of GTP can follow - ie, the activated receptor acts as a GEF and 
hence 'switches on' the G-protein. The intracellular concentration of GTP exceeds that
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of GDP and therefore an increase in affinity of the a-subunit for GTP is not required 
(Spiegel et al. 1995).

G-proteins are 'switched off by GTP hydrolysis and it has been suggested that 
an additional sequence in the a-subunit of G-proteins, not present in p21s, promotes 
this and is responsible for the faster rate of intrinsic GTPase activity in G-proteins 
compared to p21s (Bourne et al. 1991). GTP hydrolysis by a-subunits can also be 
further enhanced by binding to effector proteins; the G-protein effectors, 
phospholipase C(p) and phosphodiesterase have been shown to have GAP activity 
(Boguski and McCormick, 1993; Spiegel et al. 1995).

Both the a-subunit and the y-subunit have lipid modifications (Casey, 1995) 
and therefore both the a  and py moieties have the potential to associate with 
membranes.

G-protein mediated effects.
Several effector targets of G-proteins have been identified (reviewed in Spiegel 

et al. 1995). These include adenylyl cyclase, phospholipase C, cyclic GMP- 
phosphodiesterase, ion channels and phosphatidylinositol 3-kinase 
(PI 3-K).

The binding of GTP results in dissociation of the a-subunit from the py 
subunits (the py subunits remaining associated). Originally, it was thought that only 
the a-subunits possessed effector activity. However, more recently, effector properties 
of py-subunits have been identified (reviewed in Bourne et al. 1990; Taylor, 1990; 
Clapham and Neer, 1993). The pattern of activation by a  and Py subunits is varied; for 
instance, PI 3-K can be stimulated by py-subunits (Thomason et al. 1994), but 
activation by a-subunits has not been reported. On the other hand, the activation of 
certain isozymes of phospholipase C can be stimulated independently by both a  and py 
subunits whereas the activation of adenylyl cyclase II(IV) by a-subunits and by py 
subunits acts synergistically. In contrast, a  and py subunits act antagonistically in 
regulating adenylyl cyclase I (Taylor et al. 1991; Clapham and Neer, 1993; Sternweis, 
1994).

1.3.2.11 Heterotrimeric G-proteins in secretion.
Studies of the effects of overexpression of G-protein a-subunits and the use of 

G-protein-specific reagents such as antibodies and cholera and pertussis toxins, have 
implicated heterotrimeric G-proteins in the transport of vesicles between membrane 
compartments (Batch, 1992; Pimplikar and Simons, 1993) and in regulated exocytosis 
(reviewed in Lindau and Gomperts, 1991).
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It was discussed in section 1.1.2 that various cationic compounds, such as 
mastoparan, could induce degranulation via the direct activation of G-proteins. 
Degranulation induced by such compounds can occur in the absence of PLC activation 
(Aridor et al. 1990) and is sensitive to pertussis toxin (Ptx) (Aridor and Sagi- 
Eisenberg, 1991) indicating that a Ptx-sensitive G-protein, other than that which 
activates PLC, is involved in regulating secretion. Two Ptx substrates have been 
identified in mast cells - Gotj2  and Ga^g. A peptide corresponding to the C-terminus of 
Gaj3 inhibited compound 48/80 induced secretion from ATM" permeabilised (and then 
resealed) mast cells and an antibody that recognised the C-terminus of Goqg inhibited 
Ca^+/GTP-y-S-induced secretion from SLO-permeabilised mast cells (Aridor et al. 
1993). These results suggest that Ga^g may be a Gg, a putative heterotrimeric G- 
protein that acts at a late stage in the secretory pathway.

Mastoparan does not affect secretion from intact chromaffin cells stimulated by 
depolarisation, but inhibits Ca^+ induced secretion from permeabilised cells (conditions 
which allow the entry of the peptide into the cell interior). This suggests that an 
inhibitory G-protein, distal from the plasma membrane, regulates secretion. 
Furthermore, an antibody raised against the C-terminal of Gqcq reversed mastoparan 
induced inhibition of secretion and GTPase activity of proteins isolated from 
chromaffin granule membranes. These results support the role of an inhibitory Gq̂q 
and suggest a possible localisation of this protein to granule membranes (Vitale et al. 
1993).

These results suggest that G-proteins may be involved in the late stages of 
secretion, although not necessarily in the exocytotic process itself.

1.3.3) Small GTP-binding proteins (p21s).
The superfamily of Ras related GTP-binding proteins, or p21s comprises over 

50 members, and this number will undoubtedly continue to increase (Takai et al. 1992; 
Hall, 1993). These proteins can be divided into four main sub-families according to 
sequence, structural and functional homology: Ras-like, Rab-like, ARF-like and Rho- 
like (Kahn et al. 1992).

The p21s also cycle between inactive GDP-bound and active GTP-bound forms 
and a large number of proteins have been identified which regulate the transition 
between these states, some of which may also serve as downstream effectors (Boguski. 
and McCormick, 1993). Many of the regulatory proteins act on more than one 
member of a p2 1  sub-family, are multifunctional and contain one or more consensus 
sequences, such as src homology (SH) domains. These properties offer the potential 
for regulation of p2 Is by a diverse range of proteins.
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1.3.3.1) Ras-like proteins.
Ras proteins can transmit signals from receptors at the plasma membrane to the 

nucleus via a series of threonine and serine kinases (reviewed in Hall, 1993). This 
pathway has been quite well characterised and in view of the homology between the 
different p2 1  proteins, provides possible insight into the signalling mechanisms of the 
other members of the Ras superfamily.

Three Ras proteins have been identified in mammalian cells - H-Ras, N-Ras and 
K-Ras and homologues have been identified in invertebrates, plants and in yeasts.
These proteins were first identified as being responsible for the transforming properties 
of Harvey (H) and Kirsten (K) strains of rat sarcoma viruses - hence the acronym Ras 
(RAt Sarcoma) (Barbacid, 1987; Lowy and Willumsen, 1993). Ras proteins are 
closely related to members of the Rap family, which bind to Ras-Gap, perhaps 
preventing the downregulation of Ras (Bourne et al. 1990). Also sharing a high degree 
of homology with Ras are the Ral proteins, which, like Rap appear to share common 
targets with Ras (Bhullar et al. 1990; Spaargaren and Bischoff, 1994).

Ras proteins become oncogenic following mutations which render them 
constitutively active, and it has been shown that this is a result of a reduction in the 
intrinsic and stimulated GTPase activity, which leaves the protein in a persistent GTP- 
bound state (Trahey and McCormick, 1987). The crystal structure of Ras in GDP- and 
GTP-bound forms has been solved and extensive mutation studies have identified the 
domains and amino acid sequences responsible for the various functional properties of 
these proteins (Polakis and McCormick, 1993). This information has also been useful 
in identifying the critical regions in other p2 1  proteins.

Activation of Ras.
Ligand activation of tyrosine kinase receptors results in increased guanine 

nucleotide exchange on Ras (Buday and Downward, 1993). Recent progress in a 
number of laboratories demonstrated a link between membrane receptors and the 
homologues of the Ras GEF, Sos, via an intermediary 'adaptor' protein termed Grb2 
(reviewed in McCormick, 1993). The so-called adaptor properties of Grb2 are due to 
the presence of SH2 regions (SH = Src Homology), which bind to phosphotyrosine on 
the receptor, and SH3 regions, which bind to the proline rich region of Sos (reviewed 
in Mayer and Baltimore, 1993). The tyrosine kinase substrate She has also been shown 
to bind to Grb2 (Rozakis Adcock et al. 1993) and to possess SH2 regions which bind 
to the T-cell receptor. This allows the linkage of this non-tyrosine kinase receptor to 
Ras (Ravichandran et al. 1993).
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Effectors of Ras.
Although the importance of Ras proteins in cell signalling has been known for 

nearly 15 years, the furious search for downstream effectors of Ras has been fruitless 
until relatively recently, when it was shown that Ras activity was essential for 
activation of adenylyl cyclase in yeasts (Toda et al. 1985; Bollag and McCormick,
1991). It has been shown in several cell types that the activation of Ras leads to the 
phosphorylation of MAP kinases (Mitogen Activated Protein kinases), and subsequent 
activation of transcription factors (reviewed in Hall, 1993). Raf kinase is a component 
of this pathway, acting downstream of Ras and has been shown to interact with Ras 
both in vitro (Wame et al. 1993) and in vivo (Finney et al. 1994), suggesting that Raf 
acts as a downstream effector of Ras.

PI 3-kinase has been identified as being downstream of Ras activation, since 
inhibition of Ras results in a reduction in the production of 3' phosphorylated 
phosphoinositides. Ras has also been shown to interact with the catalytic subunit of PI 
3-kinase in cos cells (Rodriguez-Viciana et al. 1994). It is likely that many other 
targets of Ras will be identified.

Ras in secretion.
Microinjection of oncogenic Ras into mast cells induces secretion after a delay 

of approximately 15 minutes (Bar-Sagi and Gomperts, 1988). However, the 
cytoskeletal changes discussed above also took place after a similar delay (Bar-Sagi 
and Feramisco, 1986; Ridley et al. 1992). This suggests that rather than having a role 
in the late stages of exocytosis, Ras may function in early signalling events that leads to 
the activation of diverse processes - ie secretion and cytoskeletal reorganisation.

Purified botulinum toxin D has been reported to ADP-ribosylate a 22 KDa Ras- 
related protein in human neutrophils (Bokoch et al. 1988) and inhibit exocytosis in 
permeabilised bovine adrenal chromaffin cells (Knight et al. 1985) and neutrophils 
(Nath et al. 1994). However, it has been shown that the ADP-ribosylating activity may 
be due to contaminating C3 ADP-ribosyl transferase, and that the inhibition of 
secretion by the D-toxin was not a consequence of its ADP-ribosylating activity 
(Adam-Vizi et al. 1988).

The evidence suggests that Ras is not directly involved in the late stages of 
secretion.

1.3.3.21 Rab-like proteins.
Rab proteins regulate vesicle trafficking between membrane compartments and 

over 25 different proteins have been identified in yeast and mammalian cells (reviewed 
in Takai et al. 1992; Boguski and McCormick, 1993). Specific Rab proteins have been

34



identified as important factors in transport between the endoplasmic reticulum and the 
Golgi complex, between Golgi and the plasma membrane (ie exocytosis) and in the 
endocytotic pathway. The mechanism by which Rab proteins direct vesicles to the 
correct target membranes is not clear, although the hypervariable region of Rab 
adjacent to the C-terminal (and hence adjacent to the membrane binding region) 
appears to be responsible (Chavrier et al. 1991). It has been suggested that Rabs 
provide directionality or 'coarse' specificity of vesicle targeting and fusion, the fine 
specificity being provided by SNAPS and SNARES (Rothman and Warren, 1994 and 
discussed in 1.2.6). In contrast to the effects of GTP-y-S on most GTP-binding 
protein-regulated pathways, GTP-y-S actually inhibits Rab-mediated vesicle trafficking 
(but not vesicle formation) indicating that cycling between the GDP- and GTP-bound 
states is essential - perhaps to enable vesicle targeting, docking or fusion (Balch,
1990).

Most Rab proteins are ubiquitously expressed. YPTl is a yeast homologue of 
the mammalian Rabl and the Rabl gene can compensate for deletion of the YPTl 
gene in yeast, demonstrating both the structural and functional homology between 
proteins from different organisms (Segev et al. 1988; Haubruck et al. 1989).

Rabs in secretion.
Recent results suggest that Rab3 A may be involved in the late stages of the 

regulated secretory pathway. Rab3A is located exclusively to secretory cells and has 
been detected in adrenal chromaffin granule membranes (Darchen et al. 1990) and in 
brain homogenates complexed with proteins implicated in vesicle docking (Horikawa et 
al. 1993). Rab3a was first implicated in regulated secretion since a peptide which 
corresponded to the effector domain of Rab3 A stimulates secretion from mast cells 
(Oberhauser et al. 1992) and various other secretory cells (Oberhauser et al. 1992; 
Padfield et al. 1992; Senyshyn et al. 1992). This peptide was also reported to stimulate 
fusion between isolated zymogen granules and plasma membranes (Edwardson et al.
1993). However, scrambled forms of this peptide had a similar effect on this assay, 
suggesting that the effect of the Rab3 A peptide in this study (and perhaps previous 
studies) was non-specific (MacLean et al. 1993).

Overexpression of wild type Rab3 A or expression of GTP-hydrolysis resistant 
Rab3 A both inhibit nicotinic and Ca^+ stimulated secretion from intact and digitonin 
permeabilised transfected chromaffin cells, suggesting that Rab3A serves an inhibitory 
function (Holz et al. 1994).

Rabphilin-3 A is a putative target or regulator of Rab3 A. Rabphilin inhibits 
RabGAP stimulated GTP hydrolysis and stimulates nucleotide exchange on Rab3A 
(Fujita et al. 1994). Rabphilin-3 A is phosphorylated by calmodulin-dependent protein
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kinase II offering a potential Ca^+ regulation to Rab3A activity (Kato et al. 1994). 
However, the effect of Rabphillin phosphorylation on Rab3A activity has yet to be 
determined.

Although it is not yet clear how Rab3A might regulate exocytosis, the 
properties of Rab/Rabphilin are consistent with a requirement for Ca^+and GTP-y-S for 
secretion and the requirement for a calmodulin dependent step at a late stage in 
secretion -possibly docking of secretory granules with the plasma membrane (as was 
discussed in 1.2.4.2, 1.2.4.3 and 1.2.5.3).

1.3.3.31 Arf-like proteins.
Arf (ADP-Ribosylation Factor) was first identified as a co-factor required for 

the ADP-ribosylation of the G-protein Gg by cholera toxin (Kahn and Gilman, 1984). 
Arf was subsequently shown to be a component of the protein coats of Golgi-derived 
vesicles, was essential for coat formation (Serafini et al. 1991; Rothman and Orci,
1992) and hence essential for the trafficking of protein-containing vesicles between 
endoplasmic reticulum and Golgi (Balch et al. 1992; Kahn et al. 1992). Arf can also 
regulate the activity of PLD (Cockcroft et al. 1994; Brown et al. 1993), although 
whether this relationship is central to the involvement of Arf in vesicle transport is not 
yet known (Kahn et al. 1993).

Of all of the p21s, Arf is the least similar to Ras sharing only 20-30% sequence 
homology. It possesses no intrinsic GTPase activity and has a near absolute 
requirement for phospholipid for nucleotide exchange (reviewed in Kahn et al. 1992).

Arfs in secretion.
The amino terminal of Arf is critical for Arf function and an unmyristoylated 

peptide corresponding to this region - Arf (2-17) inhibits vesicle transport, possibly by 
competing for specific Arf effector sites (Kahn et al. 1992). A similar concentration of 
Arf (2-17) also inhibits Ca^+ or GTP-y-S induced secretion from digitonin 
permeabilised chromaffin cells (Morgan and Burgoyne, 1993). Furthermore, Arf is 
required for GTP-y-S induced exocytosis in HL60 cells (S. Cockcroft, personal 
communication). However, Arf (2-17) has been reported to inhibit PLC P activation, 
an effect which could be approximately mimicked by the amphipathic compound 
mastoparan, and it was suggested that the effect of the Arf peptide was not specific 
(Fensome et al. 1994). Amino terminal Arf peptides form amphipathic a-helices in 
hydrophobic environments and as a consequence share similar physical properties with 
mastoparan. It has been suggested that these properties of the Arf peptide may be 
important in some of the previously described effects of Arf, such as modulation of the 
sensitivity of Gg to cholera toxin (Kahn et al. 1992).
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A correlation between secretion and PLD activity has been reported 
(Stutchfield and Cockcroft, 1993), suggesting that Arf may regulate secretion via its 
regulation of PLD.

1.3.3.4) Rho-like proteins.
Considerable attention has been focussed on these proteins recently resulting in 

a variety of functions being discovered. Eight mammalian Rho-like proteins have been 
identified: Three 'true' Rho proteins (A, B, and C), two Rac proteins (1 and 2), Cdc42, 
RhoG and TCIO and homologues have also been identified in Saccharomyces 
cerevisiae (Chardin, 1988; Didsbury et al. 1989; Drivas et al. 1990; Vincent et al.
1992; Drubin, 1991). The Rho-like proteins share approximately 30% sequence 
homology with Ras, but possess a greater and variable degree of homology with each 
other (Didsbury et al. 1989).

Rho has been identified as the substrate for an exoenzyme toxin of Clostridium 
botulinum, C3 transferase, which ADP-ribosylates Rho and inhibits its function 
(Narumiya et al. 1988; Aktories et al. 1989). ADP-ribosylation of Rho occurs at 
asparagine 41, which is in the putative effector region of Rho (Sekine et al. 1989).

The most characterised functions of Rho-like proteins are as regulators of 
various aspects of cytoskeletal organisation. The regulation of the cytoskeleton by 
Rho and (other GTP-binding proteins) is discussed later in this introduction.

Until recently, the only other known role of Rho-like proteins was the 
participation of Rac in the NADPH oxidase of phagocytic cells. This leads to the 
production of superoxide in the neutrophil phagocytic vacuole and helps to destroy 
engulfed bacteria (Abo et al. 1991 and reviewed by Morel et al. 1991). Rac is required 
for reconstitution of NADPH oxidase in vivo, apparently in the absence of actin, 
creating an inconsistency in an emerging hypothesis of Rho-related proteins as 
regulators of the cytoskeleton. However, an important role for Rac-mediated 
cytoskeletal effects in the regulation of the NADPH oxidase in vivo cannot be 
excluded. Results suggest that Rac is not required once O2 formation has been 
initiated, and it has been proposed that the role of Rac is in the assembly of the 
NADPH complex (Heyworth et al. 1993; Fuchs et al. 1994).

In addition to inducing cytoskeletal changes, when a constitutively active form 
of Rac 1, V12Racl, is microinjected into Swiss 3T3 fibroblasts, the cytoplasm of these 
cells becomes filled with pinocytotic vesicles (small, fluid-filled endocytotic vesicles) 
(Ridley et al. 1992). These effects have also been observed upon microinjection of 
active Ras (Bar-Sagi and Feramisco, 1986; Ridley et al. 1992), and it was shown that 
Rac acted downstream of Ras in this response. It is possible (although pure 
speculation) that the role of Rac in both pinocytosis and in NADPH oxidase activation
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is in the formation of endocytotic vesicles; in vivo, superoxide production does not 
commence until the phagocytic vacuole has been formed - a process similar to 
endocytosis. Therefore Rac may participate in the regulation of membrane dynamics 
as has been shown for the Rab and Arf proteins.

Interaction of key signal transduction proteins with Rho-like proteins.
A general picture of Rho-like proteins in regulating cytoskeletal organisation 

has changed somewhat since the discovery that these proteins are involved in 
regulating various key signalling molecules. Rho has been reported to stimulate PIP 5- 
kinase activity in fibroblasts, increasing the production PIP2  (Chong et al. 1994) and to 
regulate PLD in neutrophils and liver membrane extracts (Bowman et al. 1993;
Malcolm et al. 1994). Rho-like proteins have also been shown to act both upstream 
and downstream of PI 3-kinase (Kumagai et al. 1993; Zhang et al. 1993; Zheng et al.
1994). It is possible that the effects of Rho-like proteins on phospholipid metabolism 
are responsible for the effects of these proteins on cytoskeletal reorganisation, since 
phospholipids are known to regulate several actin binding proteins (discussed in 1.4.4). 
However, the interactions with these key signalling molecules indicates that Rho- 
proteins may regulate a more diverse range of cellular functions.

Effectors of Rho-like proteins.
The tyrosine kinase, ACK (Cdc42Hs Associated Kinase), was isolated recently 

on the basis of its ability to bind human Cdc42 (in its GTP-bound form). ACK has been 
shown to inhibit the intrinsic and GAP-stimulated GTPase activity of Cdc42 (Manser et 
al. 1993). Similarly, a 65 KDa serine/threonine kinase, PAK (p21 Activated Kinase), 
with regions of sequence homology to ACK has been shown to bind GTP-bound Cdc42 
and Rac and again inhibits GTP hydrolysis, PAK autophosphorylates upon p21 binding 
and autophosphorylation reduces its affinity for the p21. These results suggest that 
PAK is a downstream effector of Rac and Cdc42 and dissociates upon activation by 
these p21s. Other proteins with similarity to PAK and ACK have been identified with 
more varied selectivity towards Rho-like proteins (Manser et al. 1994).

ACK shares some similar features with the tyrosine kinase FAK (Focal 
Adhesion Kinase) (Manser et al. 1993), the tyrosine phosphorylation of which is 
stimulated by engagement of integrins with their ligands (Schaller and Parsons, 1994; 
Clark and Brugge, 1995). FAK phosphorylation in Swiss 3T3 cells is inhibited by C3 
transferase treatment (Kumagai et al. 1993), and tyrosine kinase inhibitors inhibit the 
formation of Rho dependent actin stress fibres (Ridley and Hall, 1994). This suggests 
that FAK acts downstream of Rho.
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It therefore appears likely that a family of kinases act as downstream effectors 
of Rho-like proteins. Considering that one of the few othei/ known effectors of p21s is 
Raf kinase, a target of Ras, it is possible that kinase activation is a common theme in 
p2 1  signalling.

Rhos in secretion.
Ca^+ stimulated secretion from digitonin permeabilised chromaffin cells is 

marginally inhibited (approximately 20%) by C3 transferase (Adam-Vizi et al. 1988), 
an enzyme which inactivates Rho (Aktories et al. 1989). However, the effect of this 
enzyme on secretion from permeabihsed chromaffin cells stimulated by guanine 
nucleotide analogues (ie when endogenous GTP-binding proteins are activated) has yet 
to be demonstrated.

The work described in chapter 4 of this thesis demonstrates that secretion from 
permeabilised mast cells is enhanced by the addition of recombinant Rac and Rho 
proteins and demonstrates a role of endogenous Rac and Rho in secretion.

1.3.4) Regulation of activity of p21s.
The balance between positive regulation (by GEFs) and negative regulation (by 

GAPs and GDIs) of p21 proteins will be critical in determining the p21 -GDP/p21 -GTP 
equilibrium and hence the overall level of p21 activity. Control of these regulatory 
proteins by pathways leading from cell activation would provide the cell with a means 
of determining the levels of p2 1  activity and resultant cell function.

Numerous regulatory proteins for Ras- and Rho-like proteins have been 
identified, whereas few have been identified for Rabs or Arfs (Takai et al. 1992; 
Boguski and McCormick, 1993). Most of the processes regulated by Rabs and Arfs 
are constitutive and it is possible that spontaneous nucleotide exchange and hydrolysis 
contributes to the regulation of their activity (Hall, 1990).

1.3.4.1) Guanine Nucleotide Exchange Factors (GEFs).
Mechanism of action of GEFs.

p2 1  proteins bind very tightly to their bound nucleotide, and spontaneous 
dissociation of bound GDP is very slow (Bourne et al. 1991). GEFs promote 
nucleotide exchange of GDP for GTP by binding preferentially to the GDP-bound form 
of p21 proteins (Munder and Furst, 1992), promoting dissociation of GDP and 
sustaining a stable nucleotide-free state (Haney and Broach, 1994). GTP then binds to 
the p21 and the GEF dissociates, allowing it to catalyse further exchange reactions 
(Bourne et al. 1991). GEF activity is essential for Ras function as genetic loss has the 
equivalent effect to loss of Ras itself. The effects of loss of the Ras-GEF gene can be

39



overcome by expression of constitutively active Ras (Boguski and McCormick, 1993), 
the activity of which is not dependent on nucleotide exchange by GEFs.

Little is known about the GEFs for Rho family members. The oncoprotein, Dbl, 
has been shown to catalyse exchange on Rho (Hart et al. 1994) and Cdc42Hs (Hart et 
al. 1991). Dbl has a region of sequence similarity with yeast Cdc24, which has been 
genetically associated with Yeast Cdc42 (Johnson and Pringle, 1990). However, 
nucleotide exchange stimulated by Cdc24 has not yet been demonstrated. Vav, Bcr, 
Ras-GRF and Ect2 are proteins which also possess the Dbl sequence, although it has 
yet to be demonstrated whether any of these proteins possess exchange activity for Rho 
related proteins (Boguski and McCormick, 1993). Vav, Bcr and Ras-GRF also possess 
other recognisable sequence motifs; Vav, a protein selectively expressed in 
hematopoietic cells, possesses SH3 and SH2 motifs and a DAG-binding site and 
unexpectedly, has GEF activity for Ras. Vav-induced exchange is promoted by 
tyrosine phosphorylation of Vav, which follows T-cell activation (Gulbins et al. 1993).

The fungal metabolite brefeldin A (BFA) inhibits vesicular transport by 
preventing the formation of vesicle coats. BFA inhibits nucleotide exchange on ARF, 
suggesting that BFA acts on an Arf GEF, although a target protein has yet to be 
identified (Donaldson et al. 1992; Helms and Rothman, 1992).

Regulation of GEFS.
It was discussed above that the Ras exchange factor, Sos bound via its proline- 

rich region to the SH3 domain on the adaptor protein Grb2, which is associated with 
tyrosine phosphorylated receptors. SH3 binding domains are not present on the known 
Rho family GEFs, and it may be that the receptor-Grb2-Sos-type complex is specific 
for Ras activation. PI 3-kinase has been shown to increase the exchange of GTP on 
Rac although it is not known how this is mediated (Hawkins et al. 1995).

Ras-GRF (GTP releasing factor) is a GEF for Ras which shares some homology 
with Sos, but, like the Rho/Rac GEFs, lacks the proline-rich region required for SH3 
binding, suggesting that it mediates Ras activation in non-tyrosine kinase pathways 
(Feig, 1994). Ras-GRF also has a Rho/Rac GEF domain (Shou et al. 1992), so 
recruitment of Ras-GRF to the plasma membrane may enable the concerted activation 
of both Ras and Rho/Rac pathways.

1.3.4.2) GTPase-activating proteins IGAPs).
GTPase activating proteins (GAPs) downregulate p21 proteins by stimulating 

their GTPase activity, elevating the levels of the GDP-bound form. The intrinsic 
GTPase activity of p21s is very slow (Barbacid, 1987) and can be elevated 5 to 100- 
fold by GAP binding (Manser et al. 1992; Trahey and McCormick, 1987).
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pi 20-GAP (a Ras GAP) associates with pi 90, a phosphoprotein which shows a 
variable degree of GAP activity on all members of the Rho family (Moran et al. 1991; 
Settleman et al. 1992; Ridley et al. 1993). This association is enhanced by growth 
factors, tyrosine kinases and receptor crosslinking and results in inhibition of the GAP 
activity of pi 20-GAP (Moran et al. 1991; Gold et al. 1993). Expression of the p i 20- 
GAP N-terminus in fibroblasts results in enhanced p i90 GAP activity and induced the 
dissolution of actin stress fibres and inhibited cell adhesion -effects which are consistent 
with down-regulation of Rho activity (McGlade et al. 1993; Ridley and Hall, 1992). 
These results suggest that receptor/tyrosine kinase activation results in association of 
p i 20-GAP with pi 90 and coordinated regulation of both Ras and Rho mediated 
effects. This potential for co-regulation of Ras and Rho-like proteins by pl20-pl90 may 
be responsible for the apparent connection between Ras and Rac mediated effects on 
the cytoskeleton and formation of pinocytotic vesicles as discussed above (section 
1.3.3.4).

Antibody interference and point-mutations of Ras have shown that pi 20-GAP 
binds to Ras at the putative effector region (Adari et al. 1988), and it was subsequently 
shown that this interaction mediated effector function (in this case, uncoupling of 
muscarinic receptors with K+ channels (Martin et al. 1992). The interaction of p i 20- 
GAP with Ras appears to induce a conformational change in p i 20-GAP, exposing SH2 
and SH3 domains which may then mediate the interactions with effector proteins 
(Martin et al. 1992; Duchesne et al. 1993).

Rho-GAP has been purified and cloned and shown to have sequence homology 
with a number of proteins with GAP activity towards members of the Rho sub-family. 
Like the GEFs, GAPs also have numerous recognisable domains that provide a 
bewildering variety of potential interactions and means of regulation of members of the 
Rho family (reviewed in Boguski and McCormick, 1993). N-chimaerin, shows GAP 
activity predominantly towards Rac and has a cysteine-rich PKC-like phorbol ester 
binding region. Its GAP activity is stimulated by phorbol esters (Ahmed et al. 1993). 
This offers the potential for regulation by diacyglycerol, a product of phospholipid 
metabolism and may be responsible for some of the numerous phorbol ester-induced 
effects which have previously been attributed to PKC. Another potential GAP for Rho 
is p85, the regulatory subunit of Phosphatidylinostol-3-kinase (PI-3-K). Although it 
has a region of homology found in other GAPs for the Rho family, it is still not clear 
whether p85 actually possesses GAP activity (Manser et al. 1992).

GAPs may be regulated directly by tyrosine kinases. The tyrosine kinase, Abl, 
has been shown to bind via its SH3 domain to 3BP1, a protein which also possesses the 
Rho-GAP consensus sequence (Mayer and Baltimore, 1993). Deletion of the SH3 
region from Abl activates its transforming ability suggesting that its targets negatively
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regulate their downstream pathways (Hirai and Varmus, 1990). This is consistent with 
a role of a GAP as an ABL target, although an interaction with 3BP1 has not yet been 
demonstrated.

1.3.4.31 GDP dissociation inhibitors.
Proteins have been identified which belong to a new family of p21 regulatory 

proteins, the GDP dissociation inhibitors (GDIs). RhoGDI binds to Rho-like proteins 
and maintains them in their GDP-bound forms (Hiraoka et al. 1992; Ueda et al. 1990; 
Takaishi et al. 1993; Bokoch and Der, 1993). RhoGDI can also bind to the GTP- 
bound forms of Cdc42 (Hart et al. 1992) and Rac (Chuang et al. 1993; Hancock and 
Hall, 1993) and prevent intrinsic and GAP-stimulated GTP hydrolysis. In contrast, 
RabGDI binds exclusively to GDP-bound Rab3A and does not inhibit GAP-stimulated 
GTP-hydrolysis of the GTP-bound Rab3A (Burstein et al. 1993). GDIs for Arf-like 
proteins have yet to be identified.

Post-translational lipid processing of p21s is required for interaction with the 
appropriate GDI (discussed below). When bound to their respective GDIs (or when 
unprocessed), p2 1 s are predominantly cytosolic, whereas when uncomplexed, p2 1 s are 
found predominantly in membranes (Regazzi et al. 1992). Coupling of Rho (Takaishi 
et al. 1993) and Rab3a (Burstein et al. 1993) with their respective GDIs also prevents 
interactions with their GEFs. GDIs therefore prevent interactions with membranes or 
regulatory proteins and therefore probably maintain p2 1 s in inactive states.

1.3.4.41 Lipid modification of p21s.
GTP-binding proteins undergo a variety of post-translational lipid 

modifications, which affect their ability to interact with membranes and other proteins 
and consequently affect their biological activity. Isoprenylation (farnesylation or 
geranyl geranylation) is the most common form of processing on p2 1 s, and occurs at 
the C-terminal CAAX motif of Ras and Rho proteins (Bokoch and Der, 1993; Casey, 
1994; Casey, 1995). This motif is typically absent on Rabs and instead isoprenylation 
occurs at a CC or CXC motif (Khosravi Far et al. 1992). Arfs are not isoprenylated 
but instead are myristoylated at the N-terminal (Kahn et al. 1992).

Isoprenylation of Ras has been shown to be critical for activation of MAP 
kinases (Itoh et al. 1993) and adenylyl cyclase (Kuroda et al. 1993). However, 
bacterially expressed oncogenic (constitutively active) Ras, which is not isoprenylated, 
is still capable of interacting with its target, Raf kinase in vitro (Warne et al. 1993) and 
microinjection of bacterially expressed active Rac and Rho can induce the phenotype 
associated with endogenous Rac and Rho activation (Ridley and Hall, 1992; Ridley et 
al. 1992). Furthermore, unprocessed Rac cannot stimulate NADPH oxidase unless
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preloaded with the non-hydrolysable GTP analogue, GTP-y-S (Heyworth et al. 1993). 
This suggests that isoprenylation is required to activate p21s - ie allow interaction with 
exchange factors, but is not necessarily required for interaction with effector proteins. 
Indeed a requirement for p21 isoprenylation has been reported for some exchange 
factors (Mizuno et al. 1991; Burstein et al. 1993; Ando et al. 1992), but does not 
appear to be required for certain others since recombinant p2 1 s, which lack 
isoprenylation, can still interact with their putative exchange factors (Feig and Cooper, 
1988; Downward et al. 1990).

In conclusion, many GTP-binding proteins have been identified and mediate a 
diverse range of cellular effects. Numerous regulatory proteins have been discovered 
which possess a medley of different consensus sequences and therefore offer a variety 
of potential means of modulating the level of p21 activity. Furthermore, associations 
between regulatory proteins of different p2 1 s may enable cross-talk between- and 
coordination of different p2 1 -regulated signalling pathways.

1.3.5) Ras mutants as tools.
Numerous mutations have been made or found in various p21 genes that alter 

the activity of the resultant proteins and their interactions with regulatory proteins. 
These mutants have been used extensively to identify cellular responses that involve 
p21 signalling and help delineate the pathways involved (reviewed in Polakis and 
McCormick, 1993).

N17Ras is a Ras mutant which has an asparagine residue substituted for 
threonine at amino acid 17. This substitution creates a dominant negative inhibitor 
which blocks transformation by cellular H-Ras (Feig and Cooper, 1988; Cai et al.
1990). The mutation is in the Mg^+ binding site, a conserved region in p21s which is 
critical for nucleotide exchange (Polakis and McCormick, 1993) and results in a ten
fold lower affinity for GTP than for GDP in Ras (Morel et al. 1991). An equivalent 
mutation has been generated in Racl (N17Racl) and results in a 100-fold lower 
affinity for GTP. N17Racl inhibits Racl-dependent membrane ruffling in Swiss 3T3 
fibroblasts (Ridley et al. 1992). The mechanism of inhibition by these mutants is not 
certain, although it is likely that N17Ras (and thus N17Racl) exerts its inhibitory effect 
by binding to its guanine nucleotide exchange factors (GEF), sequestering them, and 
thus preventing nucleotide exchange on its endogenous Ras counterparts (Stacey et al. 
1991; Farnsworth and Feig, 1991). This explanation was proposed since 1) Cdc25p, 
the Saccharomyces cerevisiae Ras GEF has a higher affinity for Ras-related proteins in 
the GDP-bound form (Haney and Broach, 1994) and 2) overexpression of this 
exchange protein overcomes the inhibitory effects of N17Ras (Schweighoffer et al.
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1993). However, it cannot be excluded that NlVRacl competitively inhibits through 
effector interactions.

Several mutations in Ras generate a 'constitutively active' state rendering these 
proteins oncogenic. These mutants have reduced levels of intrinsic GTP hydrolysis and 
bind, but are resistant to the actions of GAPs (Polakis and McCormick, 1993).
V12Ras is one such mutant which possesses a glycine to valine substitution at amino 
acid 12. The equivalent mutation has been created in Racl (V12Racl) and RhoA 
(V14RhoA) and these proteins stimulate membrane ruffling and stress fibre formation 
respectively when microinjected into Swiss 3T3 cells. Furthermore, they are resistant 
to GTP hydrolysis (Ridley et al. 1992; Garrett et al. 1989; Ridley and Hall, 1992).

Other mutations affect biological activity without disrupting Mg^+ binding or 
GTP hydrolysis; mutations within the region localised between residues 32 and 40 
reduce the transforming ability of Ras. This region delineates the so-called 'effector 
region', which is highly conserved within the p21s. Mutations in this region produce 
proteins which appear biologically inert. Consistent with this observation, they show 
reduced GAP and GEF binding (Polakis and McCormick, 1993). A threonine-alanine 
substitution at amino acid 35 in V12Racl inactivates this protein and has been used as 
a control for V12Racl effects (Ridley et al. 1992).

In sununary, constitutively active, inhibitory and inactive forms of p21s have 
been identified. These have provided invaluable tools for the study of Ras function.
By exploiting the high degree of conservation in key regions of p21s, equivalent 
mutations have been generated in other p21 sub-families. These mutants have 
improved our understanding of the role and mechanism of action of p2 1  proteins.

1.4) Cytoskeleton.
1.4.1) Actin and the actin cytoskeleton.

Actin is one of the most highly conserved and abundant eukaryotic proteins and 
accounts for 5-20% of total protein (Korn, 1982). Furthermore, the human and 
amoeba forms share approximately 95% sequence homology (Vandekerckhove and 
Weber, 1978). Actin plays an important role in numerous diverse functions, including 
cell motility, muscle contraction, and cytokinesis. Numerous isoforms exist and there is 
evidence to suggest that functional differences may exist between them (Herman,
1993).

Actin exists in monomeric (or G-actin, G for globular) and filamentous (F-actin) 
forms. G-actin is soluble and can exist uncomplexed in the cytoplasm. However, a 
large proportion of the cellular G-actin exists in complexes with various sequestering 
proteins. Actin filaments grow from nuclei - 2 or 3 actin subunits which can form 
spontaneously, but are promoted by actin nucleating proteins. Filament growth is
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determined by the balance of association and dissociation of G-actin at the filament 
ends.

Actin filaments bind to a wide variety of proteins and mediate the formation and 
disassembly of an elaborate three dimensional cytoskeletal network. Fluorescence 
microscopy studies of cells can show some prominent cytoskeletal structures, such as 
thick actin cables throughout the cell and a dense filamentous network just beneath the 
plasma membrane. However, the cytoskeleton can be considered as more than a sparse 
scaffold, or endoskeleton, that provides structural support to the cell; a network of 
actin filaments and other cytoskeletal components extends throughout the cell to the 
extent that the cytosol could also be considered as a 'cytogel'. Regulation of the 
cytoskeleton therefore controls the fluidity of the interior milieu and hence the mobility 
of the contents of the cell, such as organelles and secretory vesicles.

The cytoskeletal network interacts with other components of the cell, including 
membrane bound organelles, the plasma membrane and components of the plasma 
membrane that mediate extracellular interactions and intracellular signals. Actin-myosin 
interactions generate contractions in filaments and hence mediate structural alterations. 
It is not surprising therefore that regulation of the cytoskeleton has the potential to 
exert a powerful influence over such a wide variety of cell functions.

1.4.2) Actin binding proteins and regulation of the actin cytoskeleton.
The actin cytoskeleton is highly dynamic and is regulated via the control of the 

actin binding proteins that promote and disrupt actin filaments and actin filament 
networks. There are a vast number of actin binding proteins and they differ in their 
abilities to bind actin, membranes and other proteins. This diversity affords the cell a 
high level of control over the cytoskeletal architecture.

It is inappropriate (and a daunting prospect for both reader and author) to 
include all of the actin binding proteins in this introduction. These proteins will, 
however, be divided into a number of main classes according to their different 
functions. The properties of the proteins in these classes and some examples will be 
discussed according to their relevance to the work in this thesis.

1.4.2.11 Actin filament crosslinking proteins.
This class of proteins has several members and all share the ability to bind 

simultaneously to two actin filaments (reviewed in Hartwig and Kwiatkowski, 1991; 
Otto, 1994). These proteins vary in length, a feature which is important in determining 
the orientation of the filaments that are crosslinked and hence the structures that are 
created. For instance, the smaller globular protein, fimbrin, which is present in focal 
adhesions and microvilli, tightly bundles actin filaments. In contrast, the longer fodrin,
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which is related to spectrin, contains long rod domains, can form complexes of 2 0 0  nm 
in length and has the ability to crosslink filaments which are widely spaced and 
irregularly aligned. The properties of fodrin are reflected by its localisation to the 
dense, irregular actin network beneath the plasma membrane and the actin network 
that surrounds secretory granules (Perrin and Aunis, 1985) This localisation may also 
reflect an ability to bind to components of membranes.

The potential means of regulation of crosslinking is varied. Crosslinking by 
fimbrin may be regulated by phosphorylation following cell activation (Matsushima et 
al. 1988). ABP-120 (ABP for actin binding protein) and a-actinin only have one actin 
binding site, but form homodimers to achieve crosslinking. Crosslinking may therefore 
be regulated by disruption of the dimer or disruption of actin binding. Non-muscle a- 
actinins are regulated by Ca^+ and PIP2  (Burridge and Feramisco, 1981; Fukami et al.
1994), properties shared by many actin binding proteins. In Swiss 3T3 fibrobalasts, a- 
actinin that is bound to the cytoskeleton contains PIP2 , whereas that in the cytosol 
does not (Fukami et al. 1994). Hydrolysis of PIP2  bound to a-actinin may result in the 
dissociation of a-actinin and hence the disassembly of crosslinks. There is some 
evidence that some non-muscle a-actinins are not regulated by Ca^+ (Pacaud and 
Harricane, 1993). A recent intriguing paper has shown that PIP2  modulates the 
binding of the regulatory subunit of PI-3 kinase p85 to a-actinin (Shibasaki et al.
1994), although the ability of PI-3 kinase to directly regulate a-actinin crosslinking has 
not been demonstrated.

Fodrin has a calmodulin binding site, and in the presence of calmodulin, can be 
cleaved by calpain I, offering potential Ca^+ regulation of fodrin (Harris and Morrow,
1990). Fodrin is located mainly in the sub-plasmalemmal region and on secretory 
granule membranes and this localisation is most likely due to its binding to membrane 
proteins such as ankyrin, which has a binding site on fodrin. Fodrin has been shown to 
redistribute (with actin) following stimulation with phorbol esters (Sobue et al. 1988) 
and calcium (Perrin and Aunis, 1985).

1.4.2.2) Actin filament-severing and capping proteins.
Many of the actin filament severing proteins that have been identified in 

mammalian cells could be considered as a separate class, in that they are structurally 
related and sever filaments in the presence of micromolar Ca^+. Actin binding (and 
hence severing) by many of these proteins is inhibited by PIP2  (Yin et al. 1988 and 
reviewed in Hartwig and Kwiatkowski, 1991). Gelsolin is the most studied of these 
proteins, and its complete amino acid sequence, combined with genetic studies and 
crystallography, has enabled characterisation of its structure, mechanism of action and 
interaction with actin (reviewed in Way and Matsudaira, 1993). Gelsolin is made up of
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six repeating segments (Sl-6 ). (Way and Weeds 1988; Amelia! et al. 1984). The N- 
terminal half (SI-3) severs actin filaments in a calcium insensitive manner, whereas 84- 
6  binds monomeric actin only in the presence of Ca^+. Work in our lab has shown that 
when intact gelsolin was added to permeabilised mast cells, severing occurred only 
when Ca^+ was present. In contrast, Sl-3 severed F-actin independently of Ca^+ 
(Borovikov et al. 1993). The Ca^+ sensitivities of these effects are therefore consistent 
with the differential Ca^+ requirements of the two proteins. Mast cell gelsolin shows a 
predominantly cortical localisation (Borovikov et al. 1993). Scinderin, which is 
structurally and functionally similar to gelsolin (Sakurai et al. 1991), shows a similar 
localisation in adrenal chromaffin cells and both proteins have been implicated in the 
regulation of exocytosis (Vitale et al. 1991; Borovikov et al. 1993 and discussed in
1.5.1.3). Gelsolin is found ubiquitously in vertebrate tissues and blood plasma (Yin,
1988). This protein has been implicated in the regulation of cell motility (Cunningham 
et al. 1991), and is likely to participate in many other processes.

Following severing of the actin filament, these, Ca^+ dependent severing 
proteins, remain bound to the barbed ends to form caps and inhibit the spontaneous 
dissociation of actin subunits (reviewed in Weeds and Maciver, 1993). The control of 
cap binding by PIP2  may serve to regulate filament length. The regulation of capping 
through phosphorylation has also been demonstrated; the phosphorylation of actin 
when complexed with fragmin, a gelsolin related protein from Physarum 
polycephalum, by a protein termed actin kinase, results in dissociation of fragmin from 
the filament end (Furuhashi et al. 1992).

Some of the actin severing proteins have been shown to bind actin monomers. 
By binding two G-actin monomers, gelsolin and the related protein villin generate actin 
nuclei - complexes that favour the polymerisation of actin filaments (Hartwig and 
Kwiatkowski, 1991). Other proteins cap the barbed ends of actin filaments but do not 
sever them. Capping by gCap39, a protein related to gelsolin, occurs in the presence of 
Ca^+ (Southwick and DiNubile, 1986).

The smaller proteins, cofilin and actin depolymerising factor (ADF) sever 
filaments but do not require Ca^+ (Yonezawa et al. 1988; Maciver et al. 1991). The 
binding of these proteins to actin is inhibited by PIP2  and PIP (Yonezawa et al. 1990), 
offering the potential for Ca^+ independent regulation of severing.

1.4.2.3) Actin monomer binding proteins.
The binding of actin monomer provides the cell with a means of regulating the 

supply of free actin monomer and hence influence the equilibrium between the G- and 
F-actin pools. The controlled release of bound monomer can therefore provide the 
conditions that promote actin polymerisation.
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Profilin, p-thymosin and ADF ali bind actin monomer, but serve somewhat 
different functions (reviewed in Sun et al. 1995). Profilin sequesters actin monomer, 
but more importantly, it promotes the levels of ATP-actin through nucleotide 
exchange; ATP-actin polymerizes more readily at the barbed ends of actin filaments 
than ADP-actin. In addition, when complexed to G-actin, profilin dramatically lowers 
the critical concentration for actin polymerisation at the barbed end of actin filaments, 
promoting polymerisation (Pantaloni and Carlier, 1993). Consistent with these 
features, profilin is localised predominantly to membranes and areas of actin 
polymerisation (Hartwig et al. 1989). Profilin binds PIP and PIP2  with high affinity 
which inhibits its interaction with actin (Lassing and Lindberg, 1985).

Thymosin-P4 is a very abundant and predominantly cytosolic monomer 
sequestering protein and is present at over 500 |xM in platelets and 149 |liM  in 
neutrophils (Cassimeris et al. 1992). Its sole role appears to be as a sump for actin 
monomers - particularly ATP-actin (Carlier et al. 1993) and therefore holds a pool of 
readily polymerizable actin. Thymosin-(34 is not regulated by Ca^+ or 
polyphosphoinositides, however, its affinity for actin is such that the lowering of the 
critical concentration at barbed ends upon uncapping is a sufficient stimulus for it to 
yield ATP-actin for polymerisation.

Profilin and thymosin-p4 compete for the same actin monomers and together 
may provide the store of monomer and the machinery required to promote actin 
filament elongation.

1.4.2.4) Actin-membrane interactions.
Although isolated membranes have been shown to contain actin, actin itself 

does not contain a membrane binding domain. The association of actin and membranes 
is mediated by actin binding proteins that can also bind to membranes (reviewed in 
Bretscher, 1993). Band 4.1, (one of a large family of related proteins) and ankyrin 
bind to the integral membrane protein, band 3, and act as links between actin binding 
and membrane binding proteins (reviewed in Bennett, 1992).

Focal adhesions (also referred to as adhesion plaques and adhesion complexes) 
are specialised structures which link the extracellular matrix with the plasma membrane 
and the internal actin cytoskeleton following activation of integrin receptors (reviewed 
in Clark and Brugge, 1995). Numerous proteins have been identified to focal 
adhesions although the arrangement of these proteins is not fully understood. The 
tyrosine kinase, FAK and the tyrosine phosphorylated proteins, paxillin, talin and 
vinculin are major components of focal adhesions. These proteins appear to localise to 
newly forming focal adhesions, the assembly of which may be controlled by the small 
GTP-binding protein Rho (Ridley and Hall, 1992) and see 1.4.4). a-actinin has been
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shown to interact with vinculin (Jockusch and Isenberg, 1981) and may mediate the 
attachment of cortical actin filaments to the adhesion plaque or be responsible for the 
bundling of newly forming actin filaments into stress fibres, which are formed 
following assembly of the focal adhesion (Ridley and Hall, 1992).

Ponticulin is an F-actin binding trans-membrane protein found in Dictyostelium 
and neutrophils, which nucleates actin polymerisation and may serve as a trans
membrane link between the cell surface and the cytoskeleton (Chia et al. 1993). 
MARCKS (Myristoylated Alanine-Rich C Kinase Substrate) is a protein which also 
binds membranes and F-actin and crosslinks actin filaments (Hartwig et al. 1992).
Both membrane binding and crosslinking are inhibited by phosphorylation by PKC and 
by Ca^+-calmodulin binding, offering potential regulation of actin-membrane 
interactions (Kim et al. 1994). Some members of the annexin family bind both 
membranes and F-actin. These proteins are discussed separately with respect to the 
relationship between secretion and the cytoskeleton (see 1.5.2).

1.4.3) The mast cell actin cytoskeleton.
In mast cells, actin is the most abundant Triton-soluble protein component, 

indicating that in addition to its high concentration, it is present mainly in the 
monomeric form or as short filaments (Koffer et al. 1990). Mast cells can be 
permeabilised with SLO, which creates pores big enough for the leakage of G-actin 
and perhaps small filaments. Subsequent staining with rhodamine phalloidin, which 
binds tightly to F-actin (but not G-actin) (Cano et al. 1992), reveals an intensely 
fluorescent ring beneath the plasma membrane and a weak, diffuse staining throughout 
the cell interior (Koffer et al. 1990). Electron microscopy of the sub-plasma membrane 
region has revealed a tightly knit, dense and irregular filamentous network, with 
secretory granules attached to the cytosolic face (Nielsen et al. 1989).

It is inevitable that the sub-plasmalemmal or cortical network of mast cells 
contains not only actin, but numerous different actin and membrane binding proteins, 
which are responsible for stabilising and crosslinking the actin into its irregular network 
and anchoring it to the membrane. Indeed, it would belittle the importance of the other 
components of this structure to refer to it merely as the actin cortex.

1.4.4) Regulation of the actin cytoskeleton by GTP-binding proteins.
GTP-binding protein have been implicated in cytoskeleton-regulated processes 

from initial receptor signalling to ultimate cell responses such as motility. Several 
signalling molecules have been shown to be associated with the cytoskeleton. The 
EGF receptor has an actin binding site and both this receptor (den Hartigh et al. 1992) 
and the p-adrenergic receptor (Cherksey et al. 1980; Sarndahl et al. 1989) have been
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shown to be associated with the actin cytoskeleton. The p-subunits of heterotrimeric 
G-proteins can be found associated with the Triton X-100 insoluble cytoskeleton 
(Carlson et al. 1986) and the Triton X-100 insoluble cytoskeletons of turkey 
erythrocytes have been shown to retain the majority of non-cytosolic phospholipase C 
(Vaziri and Downes, 1992). These results suggest that the receptor-G-protein- 
phospholipase C signalling pathway is associated with the cytoskeleton and indeed, the 
cytoskeleton may be essential to its function. Consistent with this, disruption of the 
actin cytoskeleton with cytochalasins has been shown to affect ligand-receptor binding, 
phospholipid metabolism and intracellular Ca^+ increases (Ton and Stjernholm, 1975; 
Petroski et al. 1979; Bennett et al. 1980).

In addition to the likelihood that the actin cytoskeleton functions as a structural 
support for components of G-protein-coupled signalling pathways, many of the 
cytoskeletal changes that are observed upon cell activation are themselves regulated by 
GTP-binding proteins. The pronounced polymerisation of F-actin that accompanies 
formyl peptide-mediated neutrophil activation is sensitive to pertussis toxin, an 
inhibitor of certain heterotrimeric G-proteins (Spiegel et al. 1995) and F-actin 
polymerisation can be induced by the addition of the non-hydrolysable GTP analogue, 
GTP-y-S to permeabilised cells (Therrien and Naccache, 1989; Downey et al. 1989; 
Bengtsson et al. 1990).

Disassembly of actin and myosin from the cell periphery of neutrophils is also 
observed upon stimulation. This effect can be mimicked in preparations of isolated 
membranes using GTP-y-S (Huang and Devanney, 1994) although is not sensitive to 
pertussis toxin, suggesting the involvement of a different GTP-binding protein to that 
required for actin polymerisation. GTP-y-S enhances Ca^+ induced disassembly of F- 
actin in permeabilised chromaffin cells (Burgoyne et al. 1989) and in mast cells, GTP- 
y-S induces the disassembly of cortical F-actin in the absence of Ca^+ -an effect which 
is mimicked by aluminium fluoride (Norman et al. 1994). Aluminium fluoride is an 
activator of heterotrimeric G-proteins, but not small GTP-binding proteins (Kahn,
1991), suggesting that cortical F-actin disassembly is mediated by an heterotrimeric 
GTP-binding protein.

GTPases are also involved in mediating extracellular interactions; the injection 
of GTP-y-S into Xenopus fibroblasts promotes cell adhesion, a process which is 
dependent on the formation of focal adhesion complexes (Symons and Mitchison,
1992).

1.4.4.11 Rho-family GTPases and regulation of the cytoskeleton.
The first functional role ascribed to Rho-like proteins were as regulators of 

cytoskeletal organisation. ADP-ribosylation of Rho (ie inactivation) in vero cells
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resulted in the disappearance of actin filaments and a change in cell morphology 
(Chardin et al. 1989). Since this early observation, the effects of Rho-related proteins 
on the cytoskeleton have been more extensively characterised by microinjection studies 
of Swiss 3T3 cells and studies on other cell types.

Microinjection of the constitutively active mutant forms of RhoA (V 14RhoA) 
into serum starved Swiss 3T3 cells induced shape changes and the formation of focal 
adhesions and associated actin stress fibres. Semm and lysophosphatidic acid induced 
similar effects, which were prevented by pre-treatment (microinjection) of C3, 
demonstrating a role for endogenous Rho (Ridley and Hall, 1992). Microinjection of 
active Rac (V12Racl) on the other hand, induced the formation of membrane ruffles 
and lamellipodia. This effect was induced by treatment with PDGF and was blocked 
by the dominant negative inhibitory form of Rac, NlVRacl (Ridley et al. 1992). 
Microinjection of Cdc42 was shown to induce the formation of filopodia (Nobes and 
Hall, 1995). The microinjection or endogenous activation of Rac, Rho and Cdc42 are 
all accompanied by actin polymerisation and the formation of foci which contain 
integrins, FAK and other proteins implicated in cell adhesion (Ridley and Hall, 1994; 
Nobes and Hall, 1995) and N. Hotchin and C. Nobes, personal communication).

Although Rac and Rho can be activated independently through different 
receptors, it was shown that the microinjection of Rac or activation of Rac through 
stimulation with PDGF led to the subsequent activation of Rho. However, 
microinjection of Rho or activation of Rho with lysophosphatidic acid did not lead to 
the activation of Rac; it was therefore concluded that these two proteins acted in series 
(Ridley et al. 1992). It was subsequently shown that microinjection of constitutively 
active Cdc42 (V12Cdc42) resulted in the activation of Rac and Rho, inducing 
membrane ruffles and stress fibres and that the three proteins acted in series - Cdc42 
-> Rac Rho (see figure 1.3).

Nobes and Hall postulated that Cdc42, Rac and Rho spatially and temporally 
coordinated aspects of cell motility; Cdc42 was responsible for the advancement of 
filopodia, Rac for the joining of filopodia with lamellipodia and Rho for the formation 
of adhesion complexes, which may be required for the retraction of the trailing edge 
(Nobes and Hall, 1995).
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Figure 1.3) Linear hierarchy of activation Ras and Rho-like proteins 
Microinjection of Cdc42 leads to the formation of filopodia and subsequent 
activation of Rac, which induces the formation of membrane ruffles and 
lamellipodia. This, in turn, leads to the activation of Rho and formation of actin 
stress fibres. The ultimate activation of Rho by Cdc42 can be prevented by 
inhibition of Rac, demonstrating the linearity of the response. However, Rac 
and Rho can be activated via receptor stimulation without the activation of 
Cdc42. Ras probably acts upstream of Rac and Rho and perhaps also Cdc42. 
Adapted from Nobes and Hall, 1995.

Activated Ras proteins can also induce membrane ruffles and stress fibres when 
microinjected into fibroblasts, effects which have been shown to act via Rac and Rho 
respectively (Bar-Sagi and Feramisco, 1986; Ridley et al. 1992). The activation of Ras 
is essential for membrane ruffling and motility of MDCK epithelial cells when 
stimulated by scatter factor, but not for membrane ruffling stimulated by receptor 
activation of fibroblasts (Ridley et al. 1995; Ridley et al. 1992). These results suggest 
that Ras activation can act upstream of the cascade of Rho related proteins (depicted in 
figure 1.3).

Other functions of Rho-like proteins have been observed. Studies in platelets 
and lymphocytes with C3 transferase have showed that Rho is required for cell 
aggregation (Morii et al. 1992; Tominaga et al. 1993), strengthening the suggestion 
that Rho participates in cell adhesion. Rho has also been shown to influence the Ca^+
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sensitivity of smooth muscle (Hirata et al. 1992) and to be required for sperm-induced 
cytoplasmic division of Xenopus embryos, a process which requires contraction of the 
actomyosin contractile ring (Kishi et al. 1993). The Saccharomyces cerevisiae 
homologue of Cdc42 is required for determining cell polarity and bud site assembly, 
apparently by regulating the assembly of cytoskeletal structures (Johnson and Pringle,
1990).

Work from our laboratory has demonstrated that Rho mediates the 
polymerisation of F-actin in response to GTP-y-S stimulation of permeabilised mast 
cells. Furthermore, Rac is responsible for the retention of existing actin filaments that 
disassemble from the actin cortex following stimulation, perhaps through the activation 
of crosslinking proteins (Norman et al. 1994). The effect of Cdc42 has yet to be 
examined in this cell preparation.

It was discussed above that Ras induced the formation of pinocytotic vesicles 
when microinjected into fibroblasts, an effect mediated by Rac (Ridley et al. 1992; Bar- 
Sagi and Feramisco, 1986). Furthermore, Ras induced exocytosis when microinjected 
into mast cells (Bar-Sagi and Feramisco, 1986). Work described in this thesis 
describes a role of Rac and Rho in secretion from mast cells. These results could 
possibly suggest that Ras acts upstream of a cascade of Rho-related proteins and 
coordinates various responses such as motility in fibroblasts or exocytosis and 
cytoskeletal changes in mast cells.

1.4.4.2) GTP-binding protein regulation of phospholipid metabolism and possible 
control of the cytoskeleton.

Many of the actin binding proteins are regulated by phospholipids and protein 
kinases, which may bring about changes in severing activity, crosslinking and filament 
growth, some in the absence of Ca^+. GTP-binding proteins can regulate the 
metabolism of various phospholipids through both catabolic and anabolic processes. 
Activation of G-protein coupled receptors and receptors with tyrosine kinase activity 
results in the activation of phospholipase(s) C (PLC) which cleaves PIP2  to generate 
inositol triphosphate (IP3 ) and diacylglycerol (DAG); DAG can then activate PKC 
(Berridge, 1993). Actin binding proteins that are modulated by Ca^+, PIP2  binding 
and phosphorylation by PKC may be regulated through this pathway.

Recent reports have shown that in neutrophils and endothelial cells, the Py 
subunits of some heterotrimeric GTP-binding proteins and receptors with tyrosine 
kinase activity activate different isoforms of phosphatidylinositol 3-kinase (PI 3-kinase) 
(Stephens et al. 1994; Hawkins et al. 1995). Other recent results have demonstrated 
that members of the Rho family of small GTP-binding proteins are involved in this
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activity; both Rho and Cdc42Hs have been shown to activate phosphatidylinositol 3- 
kinase (PI 3-kinase) (Zhang et al. 1993; Zheng et al. 1994). Confusingly, activation of 
the tyrosine kinase PDGF receptor results in a PI 3-kinase dependent increase in the 
levels of Rac-GTP through enhanced nucleotide exchange, suggesting that Rac acts 
downstream of PI 3-kinase (Hawkins et al. 1995). It is not yet clear how these 
proteins interact with each other but perhaps these results indicate that the kinase and 
GTP-binding protein act as a complex or there is some form of feedback going on. 
Consistent with a relationship between PI 3-kinase and Rac, NADPH oxidase activity 
(Arcaro and Wymann, 1993) and membrane ruffling (Wennstrom et al. 1994) - two 
processes which depend on the activity of Rac, are both inhibited by wortmannin, an 
inhibitor of PI 3-kinase (Arcaro and Wymann, 1993).

It has been demonstrated that, in addition to activation by the py subunits and 
tyrosine kinase receptors, PI 3-kinase is also activated by a third type of receptor 
activity - cell adhesion (Jackson et al. 1994). It has also been shown that PIP2  

synthesis increases following cell attachment (McNamee et al. 1993) and that this may 
occur through activation of PIP -kinase (Chong et al. 1994). This study showed that 
phosphatidylinositol 4-phosphate 5-kinase was also regulated by Rho. These results 
are consistent with a key role of Rho in cell adhesion, adhesion plaque formation and 
subsequent formation of stress fibres. Stress fibre formation may be the consequence 
of a phospholipid regulated formation of actin nuclei or uncapping and promoted 
supply of polymerisation-ready actin monomer to the growing filament end. These 
changes in lipid metabolism may also activate severing and uncrosslinking and mediate 
the disassembly of F-actin.

These results show that both the heterotrimeric G-proteins and members of the 
Rho sub-family have the potential to modulate the activity of a variety of actin binding 
proteins through regulation of phospholipid metabolism

1.5) Secretion and the cytoskeleton.
The role that the cytoskeleton plays in the secretory response has been the 

focus of attention of many groups over the last 20 years. Several aspects of the 
secretory response have been suggested to be under the control of the cytoskeleton. It 
has been suggested by some that the actin-secretory granule interactions may be 
important in the active transport of vesicles to the plasma membrane (Hegmann et al.
1991), whereas others have suggested that actin may serve to restrict granule mobility. 
The presence of the dense filamentous network underlying the plasma membrane 
would appear to be a formidable barrier between the secretory granule and its ultimate 
goal, the plasma membrane. However, some have suggested that filaments in the
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cortical region may actually assist the fusion and extrusion of secretory granules 
(Senda et al. 1994). Even after the contents of secretory granules have been released, 
the role of actin filaments may not be complete; it has been suggested that the insoluble 
granule matrix core may be tethered to the cell by actin filaments, and by shortening, 
assist the re-incorporation of the granule core back into the cell (Mio and Tasaka,
1989). Some of these hypotheses will be discussed.

1.5.1) The cortical actin network and secretion.
1.5.1.1) The cortical network as a barrier to secretion.

Some secretory granules appear in close apposition with the plasma membrane, 
however, the majority of granules are excluded from the plasma membrane region, 
which is occupied by the cortical cytoskeletal network. It has been suggested that this 
network acts as a barrier to exocytosis by preventing granule access to the plasma 
membrane (Orci et al. 1972; Bennett et al. 1904; Burgoyne and Cheek, 1987; Sontag et 
al. 1988 and reviewed in Cheek and Burgoyne, 1991; Aunis and Bader, 1988).
Electron microscopy studies have suggested that in macrophages, the cortical network 
would be an effective barrier to granules greater than 50 nm in diameter (Bennett et al. 
1904). The density of the crosslinked mesh appears similar in mast cells (Nielsen et al.
1989) and other secretory cells such as chromaffin cells (Nakata and Hirokawa, 1992) 
and pancreatic acinar cells (O'Konski and Pandol, 1990). The secretory granules in 
these cells vary in size, but generally have a diameter of 1 0 0  to 600 nm, indicating that 
some form of reorganisation of the cortical network must take place before granules 
can access the plasma membrane.

Several groups, working on various different cell types, have reported that 
when cells are stimulated to secrete, there is often a pronounced decrease in the level of 
F-actin content in the cortical region (Orci et al. 1972; Pfeiffer et al. 1985; Burgoyne 
and Cheek, 1987; Sontag et al. 1988; Koffer et al. 1990; Vitale et al. 1991; Shapiro et 
al. 1991). However, under some stimulus conditions, secretion can occur without a 
significant reduction in F-actin content (Burgoyne and Cheek, 1987). It has been 
suggested that, in some cases, localised F-actin disassembly in the region of exocytosis 
may occur rather than large-scale changes (Nakata and Hirokawa, 1992).

One experimental approach to establish the importance of the cortical actin 
cytoskeleton has been to treat cells with phalloidin, which binds F-actin and inhibits 
actin depolymerisation, or with cytochalasins, drugs which prevent actin filament 
polymerisation and at high concentrations, may disrupt existing actin filaments 
(reviewed in Cooper, 1987). In chromaffin cells (Lelkes et al. 1986) and T84 cells (an 
epithelial cell line) (Shapiro et al. 1991), stabilisation of filaments with phalloidin 
inhibits Ca^+ stimulated secretion, whereas treatment with cytochalasins enhances Ca^+
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stimulated (Lew et al. 1986; Koffer et al. 1990) and in some cases basal secretion 
(Lelkes et al. 1986). However, other studies have showed that these drugs have no 
effect or indeed the opposite effect (Bauduin et al. 1975; Orci et al. 1972; Whitaker and 
Baker, 1983). One of the reasons for the differences in results may be due to variations 
in the F-actin organisation or actin polymerisation rates in different cell types.
Reported inhibitory effects of cytochalasin B on secretion (Orci et al. 1972; Bauduin et 
al. 1975) may be due to the effects of this drug on glucose transport across the plasma 
membrane (Cooper, 1987); cytochalasin B has been shown to strongly inhibit 
exocytosis in mast cells, but only when glycolysis is rate limiting (Douglas and Ueda, 
1973). These drugs may also interfere in the association of signalling molecules with 
the cytoskeleton and hence disrupt earlier signalling events. Work in our laboratory has 
shown gelsolin and its fragment S I-3 induced a decrease in the F-actin content when 
introduced into permeabilised mast cells and enhanced stimulated secretion (Borovikov 
et al. 1993), supporting the notion that cortical F-actin acts as a barrier to granule 
fusion.

If the cortical network were removed, would granules spontaneously fuse with 
the plasma membrane? It has been shown that an increase in basal release occurs with 
cytochalasin treatment (Lelkes et al. 1986) and that reduction of the F-actin cortex with 
thymosin piO induced release from pancreatic acinar cells (Muallem et al. 1995). 
However, it has also been shown that cortical disassembly can take place without 
secretion (Burgoyne et al. 1982; Pfeiffer et al. 1985; Borovikov et al. 1993), suggesting 
that regulated steps other than cortical disassembly are required for fusion of granules 
with the plasma membrane.

1.5.1.2) Ca^+ and cortical actin disassembly.
The main stimulus for secretion in most secretory cells is a rise in intracellular 

Ca^+. It has been postulated that the rise in intracellular Ca^+ activates F-actin 
severing proteins and inhibits F-actin crosslinking proteins resulting in the disassembly 
of the cytoskeletal barrier (Aunis and Bader, 1988). However, It has been shown that 
stimulation of adrenal chromaffin cells with K"*" results in an increase in intracellular 
[Ca^+], but in contrast to nicotinic stimulation, does not elicit a decrease in F-actin 
content (Cheek and Burgoyne, 1986). Similarly, Ca^+ alone does not induce a 
decrease in cortical F-actin in permeabilised mast cells (Borovikov et al. 1993). In 
contrast, stimulation of these cells with Ca^+ in the presence of ATP or stimulation 
with GTP-y-S in the absence of Ca^+ results in loss of F-actin from the cortical region 
(Koffer et al. 1990; Norman et al. 1994). These results suggest that Ca^+ alone is not 
a sufficient stimulus to induce pronounced F-actin disassembly and that other signals 
are required.
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1.5.1.3) Proteins implicated in F-actin disassembly and secretion.
Fodrin can crosslink actin filaments and is located predominantly in the cortical 

region (Perrin et al. 1987). Upon stimulation of chromaffin cells with Ca^+, fodrin and 
actin are reorganised into patches (Perrin and Aunis, 1985). A similar redistribution 
was observed with actin and the gelsolin-like protein, scinderin (Vitale et al. 1991). 
These results may suggest that both scinderin and fodrin are at least partly responsible 
for the Ca^+ induced F-actin disassembly that occurs when cells secrete. However, it 
cannot be excluded that any protein associated with an actin filament that is 
redistributed following stimulation may show the same pattern. This possibility could 
be examined by observing the distribution of these proteins following stimulation with 
GTP analogues in the absence of Ca^+, which can induce secretion in chromaffin cells 
(Burgoyne and Handel, 1994). A key role of fodrin in secretion was implied from 
experiments that showed that introduction of an antibody against fodrin caused a 50% 
inhibition of Ca^+ stimulated secretion, whereas antibodies to vinculin had no effect 
(Perrin et al. 1987). However, the authors did not state whether disassembly of F-actin 
was also inhibited, and the possibility of steric hindrance of granule-membrane 
interactions by large antibody molecules cannot be excluded.

An increase in caldesmon expression in AT-20 cells in response to exposure to 
glucocorticoids has been shown to accompany reduced secretion of ACTH in response 
to corticotropin releasing factor. This reduction was overcome with cytochalasin D 
(Castellino et al. 1992). Caldesmon is a protein which is regulated by Ca^+-calmodulin 
and binds actin at low but not high (|XM) [Ca^+] (Sobue et al. 1981). Caldesmon 
enhances the binding of tropomyosin to actin filaments, stabilising them, and inhibits 
the severing activity of gelsolin (Ishikawa et al. 1989). Furthermore, caldesmon has 
been located to the peripheral cytoskeleton of adrenal chromaffin cells (Burgoyne et al. 
1986). The inhibition of secretion observed by Castellino and colleagues may have 
been due to stabilisation and increased protection from severing of F-actin in the 
cortical network. Supporting this type of role for caldesmon, antibodies against 
caldesmon, scrape-loaded into rat pituitary cells, were shown to potentiate secretion of 
gonadotrophin releasing hormone (GnRH) and it was postulated that this was due to 
an inhibition of caldesmon-actin binding (Janovick et al. 1991).

1.5.2) The cytoskeleton and secretory granule mobility.
As well as acting as a barrier to granule fusion, components of the cytoskeleton 

have also been implicated in both restricting the movement of secretory granules and 
actively transporting them. Chromaffin granule membrane-F-actin interactions have 
been shown to be inhibited by pM Ca^+ (Fowler and Pollard, 1982) suggesting that 
secretory granules may bind to F-actin under resting conditions, but following
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stimulation are released so that they can move to the plasma membrane. The Ca^+or 
Ca^+Zcalmodulin-regulated proteins annexin II, a-actinin synapsin I and caldesmon 
bind both F-actin and granule membranes and may be responsible for anchoring 
secretory vesicles under resting conditions (Creutz, 1992; Jockusch et al. 1977; de 
Camilli et al. 1990; Burgoyne et al. 1986).

Microtubules have been shown to regulate the transport of vesicles between the 
endoplasmic reticulum and the Golgi (Burgess and Kelly, 1987), however, the lack of 
effect of microtubule destabilizing drugs suggests that microtubules are not involved in 
the final stages of transport of vesicles to the plasma membrane (Whitaker and Baker, 
1983). Introduction of antibodies against caldesmon have been shown to inhibit 
vesicle movement in fibroblasts (Hegmann et al. 1991). The antibody used in this 
study inhibited the interaction of calmodulin and F-actin and caused the redistribution 
of caldesmon from stress fibres. An antibody against tropomyosin had a similar effect 
on vesicle movement. These results suggest that actin may participate in active 
transport of vesicles between different membrane compartments and perhaps to the 
plasma membrane. Durham suggested that actin-myosin interactions may pull granules 
to the plasma membrane (Durham, 1974), and several groups have reported that 
myosin phosphorylation follows a secretion stimulus (Inagaki et al. 1984; Choi et al. 
1994). However, calculations using Stokes-Einstein equation suggest that brownian 
motion would be sufficient to enable secretory granules to diffuse to the plasma 
membrane without the requirement for active transport (Bennett et al. 1994).
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2) New approaches to studying mast cell secretion.

2.1) Introduction.
The most commonly used methods of analysing the secretory responses of cells 

have involved biochemical measurements of the proportion of total granule contents 
secreted into the medium. Other methods involve analysis of single cell responses by 
capacitance measurements (Fernandez et al. 1984; Lindau and Neher, 1988) or 
voltammetry (Tatham et al. 1991), which can provide valuable information about 
individual exocytotic events. However, biochemical measurements of released material 
do not provide information about release from differentially secreting cell sub
populations, and single cell studies are limited by the number of cells that can be 
analysed. Flow cytometry can be used to analyse the morphological or fluorescence 
characteristics of large numbers of cells and has been used previously to analyse the 
secretory response of mast cells (Perretti et al. 1990; Hide et al. 1993).

Novel techniques for analysing secretion were developed here using flow 
cytometry. These techniques were primarily developed to enable simultaneous analysis 
of secretion and also the visualisation of F-actin, the results of which are discussed in 
subsequent chapters of this thesis, however, the different approaches to studying 
secretion that are used here, may provide further insight into the mechanism of 
secretion itself.

2.2) Mast cell secretion and sub-population studies.
2.2.1) Changes in light scatter are associated with the secretory response.

It is appropriate at this stage to become familiar with some of the main 
principles of the flow cytometry technique and to demonstrate how the secretory 
responses of cell populations can be followed.

An assay was developed that allowed measurement of hexosaminidase release 
and the subsequent analysis of the same cells by flow cytometry. Flow cytometry can 
be used to measure the light scattering properties of cells, which gives information 
regarding their morphological characteristics. Briefly, cells were directed through the 
path of a laser and the amount of light that passed through the cell (forward light 
scatter or FLS) and the amount of light that was scattered perpendicular to the incident 
beam (referred to here as 90° light scatter or 90°LS) was recorded. The degree of 
FLS and 90°LS are generally considered to be proportional to the size and granularity 
(complexity of internal structure) of the cell respectively, although these can not be 
considered as direct measurements (Mullaney and Mendelsohn, 1979).

When a permeabilised cell secretes, the secretory vesicles are externalised and 
the content of the cell decreases; it is therefore reasonable to predict that the 90°LS,
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which is related to the internal granularity, will decrease. Indeed, it has been shown 
that cells which undergo a reduction in 90°LS in response to secretory stimuli have an 
abundance of externalised granules when subsequently visualised by scanning electron 
microscopy (Hide et al. 1993).

Unstimulated permeabilised cells, maintained in EGTA-containing buffer 
released approximately 5% of their contents. These cells displayed a characteristic 
light scatter profile when analysed by flow cytometry, which fell within a region which 
was designated as region X (figure 2.1 A). The variation in light scatter of these cells 
reflects morphological variation - probably due to natural differences in cell size and 
content of secretory granules. Only one main population of scattering particles was 
present, indicating that the purification procedure efficiently generates pure mast cells. 
A clustering of 'events' with low levels of FLS and 90°LS (in the bottom left hand 
corner of the plot) was always present, and is characteristic of small particles of cell 
debris and background noise. When cells were stimulated to secrete with GTP-y-S 
together with sub-optimal concentrations of Ca^+, light scatter analysis showed that 
two populations of cells were obtained (figure 2. IB); one population in the region 
designated Y, similar in scatter to that of unstimulated cells and a second distinct 
population with low 90°LS (region Z). This suggested that the cells with reduced 
90°LS (region Z) had secreted.

To confirm that the population having altered 90°LS had indeed undergone 
secretion, cells were labelled with fluorescein conjugated concanavalin A (FITC-con 
A) and analysed simultaneously for light scatter changes and fluorescence. Con A is a 
lectin which possesses four binding sites for glycoproteins (Schnebli, 1995). 
Fluorescent (FITC-labelled) Con A has been used to observe release of secretory 
vesicles from yeast (Amatruda et al. 1992) and has been used on glass-attached mast 
cells in our laboratory to label lumen-facing granule membrane and granule matrix 
glycoproteins that become exposed following fusion of granules with the plasma 
membrane (J. Norman, unpublished results). However, at concentrations of FITC-con 
A below those required to visualise secreting cells adequately (4|ig ml“l; not shown), 
the cells agglutinated making them unsuitable for analysis by flow cytometry (not 
shown). Agglutination was probably due to the cross-linking of cells by the multiple 
binding sites of con A. To avoid agglutination, fluorescein-conjugated succinylated 
con A (FITC-S-con A), which has only one binding site and does not cause 
agglutination, was used to label exposed granule contents.

When the FITC-S-con A fluorescence of the cells in regions Y and Z (shown 
previously in figure 2. IB) were analysed separately, they were found to have FITC-S- 
con A fluorescence profiles which were completely distinct; cells from region Y had a
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fluorescence profile indistinguishable from that of control cells while those from region 
Z were highly fluorescent (figure 2.1 C&D). Therefore, cells that show the 
pronounced decrease in light scattering (Z) are those that have secreted. For the sake 
of convenience, these two cell categories will be referred to as secreting and non
secreting cells. Light scatter properties and FITC-S-con A fluorescence can therefore 
be used to identify secreting and non-secreting cells.

forward scatter
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Figure 2.1) Low and high 90° light scatter sub-populations contain secreting and 
non-secreting cells respectively.
Permeabilised cells were stimulated to secrete, stained with FITC-succinyl con A 
(64 |Lig ml 1 ) and analysed by flow cytometry as described in methods. Light 
scatter of cells treated with EGTA, (A) and with calcium (pCa6) and GTP-y-S, 
(B). Fluorescence of cells from region X of panel A, (C). Fluorescence of cells 
from region Y and region Z of panel B, analysed separately, (D). 20,000 cells 
were analysed per sample. The experiment is representative of 5 separate 
experiments, all of which maintained the extent of population separation shown 
here. The method and criteria for delineating the regions that contained 
secreting and non-secreting cells are discussed in the Methods chapter.
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2.2.2) Cells secrete in an ‘all-or-none’ manner in response to Ca^+ and GTP-y-S
The dichotomy of the response shown in figure 2.1 suggested that a sub

population of cells secreted a constant amount of their granular content, wheras the 
remaining cells remained dormant. Confocal microscopy of cells, stimulated and 
labelled with FITC-S-con A, showing that some cells had virtually no fluorescence, 
while the remaining cells had a homogenous staining pattern throughout, confirmed 
this conclusion (fig 2.2D). These results are consistent with previous findings, which 
also showed a bi-modal light scatter response at sub-maximal concentrations of Ca^+ 
and demonstrated that permeabilised cells secreted in an 'all-or-none' manner (Hide et 
al. 1993). Furthermore, the homogenous fluorescence pattern suggested that secretory 
granules within the cell interior had become exposed to the external environment.

Figure 2.2) Confocal micrographs of FITC-S-con A labelled cells.
Permeabilised cells were exposed to A) EGTA (control); B) GTP-y-S (no ATP or 
Ca^+); C) GTP-y-S with ATP present; D) GTP-y-S with pCa6. Cells were 
labelled with FITC-S-con as described for the flow cytometry studies, fixed and 
analysed by confocal micr oscopy as described in methods.
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The fusion of centrally located granules may be the consequence of intragranular 
(compound) fusion, as has been demonstrated by others (Kagayama and Douglas, 
1974; Rohlich et al. 1971; Kawasaki et al. 1991), rather than migration of granules to 
the plasma membrane.

[Ca^~^1 determines the proportion of secreting cells.
It has been reported that the proportion of cells that responded to stimulation 

was determined by the Câ "*" concentration (Hide et al. 1993). To examine whether 
this was also the case under the experimental conditions used here, cells were 
stimulated with GTP-y-S and a range of [Câ "*"] and stained with FITC-S-con A. 
Indeed, when GTP-y-S was present, increasing the [Ca^^] resulted in a gradual 
increase in the proportion of highly fluorescent cells and concommitant decrease in the 
proportion of non-secreting cells, whilst the modal fluorescence intensity of the two 
populations remained relatively constant (figure 2.3).

The fixed mode in the frequency distribution of FITC-S-con A fluorescence for 
secreting cells, suggested that the extent of granule release from these cells remains 
constant, regardless of Ca^^ concentration. To confirm this, the average % release of 
hexosaminidase per secreting cell was calculated at the Câ "*" concentrations shoAvn in 
figure 2.3 (excluding EGTA and pCa6.5, the latter for reasons discussed below). 
Hexosaminidase release for the whole population was measured by standard 
procedures (described in methods). The proportion of secreting cells was then 
determined as follows: a threshold FITC-S-con A fluorescence was selected, above 
which cells were deemed as being secreting cells. This point was set so that 95% of 
control cells (EGTA alone) fell below this point (approximately at the fluorescence = 
10 mark shown in fig 2.3). The percentage release per secreting cell was then 
calculated as shown in equation 1 and values are shown in figure 2.3.

% release ( % hexes aminldase release \ 
" I % ceUs in Z ) (equation 1 )

It was calculated that, in the experiment shown in figure 2.3, stimulation with 
GTP-y-S and various [Câ "*"] resulted in a constant level of release of 50.2% per 
secreting cell (S.E.M. ± 2.3; n=5). This suggests that, on average, 50% of the granular 
content is released from secreting cells in the presence of Câ "*" and GTP-y-S.
Therefore, cells respond in an 'all-or-none' manner, although 'all', in fact, refers to 50% 
of the secretory granules in each cell. Between experiments, this value varied 
somewhat about a mean of 58% ± 4.6 (S.E.M.; n=3). This result would appear to 
conflict with an earlier report, which showed that almost 1 0 0 % of the contents were 
released from secreting cells (Hide et al. 1993); the possible reasons for this are 
discussed below.
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Figure 2.3) A bi-modal FITC-S-con A fluorescence distribution is maintained in 
cells stimulated with GTP-y-S and increasing [Ca +̂1.
Permeabilised cells were treated with EGTA (A) or GTP-y-S (30 p.M) and 
increasing concentrations of Ca^+ as indicated (B-H), stained with FITC-S-con 
A and the fluorescence analysed hy flow cytometry. Fluorescence histograms are 
shown of at least 20,000 cells per sample. Results are representative of 3 separate 
experiments.
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2.2.3) Cells do not allways respond in an ’all-or-none' manner.
Cells stimulated with GTP-y-S undergo partial secretion.

Although when cells were stimulated with Ca^+/GTP-y-S they tended to 
release maximally or not at all, certain stimuli induced intermediate responses.
GTP-y-S alone (no Ca^+) induced a small and variable increase in FITC-S-con A 
fluorescence in a large proportion of cells, indicating that a small percentage of 
granules had been released (figure 2.3B). These cells did not form a sub-population 
distinct from the non-secreting cells, but appeared as a 'shoulder' of partially secreting 
cells ('P' cells) superimposed upon a non-secreting sub-population of 'Y' cells (compare 
figure 2.4 A and B).

A) EGTA

10 1001
B) EGTA + GTP-S

100101
FITC-S-Con A fluorescence 

Figure 2.4) Classification of partially secreting cells.
Permeabilised cells were stimulated and analysed for FITC-S-con A fluorescence 
as in figure 2.1. A) Fluorescence distribution of control cells, classified as 'X' 
cells. B) Distribution of cells stimulated with GTP-y-S in the absence of Ca^+; 
the distribution curve of control cells is superimposed, identifying stimulated 
cells that did not secrete, termed Y cells. The region containing cells with 
fluorescence intensities which exceeded those of control cells are shaded and 
termed P cells (P = partially secreting), n = 5.

When GTP-y-S-stimulated cells were analysed by confocal microscopy, 
isolated points of fluorescence could be observed at the cell periphery (figure 2.2B). 
These results suggest that GTP-y-S alone is sufficient to induce the fusion of a limited 
number of secretory granules with the plasma membrane, but not the fusion of 
internally located granules as was observed with Ca^+ZGTP-y-S (figure 2.3D). At low 
[Ca^+J (e.g pCa6.5), this 'shoulder' of cells is still very apparent (hence its exclusion 
from the calculation above), but is gradually lost as [Ca^+] is increased (figure 2.3).

65



ATP abolishes the 'all-or-none' nature of the secretory response.
Although not essential for exocytosis, ATP has been shown to modulate the 

secretory response of mast cells by enhancing the apparent affinity of Ca^+ and guanine 
nucleotides for their targets (reviewed in Gomperts, 1990) and result in increases in the 
rate and final level of secretion (Lillie et al. 1991; Koffer, 1993). However, it is not 
known whether ATP increases the proportion of cells which secrete, increases the 
proportion of granules released per cell or affects secretion in other ways.

When cells were stimulated with GTP-y-S and ATP in the absence of Ca^+, the 
majority of cells released a small proportion of their contents. This response appeared 
similar to, but more pronounced than the partial release elicited by GTP-y-S alone 
(compare figures 2.3 B and 2.5 B - see footnote*). However, when cells were analysed 
by confocal microscopy, the responses to GTP-y-S in the presence and absence of 
ATP appeared quite different (figure 2.2 B & C). Instead of points of fluorescence 
being restricted to the cell periphery, cells stimulated with GTP-y-S and ATP had 
patches of fluorescence that extended to varying degrees into the cell interior, 
suggesting that localised regions of granule-granule fusion may have taken place.

As [Ca^+] was increased, the modal fluoresence value of the main cell 
population increased gradually rather than in the all-or-none-manner observed in the 
absence of ATP (figure 2.5). The gradual increases in FITC-S-con A fluorescence 
with increasing [Ca^+] were also reflected by gradual changes in light scatter (not 
shown). A sub-population of non-secreting cells remained, which gradually decreased 
as [Ca^+] was raised. ATP therefore appears to abrogate the all-or-none nature of the 
secretory response under these conditions.

Furthermore, at high [Ca^+j, the level of release per cell exceeded the 50% 
maximum achieved in the absence of ATP; at pCa5, in the presence of GTP-y-S and 
ATP, it was calculated (as before using equation 1) that 60% of the hexosaminidase 
was released per secreting cell. Therefore, in addition to overcoming the all-or-none 
response, ATP increases the proportion of secretory granules that can be released from 
a cell.

The light scatter changes that occur in response to Ca^+,GTP-y-S, and ATP 
and other combinations of these, and the levels of hexosaminidase release that 
accompany these responses, are shown in appendix (I) for reference purposes.

Figures 2.3-2.5 present data from the same experiment and can therefore be compared directly.
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Figure 2.5) FITC-S-con A fluorescence distribution of cells responding to 
GTP-y-S and varying iCa +̂1 - effect of ATP.
Permeabilised cells were treated with EGTA, (A) or with GTP-y-S (30 |liM) and 
ATP (3 mM) and increasing concentrations of Ca^+ as indicated (B-F) and their 
fluorescence analysed as in fig. 2.3. Results are representative of 3 separate 
experiments.
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2.3) Time-course analysis of degranulation by flow cytometry.
The analysis of the time-course of the secretory response can reveal features 

which cannot be detected with end-point determinations. This can be measured in cell 
suspensions by measuring the amount of material that has been secreted into the cell 
medium at timed intervals. Time-course studies have also been performed in 'real-time' 
on cell suspensions, by measurement of the light scatter from a cell population in a 
cuvette (Smolen et al. 1987). Real-time analysis of exocytosis from single cells has 
been performed by capacitance measurements (Fernandez et al. 1984; Nüsse and 
Lindau, 1988), voltammetry (Tatham et al. 1991), and by the measurement of release 
of preloaded fluorescent dyes. (Breckenridge and Aimers, 1987; Tatham et al. 1991). 
Biochemical measurements of released granule contents give the mean level of 
secretion from the whole cell population, have a limited time resolution, but allow for 
the comparison of several conditions simultaneously. On the other hand, single cell 
analysis can allow the progress of degranulation of a single cell to be followed, often 
enabling individual fusion events to be resolved.

The results shown in the first part of this chapter demonstrate that secreting 
cells can be identified by their light scattering properties. This, combined with the 
ability to analyse large numbers of individual cells rapidly by flow cytometry as a 
function of time, offers the potential for secretion to be assayed in real-time using flow 
cytometry techniques.

2.3.1) Real-time recording of degranulation.
By recording the light scatter changes of cells throughout the secretory 

response and determining from this the fraction of all cells (region Y + region Z) in the 
secreting cell population (region Z) as a factor of time, a real-time assay of 
degranulation was obtained. For convenience purposes, the term 'degranulation' is 
used here to refer to the pronounced secretory response of a cell which is accompanied 
by a change from basal to secreting-cell light scattering characteristics. Figure 2.6A 
shows the responses of cells to different stimuli.
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Figure 2.6) Time-course of degranulation recorded in real-time by flow 
cytometry.
Cells were permeabilised, washed and analysis by flow cytometry was 
commenced. After a control period, cells were stimulated to secrete and analysis 
continued. A), the stimulus conditions were as indicated. The concentration of 
GTP-y-S was 30 pM and that of ATP, 3 mM. The percentage of cells displaying 
a degranulated light scatter profile (defined as those in population Z in fig. 2.1 ) 
in each 1.2 second time-slice is presented. Data were recorded from an ayerage 
of 100 cells per time-slice, except for cells stimulated with Ca^+ZGTP-y-S/ATP, 
where data was recorded from an ayerage of 200 cells per time-slice. B), the 
percentage of degranulated cells oyer time in response to Ca^+ (pCaS) + ATP 
(3mM) + GTP-y-S (30pM) is plotted alongside the corresponding curye of oyerall 
mean light scatter. Mean 90^LS is plotted such that maximum 90^LS 
(corresponding to unstimulated cells) and minimum 90®LS are equiyalent to 0 
and 100% respectiyely. Results are representatiye of at least 5 experiments.
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The rate of degranulation of cells (determined from light scatter populations) 
stimulated by Ca^+ZGTP-y-S/ATP was rapid, commencing after a delay of 20-40 
seconds and taking approximately one minute for the large majority of cells to enter 
the degranulated cell population. In the absence of ATP (Ca^+ZCTP-y-S), the time- 
course of degranulation was very similar, with the exception that a lower percentage of 
cells degranulated. When cells were stimulated with Ca^+ZATP, degranulation started 
after a delay which varied between experiments but was typically between 1 and 4 
minutes (the delay was 3.25 minutes in the experiment shown in figure 2.6A). The rate 
of degranulation was comparatively slow, taking approximately 15-20 minutes to reach 
completion.

It was shown earlier that cells stimulated with Ca^+ZGTP-y-S responded in an 
all-or-none manner and that secreting and non-secreting cells can be distinguished from 
one another. Similarly, with GTP-y-SZATP and maximal [Ca^+J, the light scatter 
profile of secreting cells was distinct from control cells (see appendix I). However, in 
the presence of ATP, GTP-y-S and intermediate concentrations of Ca^+ (eg, pCa6.25; 
fig. 2.5), secreting and non-secreting cells cannot be so clearly distinguished, and it 
would be less appropriate to conduct such a real-time analysis of secretion under these 
conditions. Cells stimulated with Ca^+ (pCa5) with ATP also respond in a bi-modal 
manner although secretion from the secreting cells is less extensive (figure 2.7). 
Nevertheless, secreting and non-secreting cells can be reasonably well distinguished, 
supporting the validity of the real-time population assay under these stimulus 
conditions.

pCa 5.0  
+ATP

(U
U EGTA 

(no ATP)

1 10 100

FITC-S-Con A fluorescence

Figure 2.7) Ca +̂ZATP induces a bimodal secretory response.
Permeabilised cells were treated with A) EGTA or B) pCa5 and ATP (3 mM), 
stained with FITC-S-con A and their fluorescence analysed as in fig. 2.3. Results 
are representative of 3 separate experiments.
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Studies of secretion from populations of cells usually involve the measurement 
of the mean value from all cells (eg mean hexosaminidase release). The real-time assay 
described above uses a different type of measurement - that of the fraction of secreting 
cells. The time-course of the fraction of secreting cells was compared with that of 
mean 90°LS change to identify whether these parameters relate to the same 
phenomenon. Under all conditions tested, when scaled such that maximum and 
minimum light scatter values were set to 0 and 1(X)% respectively, these curves could 
be almost exactly superimposed upon one another (figure 2.6B). Therefore, data that 
show the percentage of degranulated cells reflect the mean response of the whole 
population.

2.3.2) Correlation of light scatter changes with release of secretory granule 
markers.

The light scatter changes in stimulated mast cells have been shown to correlate 
with exposure of granule matrix proteins (using FITC-S-con A) and with 
morphological changes observed by electron microscopy (Hide et al. 1993). However, 
the precise causes of the light scatter changes are not known. The changes could be 
due to early events which preceed secretion, such as loss of surface microvilli or other 
membrane changes, which have been reported to occur immediately following 
stimulation of RBL cells (Pfeiffer et al. 1985). Alternatively, changes may be due to 
initial granule-plasma membrane fusion, or the subsequent swelling or extrusion of 
granules, which may occur some time afterwards. Indeed, the topology of mast cells is 
altered dramatically following degranulation, having a raspberry-like appearance due to 
the presence of externalised secretory granules (Hide et al. 1993).

Various weak basic vital fluorescent probes, such as acridine orange, and its 
derivative, quinacrine diffuse across membranes and accumulate inside granules 
(Johnson et al. 1980). De-acidification of the granule, which follows fusion of the 
granule membrane with the plasma membrane, is accompanied by loss of the 
fluorescent probe. Quinacrine emits light in the yellow-green region of the spectrum, 
and has been used to follow the de-acidification of mast cell granules (Breckenridge 
and Aimers, 1987; Tatham et al. 1991). Unlike some other related dyes, such as 
acridine orange, quinacrine has not been reported to undergo auto-quenching of 
adjacent fluors (Kato et al. 1992). Decrease in fluorescence should therefore be 
related to the degree of deacidification of secretory granules.

To clarify the relationship between secretion and light scatter changes, the 
release of a fluorescent probe, pre-loaded into granules, was measured in real-time and 
compared to the light scatter changes. The fluorescence of intact mast cells pre-loaded 
with quinacrine was relatively constant over time; decrease in fluorescence was
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approximately 9% over a 15 minute time period (data not shown). Quinacrine-loaded 
cells were permeabilised, stimulated and fluorescence and light scatter changes were 
analysed in real time. Figure 2.8 shows the relationship between the percentage of 
degranulated cells and the mean quinacrine fluorescence of the whole cell population 
during the secretory response.

Under all conditions examined, the onset of quinacrine release coincided with 
the onset of degranulation. This indicates that quinacrine release occurs 
simultaneously with the change in light scatter, or so soon before or after, that 
differences cannot be resolved. The time-course of quinacrine release and 
degranulation closely matched, although there appeared to be some deviation in the 
later stages of the response. The significance of this deviation is not clear, but could 
be due to a slower diffusion of dye from the granule matrix cores.

72



1 0 0  -

80 -

&
_CD 60 -
05
Ü

■D
B

40 -
m
3
C
g 2 0  -
O )
CD

■D
0 -

stim ulus
addition

f
60

I' pCa5 + GTP-S + ATP

—r -
120

~~r~
180

—r -
240

- 100

- 80

- 60 8 c
8

40 ^
b3

-  20
<D
>

0
300

time (seconds)
r 100100 1

- 8080 -

60 - - 60œ
8

- 4040 - stim ulus
addition

pCa5 + GTP-Scfd 20 - -  20
O)
CDTD

20 60 1 2 0 180 240 300

time (seconds)

Figure 2.8) Decrease in fluorescence of quinacrine loaded cells correlates with 
degranulation.
Intact cells were loaded with quinacrine (2 |iM) for 10 minutes at 30° and 
washed. Cells were permeabilised and then analysis commenced. After a two 
minute control period (which was 10 minutes after permeabilisation), cells were 
triggered with A) pCaS + GTP-y-S (30 pM) 4- ATP (3 mM) or B), pCa5 4- GTP-y- 
S (30 pM). Percentage degranulated cells was calculated as in fig. 2.6. Decrease 
in mean cell fluorescence of the whole population is presented and scaled such 
that minimum and maximum fluorescence represent 0% and 100% respectively. 
At least 100,000 cells were analysed per recording. Each trace is representative 
of at least 3 similar traces.
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2.4) Discussion

2.4.1) Light scatter changes and FITC-S-Con A binding as determinants of 
secretion from mast cells.

When cells were stimulated to secrete, a change in light scatter was observed. 
This suggested that the light scatter change was a consequence of release of secretory 
granules. However, changes in morphology may occur that are not associated with 
granule release; indeed, a change in light scatter was observed when cells were treated 
with ATP, which, in the absence of other effectors, did not elicit secretion (see 
appendix I). Furthermore, the light scattering of a degranulated cell is likely to be 
influenced by various factors such as the degree of externalisation of granules and 
granule swelling, factors which may not be directly proportional to the release of the 
secretory contents.

Binding of a fluorescent, non-cross-linking form of Con A (FITC-S-Con A) to 
luminal secretory granule proteins, was used as an indicator of granule fusion and 
confirmed that cells with changed light scatter had secreted. This provides validity to 
the use of light scatter as a means identifying secreting cells. Furthermore, flow 
cytometric analysis of FITC-S-con A-labelled cells provided a profile of the secretory 
behaviour of populations of cells, allowing the different extents of granule fusion of 
individual cells to be resolved and therefore giving a level of resolution which has not 
previously been achieved in cell suspensions.

It could be argued that, following stimulation, granule matrices may be released 
into the extracellular environment which would not contribute to cell fluorescence, and 
would therefore lead to an under-representation of granule release -perhaps, in 
particular, for more potent stimuli. Confocal microscopy indeed showed that some 
granules were released and could be observed at the plane of the microscope slide 
following stimulation (data not shown). However, a linear relationship was observed 
between FITC-S-con A fluorescence and percent secretion under various stimulation 
conditions, indicating that detachment of granules from cells does not lead to a marked 
under-representation of granule release (data not shown). Indeed, these observations 
support previous suggestions that mast cell granules remain associated with the cell, 
perhaps for subsequent endocytosis (Tasaka et al. 1991).

2.4.2) All-or-none-type release in response to GTP-y-S and Ca^+
When mast cells were stimulated to secrete with optimal concentrations of 

GTP-y-S and varying [Ca^+J, distinct sub-populations of secreting and non-secreting 
cells could be distinguished by their light scattering characteristics and FITC-S-Con A
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fluorescence. The proportion of cells in the secreting sub-population changed with the 
concentration of Ca^+, but the mode FITC-S-con A fluorescence of these cells 
remained constant. Furthermore, it was shown that, if a cell secreted under these 
conditions, it released approximately 50% of its contents; ie cells responded in an all- 
or-none manner. Confocal microscopy supported the flow cytometry data and showed 
that cells displayed either a moderate level of peripheral staining or had a bright 
homogenous distribution of fluorescence throughout the cell; an intermediate state was 
not apparent.

An all-or-none pattern of degranulation in mast cells has been reported 
previously (Hide et al. 1993) and showed that in the presence of optimal 
concentrations of GTP-y-S and ATP and varying fCâ """], cells either secreted their 
entire contents or did not secrete. A similar all-or-none degranulation response has 
also been demonstrated in electropermeabilised neutrophils using flow cytometry 
(Boonen et al. 1994). However, this type of response is not restricted to secretion; 
flow cytometry has been used to demonstrate all-or-none-type calcium rises in 
neutrophils (Yee and Christou, 1993) and in platelets (Simons and Davies, 1995).

The all-or-none secretory response suggests that a threshold point exists, 
which, when reached, allows the response to go to completion - somewhat analogous 
to the activation energy which is required to initiate a chemical reaction. It is possible 
that the build up of an intermediate signalling molecule to a certain concentration is 
required before transmission of a signal can occur, and synthesis of this intermediate is 
promoted by Ca^+. The threshold point may represent a single point of least resistance 
- a Ca^+ dependent step which when activated, initiates a cascade or positive feedback 
response.

The most likely explanation for the homogenous fluorescence pattern is that 
granule-granule fusion had occurred throughout the cell, connecting the membranes of 
internally located granules with the plasma membrane. Granule-granule fusion, or 
compound fusion, has been observed in neutrophils (Chandler et al. 1983), eosinophils 
(Scepek et al. 1994) and mast cells (Rohlich et al. 1971) and may be a principal means 
of granule release.

Different granule sub-populations may exist in mast cells.
When cells were stimulated with GTP-y-S, in the presence of EGTA, there was 

a small change in the light scattering profile of cells and a small increase in FITC-S-con 
A fluorescence, indicating that there had been a small secretory response. Confocal 
microscopy showed that only isolated fusion events had occurred at the cell periphery. 
What could explain such dramatically different patterns of granule release? It is
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possible that the granules that fuse at the cell periphery following GTP-y-S stimulation 
and the internal granules that fuse when Ca^+ is also present may represent distinct 
granule populations. However, although related cells, such as neutrophils (Barrowman 
et al. 1987) and eosinophils (Niisse et al. 1990) possess physiologically different 
granule sub-populations, there is no evidence, so far, to suggest that this is the case 
with mast cells. The difference in Ca^+ requirements of the two granule sub
populations is likely therefore to be a consequence of the difference in their location. 
Indeed, it has been reported that cortically- and internally-located secretory granules 
have different requirements for exocytosis, both in neuroendocrine and non- 
neuroendocrine cells (Bittner and Holz, 1992; Heinemann et al. 1993; Steinhardt et al. 
1994). Ca^+ may therefore be required to enable internally located granules to enter 
into compound exocytosis or enable 'docking' with the plasma membrane.
Alternatively, Câ """ may be required to remove cytoskeletal barriers between granules 
or increase their mobility, rather than induce granule fusion itself.

2.4.3) The effect of ATP on all-or-none degranulation reveals different steps
in the secretory response.

When cells were stimulated with Ca^+/GTP-y-S in the presence of ATP, the 
pattern of the secretory response was dramatically changed; the all-or-none-type 
response was lost and the level of release per cell appeared to increase gradually with 
increasing [Ca^+]. Furthermore, release occurred at lower [Ca^+]. A possible model 
is proposed which could explain these results. Two Ca^+-requiring steps are 
postulated; an early obligatory threshold step (step 1 ) followed by a subsequent step 
(step 2 ), which represents a variable requirement for Ca^+ for fusion of individual 
granules (figure 2.9 A). The all-or-none response can be explained simply by 
postulating that the Câ """ requirement for fusion of granules (step 2 ) is lower than that 
for the earlier obligatory step (step 1). Therefore, when [Ca^+j is sufficient to fulfill 
step 1 , the requirements for subsequent steps are already fulfilled and the secretory 
response goes straight to completion (figure 2.9 C). It is proposed that ATP reduces 
the Ca^+ threshold (step 1) to below that of step 2 (figure 2.9 B). Therefore, the 
requirement for step 1 is fulfilled at a low [Ca^+J, rendering the cell competent or 
'primed' to secrete; as [Ca^+] is then gradually increased, the proportion of granules 
that meet their individual [Ca^+J requirement for fusion also increases, hence the 
gradual increase in FITC-S-con A fluorescence (figure 2.9 D).

76



GTP-S only

A) Co 2+ 
threshold 
(step 1)

— ►!

secretory 
granules 
Step 2)

C)
Ca requirement of individual granules

i
60-

50-

40-

30-

20-

1 0 -

O- HSS— 
EGTA 6.5 6 5.5

log [Calcium] M

GTP-S + ATP

B) Co 2+ 
threshold 
(step 1)

- ► I

secretory 
granules 
(step 2)

C a requirem ent of individual granules

60-1

50-

40-

10 -

EGTA 6 5.5 56.5

log [Calcium] M

Figure 2.9) Model representing how variation in the requirement for Ca^+ at an 
early threshold step may affect the dose-response in single cells.
A distribution of the Ca^+ requirement for the fusion of indiyidual secretory 
granules (step 2) in a single cell is postulated; the Ca^+ requirement of a putatiye 
threshold step (step 1) is indicated under conditions where the cell is stimulated 
with A) GTP-y-S and B) GTP-y-S/ATP. The percentage of released granules in 
response to increasing [Ca^+] is shown in response to these different stimulus 
conditions C) and D).

Therefore, although secretion can take place in the absence of ATP, ATP may 
be modulatory at an early threshold step, perhaps by increasing the level of protein 
phosphorylation. It has been shown in chromaffin cells that ATP acts at an early stage 
in the secretory pathway, prior to a calcium-dependent step (Holz et al. 1989). ATP 
has also been shown to modulate an early step in the secretory response in mast cells 
(Howell et al. 1989). Howell and colleagues suggested that a phosphorylation state 
was necessary, which was maintained by PKC, and modified the apparent affinity for 
Ca^+ and guanine nucleotides. Further work will explore the relationship between 
PKC and modulation of the secretory response using flow cytometry.
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2.4.4) Experimental conditions and secretory responses.
While some of the characteristics of the response to Ca^+/GTP-y-S were 

consistent with previously described all-or-none responses in mast cells (Hide et al. 
1993), some clear differences were observed. Firstly, it was observed that cells only 
released 50-70% of their hexosaminidase content in response to maximal stimulation 
(all three effectors), whereas previous studies have shown that mast cells can release 
almost 100% under these stimulus conditions (Hide et al. 1993). However, in the 
previous studies, cells were stimulated at the time of permeabilisation, and it is known 
that cells gradually become refractory to stimulation after permeabilisation due to the 
leakage of essential cytosolic factors, a process often referred to as 'run-down' (Koffer 
and Gomperts, 1989). In the experiments described in this chapter, cells were 
stimulated 1 0  minutes after permeabilisation and following a washing step and it is 
likely that this period contributes to the reduced level of release. It is interesting to 
note that the extent of release per secreting cell was reduced, whereas most cells 
retained the ability to secrete. Further work is required to fully characterise how the 
run-down is manifested and establish whether cells have increasing stimulus 
requirements for secretion to be initiated as the run-down progresses.

It was observed here that ATP overcomes the all-or-none nature of release, 
wheres earlier studies did not find this to be the case (Hide et al. 1993). The observed 
differences are most likely due to differences in the buffer conditions, or metabolic 
state. Historically, secretion from mast cells has been measured by determining the 
release of histamine in chloride-based buffer solutions, as the most commonly 
employed anion in this field, glutamate, disrupts the assay for histamine (Churcher and 
Gomperts, 1990). However, the assay for hexosaminidase, can be conducted in 
glutamate or chloride based buffers. It has been reported previously that single 
effector ATP-dependent pathways to secretion are suppressed in chloride-based 
buffers (Churcher and Gomperts, 1990). It is therefore possible that the differences 
observed are due to the use of glutamate-based buffers (without chloride ions) in these 
experiments.

In contrast to the study by Hide et al, the cells used here were not metabolically 
inhibited (although were washed and free ATP will therefore have been removed). 
Metabolic inhibition inhibits ATP production and as a consequence, reduces the level 
of protein phosphorylation (Johansen, 1987). It has been shown that metabolic 
inhibition pushes the Ca^+ dose-response curve (for secretion) to the right, even if 
ATP is provided (Koffer and Churcher, 1993), indicating that the secretory response 
does not fully recover. The gradual, Ca^+ dependent increase in the level of release in 
the presence of ATP may therefore be abrogated by metabolic inhibition.
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2.4.5) The time course of changes in light scatter as a method of studying the 
time-course of the secretory response.

Flow cytometry was shown to provide a highly resolved time course of light 
scatter changes throughout the secretory response. Monitoring of light scatter change 
produced a time resolution of down to less than one second.

The time course of degranulation was obtained by measuring the rate at which 
cells left the control light scatter population and entered a region which delineated 
secreting cells. This form of measurement gave almost identical results to those 
obtained by monitoring the mean light scatter change of the whole population. This 
type of analysis is most valid when the secreting and non-secreting cells can be clearly 
distinguished - for instance when all-or-none-type responses are obtained with 
Ca^+ZCTP-y-S, or when ATP is present and [Ca^+J is maximal.

Capacitance/fluorescence studies of normal and beige mouse mast cells have 
shown that quinacrine release follows the fusion of granule membranes with the plasma 
membrane by a few seconds (Breckenridge and Aimers, 1987). Here, the rate of 
quinacrine release closely matched the rate of change in light scatter, particularly over 
the most rapid period of the response, demonstrating a close relationship between 
release of secretory granules and the morphological changes reported by light scatter 
measurements. This supports the validity of using light scatter measurements as a 
means of monitoring secretion.

This is the first reported use of flow cytometry to study the time-course of the 
secretory response. The main advantages of this technique are that a highly resolved 
response curve is obtained - a resolution which exceeds that previously possible in 
permeabilised cells using biochemical measurements of released granule contents. 
Furthermore, since fluorescent probes are not required to follow the secretory 
response, they can be used to monitor other variables in real time, allowing direct 
comparisons to be made between the level of fluorescence of a particular probe and the 
secretory state of large numbers of individual cells.
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3) Characterisation of the mast cell actin cytoskeleton and the changes that 
accompany secretion.

3.1) Introduction.
Several investigations have been aimed at determining the relationship between 

cytoskeletal changes and secretion (discussed in 1.5). These studies have included 
direct comparisons between the distribution of cytoskeletal components and secretory 
granule markers using light and electron microscopy (Aunis and Bader, 1988; Nielsen 
et al. 1989; Vitale et al. 1991; Nakata and Hirokawa, 1992). Other studies have 
sought to compare the changes in total F-actin content with biochemical measurements 
of released secretory contents (Cheek and Burgoyne, 1991; Koffer et al. 1990). In this 
study, the relationship between cytoskeletal changes and secretion has been pursued. 
The degree of causality has been investigated further.

Phalloidin is a drug which binds with high affinity to filamentous (F) actin but 
not to globular or monomeric (G) actin and when conjugated to rhodamine, can be 
used to visualise cellular F-actin (Cano et al. 1992). Labelling of F-actin with 
rhodamine-phalloidin (RP) before stimulation (pre-labelling) allows the fate of existing 
actin filaments to be observed, whereas labelling after stimulation (post-labelling) also 
identifies any newly formed actin filaments (Norman et al. 1994). In the previous 
chapter, it was shown that the secretory state of individual cells could be identified 
using flow cytometry. Therefore, to investigate the relationship between secretion and 
the actin cytoskeleton, the secretory state of cells and the level of RP binding were 
measured simultaneously using flow cytometry. In addition, confocal microscopy was 
used to observe the distribution of F-actin within cells.

This study demonstrates that disassembly of cortical F-actin and secretion may 
be co-regulated in terms of early signalling events, but that these two processes 
diverge. In addition, cytoskeletal changes that occur preferentially in secreting cells 
are identified, and are shown to be regulated by the action of GTP-binding proteins.

3.2) F-actin in stimulated and unstimulated cells.
3.2.1) Flow cytometry and confocal microsopy studies of whole populations.

To determine how the F-actin content of cells changes following stimulation, 
stimulated and unstimulated cells were labelled with RP (post labelling) and analysed 
by flow cytometry and confocal microscopy.
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Unstimulated cells.
Permeabilised cells in suspension were exposed to 0.6 pM RP for 10 minutes at 

4° C, washed twice in excess buffer and fixed. Under these conditions, cellular F-actin 
can be visualised clearly by fluorescence microscopy techniques (Koffer et al. 1990). 
Confocal microscopy analysis showed a predominantly cortical distribution of F-actin 
staining and a faint diffuse staining in the cell interior (figure 3.1 A). The cortical 
staining generally formed an unbroken even ring around the whole cell. Analysis by 
flow cytometry showed a broad, approximately gaussian distribution of cell 
fluorescence (figure 3.2A).

Figure 3.11 Confocal Micrographs of rhodamine-phalloidin labelled mast cells. 
Permeabilised cells (in suspension) were exposed to A) EGTA (control); B) 
(pCa4.75) + ATP (3 mM); C) Ca2+ (pCa5) + ATP (3 mM) + GTP-y-S (30 pM); 
D) GTP-y-S (30 pM) with EGTA. Cells were then labelled with rhodamine- 
phalloidin (0.6 pM), fixed and analysed by confocal microscopy.
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Stimulated cells.
Câ ~*~/ATP. Cells were stimulated with Ca^+/ATP, then stained with RP and 

visualised by confocal microscopy. The distribution of RP fluorescence indicated that 
the F-actin cortex had partially disassembled around the entire cortex. Some regions 
showed virtually no RP staining suggesting that there had been particularly 
pronounced disassembly in localised regions. The fluorescence in the cell interior did 
not increase. Thus, Ca^+ZATP induced a depolymerisation or fragmentation of cortical 
F-actin and its loss through pores created by SLO permeabilisation (figure 3. IB). 
Analysis of Ca^+/ATP stimulated cells by flow cytometry showed a significant 
decrease in the level of RP fluorescence compared to unstimulated cells (figure 3.2B). 
The average fluorescence intensity compared to control cells was 67.5% ± 4 (S.E.M; 
n=1 0 ).

Ca^+/ATP/GTP-y-S. Confocal microscopy of cells stimulated with Ca^+/ATP 
and GTP-y-S in the absence of Ca^+ showed a staining pattern that suggested that the 
cortical F-actin had undergone some cortical disassembly in most cells (figure 3.1C). 
The level of staining in the cell interior in most cells was increased. Flow cytometry of 
these cells showed a fluorescence distribution with a mode which was lower than that 
of control cells, but not as low as that induced by Ca^+ZATP (figure 3.2C). The 
average fluorescence intensity relative to control cells was 85% ± 5 (S.E.M.; n=4)

GTP-y-S. Confocal microscopy of suspended mast cells stimulated with GTP- 
y-S showed fragmentation of the cortical ring in some cells and varying degrees of 
increased fluorescence in the cell interior (figure 3.ID). Some cells looked similar to 
control cells in both F-actin distribution and size, suggesting that they had not 
degranulated. Analysis by flow cytometry demonstrated a small, but significant mean 
increase in F-actin content which is consistent with previous results from our 
laboratory (Norman et al. 1994); the fluorescence intensity relative to control cells was 
105.5% ± 2.7 (S.E.M; P=0.04; n=8 ). An increase in rhodamine phalloidin 
fluorescence indicates that de novo polymerisation has taken place. The distribution of 
cell fluorescence indicated that cells generally had a higher fluorescence level than 
unstimulated cells, although a small proportion of cells appeared to have reduced F- 
actin content indicating that some cells had lost F-actin (figure 3.2D).

Clearly, there is no general relationship between the level of F-actin content 
and the level of secretion; Ca^+ZATP induces 30-40% loss of F-actin and 
approximately 35% secretion, whereas Ca^+ZATPZGTP-y-S induces 10-20% loss of F- 
actin and around 70% secretion. The pronounced disassembly induced by Ca^+ZATP 
and the apparent abrogation of this effect by GTP-y-S are discussed later in this 
chapter.
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Figure 3.2) Flow cytometric analysis of rhodamine-phalloidin labelled cells. 
Permeabilised cells were exposed to A) EGTA (control); B) Ca^+ (pCa4.75) + 
ATP (3 mM); C) Ca2+ (pCaS) + ATP (3 mM) + GTP-y-S (30 pM); D) GTP-y-S 
(30 pM) with EGTA. Cells were then labelled with 0.6 pM rhodamine- 
phalloidin, washed and analysed by flow cytometry. 7,500 cells were analysed 
per sample. Data are representative of at least 4 similar experiments.

3.3) Manipulation of the F-actin cytoskeleton and the effects on secretion.
3.3.1) Stabilisation of F-actin with phalloidin.

It has been postulated that the F-actin cortex acts as a physical barrier, 
preventing the fusion of secretory granules (discussed in 1.4.1.1). Stabilisation of the 
mast cell F-actin cortex was attempted to determine whether this would affect the 
secretory response.

Phalloidin binds to and stabilises filamentous actin. As the binding of phalloidin 
increases towards saturation, the degree of protection against depolymerisation also 
increases (Dancker et al. 1975). Low concentrations of phalloidin (<0.2 pM), allow 
visualisation of F-actin, but does not prevent F-actin disassembly (J. Norman, personal 
communication). The binding of RP to permeabilised mast cells is almost saturated at 
0.6 pM, and the level of binding is 10% greater at 2.0 pM (not shown). The level of 
binding does not quite reach a plateau at higher concentrations, probably due to non
specific binding. High concentrations of RP prevent disassembly of the F-actin cortex 
in response to GTP-y-S (Norman et al. 1994), but not that in response to Ca^+ (Koffer 
et al. 1990).
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Permeabilised mast cells were exposed to saturating concentrations of 
unlabelled phalloidin before and during stimulation and then stained with FITC-S-con 
A to determine their secretory response. Pre-treatment with 2 |iM phalloidin (not 
conjugated with rhodamine) followed by stimulation had no detectable effect on the 
level of subsequent FITC-S-con A fluorescence under all stimulus conditions tested 
(figure 3.3). Saturating concentrations of RP (2|liM) also had no significant effect on 
the level of hexosaminidase release from cells stimulated in the presence of Ca^+ (not- 
shown). However, results from our laboratory have shown that phalloidin can cause a 
50% inhibition of hexosaminidase release from cells stimulated with GTP-y-S in the 
absence of ATP or Ca^+. This stimulus condition usually only elicits a small secretory 
response of approximately 1 0 % over basal levels of release and it is possible that the 
flow cytotometry method was not able to detect a small overall change in FITC-S-con 
A fluorescence due to phalloidin.

Although saturating concentrations of RP prevent disassembly of cortical F- 
actin induced by GTP-y-S (Norman et al. 1994), phalloidin did not prevent F-actin 
disassembly following exposure to Ca^+/ATP ; 6 8 % ± 4.8% of F-actin remained 
relative to unstimulated cells -not statistically different from the level of disassembly 
that occurred in control cells (67.5%).
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Figure 3.3) Effect of phalloidin pre-treatment on secretion.
Permeabilised cells were exposed to 2 \iM  phalloidin or buffer control for 2 
minutes before being exposed to A) EGTA (control); B) Ca^+ (pCaS) + ATP (3 
mM); C) GTP-y-S (30 pM) with EGTA; D) Ca^+ (pCa5) + GTP-y-S (30 pM). 
Phalloidin was maintained during stimulation. Cells were then labelled with 
FITC-S-con A (64 pg mpl) and analysed by flow cytometry. A histogram of the 
FITC-S-con A fluorescence intensity of cells is presented. Cells treated without 
phalloidin, solid line; cells treated with phalloidin, dotted line. 10,000 cells were 
analysed per sample. Data is representative of 4 similar experiments.
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Although RP did not prevent the loss of F-actin following Ca^+/ATP 
stimulation, F-actin changes that may not result in a gross change in F-actin content 
may still have occurred - such as alterations in the re-organisation of the remaining F- 
actin. Although it had no effect on the final extent of Ca^+ dependent secretion, F- 
actin stabilisation may affect other aspects of granule release. Therefore, the effect of 
pre-treatment with RP on the time-course of the secretory response was investigated 
to determine whether stabilisation of F-actin had any effect on the delay before the 
onset of degranulation or the rate of granule release from degranulating cells. 
Permeabilised cells were pre-treated with and without 2pM RP and the changes in 
light scattering characteristics were analysed in real time by flow cytometry. However, 
RP pre-treatment had no effect on the time course of the change from non-secreting to 
secreting light scatter profile (figure 3.4). The real-time change in mean light scatter of 
all cells was also unaffected by RP pre-treatment (not shown).

1 0 0

80

w
1
I
3
C
g
S’"O

- rhodamine phalloidin, 

+ rhodamine phalloidin
60

stimulus
addition

200

time (seconds)

Figure 3.4) Effect of rhodamine-phalloidin pre-treatment on the rate of 
degranulation.
Cells were permeabilised and treated with or without 2 pM rhodamine- 
phalloidin for two minutes, washed and analysed in real time hy flow cytometry. 
After 60 seconds, cells were treated with Ca^+ (pCa5) + ATP (3 mM) + GTP-y-S 
(30 pM), and analysis was continued. The time-course of the percentage of 
degranulated cells with and without rhodamine-phalloidin pre-treatment (as 
indicated) is shown. The data obtained using 2 pM rhodamine phalloidin are 
representative of 4 different runs from one experiment using different 
concentrations of phalloidin.
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3.4) F-actin disassembly and secretion.
In 3.2.1, it was shown that stimulation with Ca^+ZATP resulted in the loss of 

approximately a third of the content of F-actin, and that the loss occurred 
predominantly from the cortical region. To gain more insight into the relationship 
between F-actin disassembly and secretion, they were examined simultaneously using a 
combination of flow cytometry and hexosaminidase secretion measurements.

3.4.1) Disassembly of F-actin occurs in both secreting and non-secreting cells.
Stimulation with Ca^+ZATP, induced a pronounced loss of F-actin (Figure

3.1). Confocal microscopy images showed that this was mainly due to a thinning and 
fragmentation of the cortical F-actin ring (figure 3.2). Two populations of cells are 
apparent following stimulation with Ca^+ZATP, the population with higher light scatter 
corresponding to non-secreting cells, and that with lower light scatter corresponding to 
secreting cells (figure 3.5B). Analysis of the RP fluorescence showed that both 
populations had a fluorescence intensity distribution which was lower than that of 
unstimulated cells (figure 3.5A).

non-secreting
cells

rhodamine phalloidin fluorescence 
(arbitrary units)

rhodamine phalloidin fluorescence 
(arbitrary units)

Figure 3.5) Relationship between light scatter and F-actin content. 
Permeabilised cells were exposed to A) EGTA and B) Ca^+(pCa4.75) +
ATP (3 mM). Cells were then labelled with rhodamine-phalloidin (0.6 pM) and 
analysed by flow cytometry. Two parameter histograms are presented showing 
90° light scatter on the Y axis (log scale) and rhodamine-phalloidin fluorescence 
on the X axis. In B), the population with higher 90° light scatter (marked with 
an arrow) represents non-secreting cells; the population with lower light scatter 
represents secreting cells. The mean fluorescence intensities of the secreting and 
non-secreting cell populations shown in the figure were 71% and 77% 
respectively. The data are representative of 8 separate experiments.
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3.4.2) Secretion and disassembly have similar stimulus requirements.
F-actin loss from non-secreting cells suggests that secretion and F-actin 

disassembly may be regulated independently. Indeed, disassembly could be a 
consequence of the activation of Ca^+ dependent actin severing proteins, such as 
gelsolin, effects of ATP, such as an alteration in actomyosin interactions, or a 
combination of both. This possibility was investigated.

Figure 3.6 shows that Ca^+ alone (pCa6  - pCa4.5) had no effect on the F-actin 
content of permeabilised mast cells (filled squares) and did not induce the release of 
hexosaminidase (open squares). In the presence of 3 mM ATP (optimal 
concentrations of ATP for inducing secretion), increasing concentrations of Ca^+ 
induced a dose-dependent decrease in F-actin content compared to control cells (figure 
3.6, filled circles). The loss of F-actin reached a maximum at pCa4.75 and showed a 
similar requirement for Ca^+ as that required for the secretion of hexosaminidase (open 
circles).
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Figure 3.6) F-actin disassembly and secretion share the same Ca +̂ requirement. 
Permeabilised cells were stimulated in the presence or absence of 3 mM ATP and 
increasing concentrations of Ca^+. Supernatants were removed and analysed for 
released hexosaminidase. Cells were then labelled with rhodamine-phalloidin (0.6 
pM) and analysed hy flow cytometry. The relative fluorescence intensity of cells 
as a percentage of unstimulated cells (EGTA, no ATP) is shown. Cells stimulated 
in the absence of ATP, squares; cells stimulated in the presence of ATP, circles; 
relative F-actin content, filled symbols; percentage of total hexosaminidase 
release, open symbols. Values are the means of duplicate data and the data is 
representative of three experiments.
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The relationship between F-actin loss and the level of secretion was also 
examined over a range of ATP concentrations to further test the strength of the 
relationship. ATP, in the absence of Ca^+ had no effect on the F-actin content of cells 
(figure 3.7, filled squares). In the presence of optimal concentrations of Ca^+, F-actin 
loss and secretion shared a similar ATP requirement. Pronounced F-actin loss and 
secretion began at ATP concentrations greater than 100 |xM. However, a small 
decrease in F-actin content was consistently observed at lower ATP concentrations 
(10-100 |LiM). Both responses reached a plateau at the same ATP concentration, 
which was 3 mM.
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Figure 3.7) F-actin disassembly and secretion share a similar ATP requirement. 
Permeabilised cells were stimulated in the presence or absence of Ca2+ (pCa 
4.75) and increasing concentrations of ATP. Cells were treated as described in 
figure 3.6 and analysed for % hexosaminidase release and relative rhodamine- 
phalloidin fluorescence intensity. Cells stimulated in the absence of Ca^+, 
squares; cells stimulated in the presence of Ca2+, circles; relative F-actin content, 
filled symbols; percentage of total hexosaminidase release, open symbols. Values 
are the means of duplicate data and the data is representative of two 
experiments.
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These data demonstrate that both Ca^+ and ATP are required to induce the loss 
of F-actin and that Ca^+ alone is not sufficient. In addition, the Ca^+ and ATP 
concentration requirements for F-actin loss and secretion are closely matched. 
However, some F-actin loss occurs at ATP concentrations lower than that required to 
elicit secretion.

3.5) Regulation of the actin cytoskeleton by GTP-binding proteins.
3.5.1) Regulation of cortical F-actin disassembly by GTP-binding proteins.

Other work in our laboratory, which examined the cytoskeletal changes 
following stimulation with GTP-y-S, showed that GTP-y-S also induces the 
disassembly of the F-actin cortex, although to a lesser extent than that induced by 
Ca^+/ATP (Norman et al. 1994). AIF̂ -̂ specifically activates heterotrimeric GTP- 
binding proteins (but not small molecular weight GTP-binding proteins) (Kahn, 1991). 
The disassembly of cortical F-actin induced by GTP-y-S was mimicked by treatment 
with aluminium fluoride, suggesting that disassembly of the F-actin cortex is mediated 
by a heterotrimeric GTP-binding protein.
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Figure 3.8) Deoxv GDP inhibits both secretion and F-actin loss.
Permeabilised cells were stimulated in the presence of Ca^+ (pCa 4.75) and ATP 
(3 mM) or with EGTA (no ATP) and increasing concentrations of deoxy GDP. 
Cells were treated as described in figure 3.6 and analysed for % hexosaminidase 
release and relative rhodamine-phalloidin fluorescence intensity. Unstimulated 
cells (EGTA), circles; cells stimulated in the presence of Ca^+ and ATP, squares; 
relative F-actin content, filled symbols; percentage of total hexosaminidase 
release, open symbols. Values are the means of duplicate data and the data is 
representative of two experiments.
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It has been reported that secretion induced in the absence of guanine 
nucleotide, ie by Ca^+ZATP, is inhibited by high concentrations of GDP or deoxy- 
GDP, suggesting that cell activation may still occur via GTP-binding proteins (Lillie 
and Gomperts, 1992; Koffer, 1993). To determine whether the F-actin disassembly 
induced by Ca^+/ATP was similarly inhibited by deoxy-GDP and may hence be 
mediated via GTP-binding proteins, the effect of increasing concentrations of deoxy 
GDP on F-actin loss and the relationship to the inhibition of secretion was examined.

Deoxy-GDP inhibited Ca^+ZATP-induced F-actin loss in a dose dependent 
manner, which parallelled the inhibition of secretion (figure 3.8). At 3 mM deoxy- 
GDP, the loss of F-actin was inhibited by 65% of control levels and hexosaminidase 
release was inhibited by 70% . These data indicate that there is a GTP-binding protein 
component in the regulation of Ca^+ZATP induced F-actin disassembly as well as 
secretion. In addition, the data again demonstrate that a relationship exists between 
the regulation of the two processes.

3.5.2) GTP-y-S prevents the loss of F-actin induced by Ca^+ZATF.
In section 3.1.1, it was shown that cells labelled with RP following stimulation 

with Ca^+ZATP had a lower fluorescence intensity than unstimulated cells. When cells 
were stimulated with Ca^+ZATP in the presence of GTP-y-S, the overall loss of F-actin 
was reduced such that cells now contained approximately 85% of the F-actin content 
compared to unstimulated cells. This suggests that the activation of a GTP-binding 
protein prevents the loss of F-actin induced by Ca^+ZATP.

Confocal microscopy studies in our laboratory demonstrated that following 
stimulation with GTP-y-S in the absence of Ca^+, cortical actin filaments, pre-labelled 
with low concentrations of RP, were relocated in the cell interior. This relocalisation 
was subsequently shown to be dependent on the small GTP-binding protein, Rac 
(Norman et al. 1994). The possibility that GTP-y-S induced the retention of 
disassembled actin filaments in response to Ca^+ZATP was investigated. The 
relationship between the observed effect and the secretory response was also 
examined.

Observation of the RP staining of post-labelled cells stimulated with 
Ca^+ZATPZGTP-y-S by microscopy indicated that less F-actin was present in the 
cortical region and the cortical F-actin which remained was fragmented (figure 3.1C). 
In addition, the interior regions of these cells also had a higher level of staining than 
control cells or cells stimulated with Ca^+ZATP without GTP-y-S (figure 3. IB and C). 
These results demonstrate that cortical F-actin disassembly is not prevented by 
GTP-y-S, but that disassembly is accompanied by an increase in F-actin in the cell 
interior.
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To demonstrate that the GTP-y-S dependent prevention of F-actin reduction 
was due to the retention of existing filaments, rather than due to de novo 
polymerisation, cells were pre-labelled with non-saturating concentrations of RP and 
washed prior to stimulation. Since RP binds with high affinity to F-actin, but only to a 
negligible degree to monomeric actin, only pre-existing filaments are labelled and 
changes in the F-actin content due to any de novo polymerisation are not recorded.

Following stimulation of pre-labelled cells with Ca^+ZATP, the F-actin content 
of cells decreased (figure 3.9A); an average of 6 8 % ± 5 of the F-actin content 
remained compared to unstimulated cells (S.E.M., n=4). Following stimulation with 
Ca^+/ATP and GTP-y-S, the reduction in F-actin content was less pronounced (figure 
3.9B); 84.5% ± 5 of the F-actin content remained after this treatment compared to pre
labelled control cells (S.E.M., n=4). A paired T test shows that the effect of GTP-y-S 
on F-actin retention in cells stimulated with Ca^+/ATP is 'extremely significant' (P = 
0.0002). This demonstrates that pre-labelled actin filaments are retained by the cell as 
a consequence of the presence of GTP-y-S during Ca^+/ATP stimulation.

The content of F-actin in pre-labelled cells was not statistically different from 
that of post-labelled cells following stimulation with Ca^+/ATP/GTP-y-S.
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Figure 3.9) GTP-y-S prevents the loss of F-actin induced bv Ca +̂ZATF. 
Permeabilised cells were pre-labelled with 0.18 pM rhodamine-phalloidin for 2 
minutes, washed and stimulated to secrete. Fluorescence was analysed hy flow 
cytometry. A) cells exposed to Ca^+(pCa4.75) -+- ATP (3 mM) A); B) cells 
exposed to Ca^+(pCa4.75) 4- ATP (3 mM) A) with GTP-y-S (30 pM). The 
fluorescence intensity profile of control cells (exposed to EGTA) is superimposed 
upon each trace (dotted line), in = 5.
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3.5.3) GTP-y-S induces the retention of F-actin in secreting cells.
Exposure to Ca^^/ATP induced the loss of F-actin in both secreting and non

secreting ceils (figure 3.5). The F-actin content of secreting and non-secreting cells 
was analysed following stimulation with and without GTP-y-S to determine whether F- 
actin retention occurred selectively in one population. It was observed that when cells 
were stimulated with Ca '̂" /̂ATP and GTP-y-S, F-actin was selectively retained in 
secreting cells, but lost in non-secreting cells (figure 3.10).

A preferential retention of F-actin in secreting cells demonstrates that F-actin 
retention is hnked to the secretory response. Furthermore, the results indicate that F- 
actin retention is mediated by a GTP-binding protein.
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Figure 3.10) Retention of F-actin occurs preferentially in secreting cells. 
Permeabilised cells were pre-labelled with 0.18 pM rhodamine-phalloidin for 2 
minutes, washed and stimulated to secrete and fluorescence was analysed by flow 
cytometry. A) control cells, exposed to EGTA only; B) cells exposed to 
Ca^^(pCa4.75) + ATP (3 mM); C) cells exposed to Ca^^(pCa5) + ATP (3 mM) + 
GTP-y-S (30 pM). Secreting and non-secreting cells were identified by their 
light scattering characteristics and were analysed separately for rhodamine- 
phalloidin fluorescence. Results are representative of four separate experiments.
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3.5.4) Real-time analysis of disassembly/retention.
Using RP pre-labelling, two different processes that influence the F-actin 

content in cells have been identified here, namely F-actin disassembly and retention of 
existing filaments. It has been shown that the requirements for Ca^+ and ATP and 
susceptibility to inhibition by deoxy-GDP of both F-actin disassembly and secretion are 
closely matched. To determine how secretion and disassembly correlate over the 
duration of the response, the time-courses of these two processes were examined. It 
was expected that the time-course of F-actin loss would precede the time course of 
secretion if disassembly of cortical F-actin is required to allow access of granules to 
the plasma membrane.

The first approach used to determine the time-course of secretion and F-actin 
content involved quenching the cell response at timed intervals after stimulation and 
analysing hexosaminidase release and F-actin content separately. This did not give 
conclusive results, partly due to the limitations on the speed and accuracy with which 
samples could be removed and quenched (not shown). An alternative approach was 
adopted whereby the change in RP fluorescence of the secreting and non-secreting cell 
populations was followed in real-time and compared to the time-course of cell 
degranulation.

Figure 3.11A shows that following stimulation of RP pre-labelled cells with 
Ca^+ZATP, the time-course of decrease in cellular F-actin was similar in secreting and 
non-secreting cell populations, although the onset of F-actin decrease was only 
apparent approximately 1-2 minutes after the onset of cell degranulation. Disassembly 
of cortical actin filaments probably occurs as a result of severing rather than 
depolymerisation (since pre-labelled filaments can be subsequently retained). The 
delayed onset in F-actin decrease may therefore have been due to the time taken for 
disassembled actin filaments to fragment and/or depolymerise to the extent that they 
can diffuse from the cell through the pores created by streptolysin-0. In other words, 
the real-time F-actin assay does not record the disassembly of F-actin, but records the 
loss of actin from the cell, which may occur some time after disassembly.

When pre-labelled cells were stimulated with Ca^+ZATP in the presence of 
GTP-y-S, as expected, the time course of the degranulation response was much faster 
than that observed in the absence of GTP-y-S. As expected, the F-actin content of 
secreting cells remained relatively constant due to retention of existing filaments. 
However, the decrease in F-actin content of non-secreting cells was also rapid, 
following the faster time-course of degranulation obtained with this stimulus (Figure 
3.1 IB). Thus GTP-y-S accelerated the rate of F-actin disassembly as well as the rate 
of secretion.
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Figure 3.11) Real-time analysis of F-actin content and degranulation in secreting 
and non-secreting cells.
Permeabilised cells were pre-labelled with 0.18 pM RP for two minutes, washed 
and analysis by flow cytometry commenced. After a control period (2 minutes), 
cells were stimulated to secrete as indicated and analysis continued. The 
percentage of cells displaying a degranulated light scatter profile in each time- 
slice was determined as described in figure 2.6. F-actin content (RP 
fluorescence) is shown as a percentage of pre-stimulus levels. The two traces are 
from the same experiment and are representative of four similar experiments.
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An approximately constant level of low fluorescence intensity background 
noise is always present during flow cytometry recording, probably due to cell debris 
and spontaneous random signals. The contribution of low intensity noise was kept to a 
minimum by 'gating' particles with unusual light scatter and those with particularly low 
fluorescence signals, excluding them from the data which was analysed. However a 
contribution from background noise cannot be completely removed. Naturally, 
throughout the duration of the secretory response, the number of cells in the non
secreting cell population at each time-slice decreased, which may cause a gradual 
decrease in the signahnoise ratio. To ensure that this was not the cause of the 
decrease in the mean fluorescence intensity of the non-secreting cell population, the 
fluorescence intensity profiles of secreting and non-secreting cells measured in the last 
60 seconds of the recording were analysed. Figure 31 IB (inset) shows that the modal 
position of non-secreting cells is lower than that of secreting cells, demonstrating that 
the lower mean fluorescence is not solely due to 'contamination' from low intensity 
noise.

3.6) Discussion.

It has been shown previously (Koffer et al. 1990) and was shown here that, in 
permeabilised mast cells, Ca^+, in the presence of ATP, induces both secretion and a 
reduction in the F-actin content. The working hypothesis at the beginning of this 
investigation was that the level of secretion correlated with the level of F-actin loss, 
consistent with the hypothesis that cortical F-actin acted as a barrier, preventing access 
of secretory granules to the plasma membrane (Orci et al. 1972 and reviewed in 
(Burgoyne and Cheek, 1985; Aunis and Bader, 1988). Early experiments showed, 
however, that the level of secretion did not directly correlate with the total F-actin 
content of cells, as some highly potent stimuli (including both Ca^+ and GTP-y-S) 
could induce over 70% secretion but showed a less pronounced decrease in F-actin 
compared to less potent stimuli.

It was shown previously that GTP-y-S induced the disassembly of cortical actin 
filaments, an effect which was mimicked by aluminium fluoride (AIF^") (Norman et al. 
1994), an activator of heterotrimeric GTP-binding proteins (Kahn, 1991). GTP-y-S 
also induced the retention of disassembled cortical actin in the cell interior, an effect 
which was dependent on the small GTP-binding protein, Rac (Norman et al. 1994). It 
was shown here that Ca^+ZATP induced disassembly and secretion shared similar 
stimulus requirements suggesting that these processes were co-regulated. However, 
F-actin disassembly occurred in both secreting and non-secreting cells, dissociating a 
direct relationship between disassembly and secretion. On the other hand, GTP-y-S
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induced the retention of F-actin induced by Ca^+ZATP, but retention occurred 
predominantly in secreting cells, demonstrating a close association between this 
cytoskeletal response and secretion.

3.6.1) Disassembly of cortical F-actin is not sufficient for secretion to occur
Analysis of the RP fluorescence of cells stimulated with Ca^+ and ATP 

indicated that over 30% of the F-actin had been lost from these cells. Fluorescence 
microscopy showed that this was a consequence of a reduction in the F-actin at the cell 
cortex. Analysis of the RP fluorescence of the cells in secreting and non-secreting sub
populations revealed that both had reduced levels of F-actin compared to unstimulated 
cells. This result suggests that loss of F-actin is not sufficient for granule fusion to 
take place in a proportion of cells and suggests that other factors serve to regulate the 
fusion of granules with the plasma membrane.

Other results support this suggestion; we have shown that in the absence of 
Ca^+, disassembly of cortical F-actin with gelsolin segment 1-3, which severs actin 
filaments independently of Ca^+, induces a 40% decrease in F-actin without eliciting 
secretion (Borovikov et al. 1995). In addition, treatment of permeabilised mast cells 
with AIF^" induces cortical F-actin disassembly without inducing secretion (Norman et 
al. 1994). Furthermore, in anterior pituitary cells, some granules exist in close 
apposition with the plasma membrane, suggesting that fusion does not occur 
spontaneously (Senda et al. 1994), and in adrenal chromaffin cells, secretion can be 
inhibited without inhibiting actin disassembly (Burgoyne et al. 1982). These results all 
suggest that the cortical actin network does not act as the only restriction for fusion of 
granules with the plasma membrane.

However, this contrasts with the findings of others, who have suggested that 
removal of cortical F-actin is sufficient to enable spontaneous granule fusion; Lelkes 
and colleagues showed that 5 |iM cytochalasin D enhanced basal release from adrenal 
chromaffin cells from 6 % to 12% (Lelkes et al. 1986). Furthermore, Muallem and 
colleagues showed that in the absence of other stimuli, low concentrations of the 
monomer binding protein thymosin piO reduced cortical F-actin levels and induced 
release from pancreatic acinar cells which exceeded that elicited by Ca^+ or other 
agonists (Muallem et al. 1995). However, the thymosin preparation did contain some 
contaminating Ca^+ and the response was inhibited to some extent by EGTA. It has 
been shown that disassembly of cortical F-actin reduces the Ca^+ requirement for 
secretion (Lew et al. 1986; Koffer et al. 1990; Borovikov et al. 1993). It is therefore 
possible that the low level of contaminating Ca^+ in the thymosin preparation was 
sufficient to induce exocytosis in the absence of a cortical actin barrier.
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3.6.2) Co-regulation of secretion and F-actin disassembly by Ca^+ and ATP
It is not clear why some cells do not secrete in response to maximal Ca^+ and 

ATP concentrations. It is possible that in these cells, proteins essential to secretion 
have been lost due to leakage or inactivation. The fact that disassembly of F-actin 
occurs in both secreting and non-secreting cells indicates that the machinery that 
mediates disassembly remains intact. These results could suggest that secretion and 
disassembly are regulated by separate mechanisms and are not regulated by a common 
pathway; for instance, Ca^+ may act independently on calcium dependent actin 
severing proteins - hence the ability to induce disassembly without secretion.
However, it is possible that secretion and F-actin disassembly are co-regulated at an 
early stage, but that requirements for later steps that regulate secretion are not fulfilled 
in some cells. These possibilities were investigated.

In permeabilised adrenal chromaffin cells, Ca^+ is sufficient to induce 
catecholamine secretion and Cheek and Burgoyne showed that the reduction in F-actin 
and secretion shared a similar calcium dependency (Cheek and Burgoyne, 1991). 
However it was shown that in intact cells, a rise in intracellular Ca^+ induced by K+ 
did not induce a reduction in F-actin demonstrating that F-actin loss was not solely the 
consequence of activation of Ca^+ dependent F-actin regulating proteins (Burgoyne 
and Cheek, 1985). It was shown here that in permeabilised washed mast cells, Ca^+ 
alone induces neither secretion nor actin disassembly - again demonstrating that Ca^+ 
does not act independently to induce F-actin disassembly. To elicit secretion and F- 
actin reduction, both Ca^+ and ATP were required.

The dependence on Ca^+ and ATP concentration was similar for both secretion 
and F-actin disassembly, suggesting that these two processes may be co-regulated by a 
Ca^+ and ATP dependent signalling pathway. Such a suggestion is consistent with the 
findings of Pfeiffer and colleagues who demonstrated that the dependence on ligand 
(IgE) concentration for secretion from RBL cells was the same as that for the 
accompanying F-actin changes (Pfeiffer et al. 1985). Some reduction in F-actin 
content was observed at low ATP concentrations and was not accompanied by 
secretion. This suggests that a kinase with a a low acts on F-actin independently 
of secretion and a separate kinase with a high regulates both processes. This latter 
kinase could be a phosphatidylinositol kinase, which have been reported to have high 

values for ATP (0.7 mM) (Endemann et al. 1987).

The relationship between secretion and F-actin disassembly was maintained 
when these processes were studied in real time. The rate of loss of F-actin was similar 
in both secreting and non secreting cells following stimulation with Ca^+/ATP, and 
occurred on a similar timescale to that of degranulation. The rate of degranulation and
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the rate of F-actin loss in non-secreting cells was increased when GTP-y-S was also 
present. This further supports the suggestion that secretion and F-actin disassembly 
are regulated by a common pathway. Although the F-actin content of secreting cells 
remained constant due to the retention of F-actin, it would be reasonable to speculate 
that if retention of filaments was prevented, then the rate of loss of F-actin from 
secreting cells would also match the rate of degranulation.

It is well established that a synergy exists between Ca^+ and GTP-y-S that 
enhances both the rate and extent of secretion from mast cells (Howell et al. 1987). It 
would appear that such a synergy also increases the rate of actin disassembly and 
further supports the suggestion that secretion and F-actin disassembly are regulated by 
a common pathway. It also implicates the involvement of a GTP-binding protein in F- 
actin disassembly (see below).

3.6.3) Co-regulation of cortical F-actin disassembly and secretion by GTP- 
binding proteins.

An increase in the rate of Ca^+ZATP induced secretion and F-actin disassembly 
with GTP-y-S suggests that the pathway that regulates these processes is modulated by 
a GTP-binding protein. This suggestion is supported by results which showed that 
both Ca^+/ATP induced secretion and disassembly were inhibited with similar 
concentrations of deoxy GDP. A similar conclusion could be drawn from the 
observations that, in adrenal chromaffin cells, Câ """ induced secretion and reduction of 
F-actin are enhanced by GTP-y-S (Burgoyne et al. 1989).

Other work in our laboratory has shown that in the absence of Ca^+ or ATP, 
GTP-y-S induces secretion and disassembly of the F-actin cortex in glass-attached 
cells, and the effect on disassembly was mimicked by aluminium fluoride, an activator 
of heterotrimeric GTP-binding proteins (Norman et al. 1994). It is possible that 
Ca^+ZATP and GTP-y-S both activate the same GTP-binding protein that eventually 
leads to F-actin disassembly.

3.6.4) Evidence for the existence of two different mechanisms of F-actin 
disassembly.

A clue to the mechanism of disassembly was obtained from experiments in 
which cells were pre-labelled with rhodamine-phalloidin. It was shown that pre
labelled actin filaments are retained in the cell interior when disassembly occurs in the 
presence of GTP-y-S. Since phalloidin does not bind to actin monomer, it is likely that 
pre-labelled filaments must have been initially dissociated from the cortex as filaments 
rather monomeric actin subunits. These results provide evidence that disassembly is a 
consequence of the severing or uncrosslinkingZreleasing of actin filaments rather than
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depolymerisation. The fact that filaments are not retained in the absence of GTP-y-S 
suggests that the disassembled filament fragments are either very short, or more likely, 
that they subsequently depolymerise or fragment further to the extent that they can be 
lost through the pores created by SLO.

Two results indicate that Ca^+ZATP and GTP-y-S induced disassembly function 
by different mechanisms:

1) It has been shown previously (Koffer et al. 1990) and was described here that 
phalloidin does not inhibit Ca^+ dependent F-actin disassembly. In contrast, GTP-y-S 
induced disassembly of the F-actin cortex in attached cells is completely blocked by 
rhodamine phalloidin (Norman et al. 1994).

GTP-binding proteins are known to regulate the levels of specific 
phospholipids. GTP-y-S induced calcium independent F-actin disassembly may be 
mediated by the actin severing proteins, ADF or cofillin, which are unable to sever 
phalloidin stabilised filaments and are regulated by phospholipids (Yonezawa et al. 
1988; Maciver et al. 1991; Yonezawa et al. 1990). On the other hand, Ca^+ZATP 
dependent disassembly may be mediated by the Ca^+ and phospholipid regulated 
protein, gelsolin, or gelsolin-like proteins, since severing by gelsolin is not inhibited by 
phalloidin (Bearer, 1991). Therefore, Ca^+ dependent and Ca^+ independent severing 
may form the basis of two different mechanisms of F-actin disassembly. However, the 
different mechanisms may be due to ATP dependent and independent mechanisms 
which may also be affected differently by phalloidin and are not necessarily due to 
severing.

2) disassembly induced by GTP-y-S or AIF^" was less pronounced than that induced by 
Ca^+ZATP. Evidence suggested that a component of Ca^+ZATP induced F-actin 
disassembly was regulated by a GTP-binding protein. However, if Ca^+ZATP induced 
disassembly was solely due to activation of this GTP-binding protein, then disassembly 
would be expected to be less pronounced than that obtained with GTP-y-S as GTP-y-S 
activates GTP-binding proteins directly. Therefore, it appears that the effects of 
activation of a GTP-binding protein are enhanced by Câ """ andZor ATP to induce 
maximal disassembly.

In view of the differential effects of phalloidin on stabilisation, GTP-y-S may 
activate a Ca^+ independent, perhaps PIP2  regulated mechanism, such as severing by 
ADF or uncrosslinking by a-actinin. Ca^+ZATP may also activate this protein, but also 
activate a Ca^+ and phospholipid regulated protein like gelsolin or an ATP dependent 
process and hence enhance the level of F-actin disassembly achieved by GTP-y-S 
alone.
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The effect of Ca^+ and ATP individually on GTP-y-S induced disassembly 
might help to establish whether the activation of a Ca^+ or an ATP-dependent protein 
was responsible for enhancing GTP-binding protein mediated disassembly. However, 
this was difficult to establish; the level of cortical disassembly induced in the presence 
of GTP-y-S using whole cell measurements is masked by the retention of disassembled 
cortical filaments. Such a question is better addressed using confocal microscopy and 
quantitating the level of RP staining in the cortical region. However, this was not done 
here.

3.6.5) Is gelsolin responsible for F-actin disassembly?
Western blotting experiments indicated that 90% of cellular gelsolin remains in 

mast cells following permeabilisation (not shown, but see Borovikov et al. 1993). The 
differential effects of rhodamine-phalloidin on disassembly make gelsolin an obvious 
candidate for mediating Ca^+ dependent disassembly through severing of F-actin. 
However, work from our lab has shown that Ca^+ZATP induced disassembly is not 
prevented by an antibody which inhibits gelsolin severing, indicating that severing by 
gelsolin is probably not responsible (A. Koffer, personal communication).

Upon treatment with GTP-y-S in the absence of Ca^+, gelsolin is lost from the 
cortical region (Borovikov et al. 1995). A role of gelsolin in mediating GTP-y-S 
induced cortical disassembly must therefore be considered. Although there is no direct 
evidence to suggest that it is the case, it is conceivable that gelsolin retains actin 
filaments in the cortical region, perhaps via anchorage to the plasma membrane. 
GTP-y-S may induce uncapping of filaments, releasing them from the cortical region. 
Dissociation of gelsolin caps from actin filament ends is promoted by PIP2  (Janmey et 
al. 1987). However, disassembly of cortical actin occurs in the absence of ATP 
suggesting that synthesis of PIP2  does not lead to uncapping in this case. It possible 
that a redistribution of PIP2  enables PIP2  to induce uncapping, or that uncapping can 
be achieved by means independent of PIP2 .

Other gelsolin-like proteins may also be involved in mediating F-actin 
disassembly in mast cells, such as scinderin, which has been implicated in the regulation 
of cortical F-actin disassembly in chromaffin cells and is found predominantly in cells 
with high secretory activity (Vitale et al. 1991; Tchakarov et al. 1990).

3.6.6) Regulation of secretion via cortical disassembly.
Numerous studies have involved manipulation of the actin cytoskeleton or actin 

binding proteins and have supported a requirement for cortical F-actin disassembly as a 
pre-requisite for secretion. These have generally involved stabilisation or disruption of 
the actin cytoskeleton and demonstrated inhibition and enhancement of secretion.
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respectively (Lelkes et al. 1986; Koffer et al. 1990; see also 1.5.1). Some studies have 
shown that introduction of actin binding proteins, or their antibodies, can also 
modulate secretion (Perrin et al. 1987; Borovikov et al. 1995; Hegmann et al. 1989). 
However it is necessary to consider the specificity of effects of large macromolecules, 
such as antibodies, on the secretory response due to the risk of steric hindrance. 
Nevertheless, the literature do point to a role of cortical F-actin in regulating secretion.

Whilst it was concluded here that disassembly of cortical F-actin is not 
sufficient for secretion to take place, the question of whether disassembly is essential 
or modulatory must also be addressed. Scanning electron microscopy of the cytosolic 
face of the plasma membrane of mast cells reveals a tight network of actin filaments 
(Nielsen et al. 1989). In addition, one dimensional line scan analysis of RP 
fluorescence across mast cells suggest that the average thickness of the F-actin cortex 
could exceed 1 micron (Norman et al. 1994). It would therefore seem highly unlikely 
that secretory granules could freely traverse this network and fuse with the plasma 
membrane and that cortical disassembly must surely be a pre-requisite. However, 
electron microscopy of sections through resting mast cells show that the secretory 
granules are tightly packed, and many granules are located adjacent to the plasma 
membrane (Rohlich et al. 1971). It is therefore conceivable that in mast cells, granules 
do not need to traverse the region occupied by the cortical F-actin network, but merely 
fuse with granules that have already penetrated it.

If cortical disassembly is essential for secretion to take place, then it would be 
expected that disassembly would precede secretion. In RBL cells, which are closely 
related to mast cells, F-actin disassembly occurs within 20-30 seconds following 
stimulation - before changes in the topography of the plasma membrane took place 
(observed by scanning electron microscopy) (Pfeiffer et al. 1985). Similarly, in adrenal 
chromaffin cells, disassembly of F-actin begins seconds after stimulation (Cheek and 
Burgoyne, 1991). It is therefore highly likely that disassembly occurs either before or 
simultaneously with secretion. However, this was not demonstrated in mast cells; 
contrary to expected results, real-time analysis using flow cytometry suggested that the 
decrease in actin content actually followed the change in light scatter. However, it is 
likely that the response was influenced by a delay in the leakage of actin from the cell 
following disassembly. A single cell real-time confocal study, using pre-labelled mast 
cells, may provide spatial as well as temporal resolution and give more insight into the 
relationship between secretion and disassembly.

3.6.7) Retention of F-actin filaments.
Our original hypothesis was that the level of F-actin loss was proportional to 

the level of secretion. However, flow cytometry experiments showed that following
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stimulation with Ca^+/ATP/GTP-y-S, secreting cells contained higher levels of F-actin 
than non-secreting cells. This phenomenon was not observed in Ca^+/ATP stimulated 
cells indicating that the effect was a consequence of GTP-y-S action. Similar 
observations have been made in glass-attached cells stimulated with GTP-y-S in the 
absence of Ca^+; cells that secreted showed a reduction in cortical F-actin but retained 
the disassembled filaments in the cell interior (J. Norman, personal communication). 
The preferential retention of F-actin in secreting cells suggests a close relationship 
between the regulation of the cytoskeleton and the regulation of secretion.

Could other factors be responsible for the preferential retention of F-actin in 
secreting cells? It is conceivable that actin filaments are less mobile in non-secreting 
cells due to the presence of tightly packed secretory granules which may prevent 
access to putative binding sites in the cell interior. Ca^+/ATP does not induce cells to 
secrete maximally, and it is possible that even in secreting cells, remaining granules can 
prevent movement or binding of filaments in secreting cells. It is difficult to conceive 
of an in vivo method of testing this possibility.

Possible mechanisms and function of actin filament retention.
How are actin filaments retained in the presence but not absence of GTP-y-S? 

GTP-y-S induced retention of filaments is not blocked by cytochalasin, suggesting that 
association is not via the barbed ends of the actin filaments (Norman et al. 1994). 
GTP-y-S may promote binding of actin filaments to membranes, or to internal F-actin 
networks through side-on attachment, or attachment at the pointed ends of filaments. 
Actin filament retention may therefore be mediated by a protein that caps the pointed 
ends of actin filaments or binds to the sides of actin filaments, is calcium independent 
and has the potential to be ultimately regulated by GTP-binding proteins. Crosslinking 
by a-actinin appears to occur in the presence but not absence of PIP2  and is therefore 
a candidate.

The backward movement of pre-formed actin filaments has been observed in 
macrophages, and was shown to accompany crawling of the cell (Heath, 1983).
Indeed, it has been proposed that the crosslinking and backward movement of short 
filaments forms the basis of lamellipodial extension and hence movement, rather than 
the treadmilling of long filaments (Theriot and Mitchison, 1992). However, the 
advantages of filament retention in the interior of mast cells are not clear. The 
movement of filaments might be a component of a motile response which is 
inappropriately activated in the suspended cell. On the other hand, it is possible that 
the crosslinking of retained filaments in the cell interior has a structural role and 
provides support to cells that have lost their rigidity and are weakened as a
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consequence of the release of granules. Alternatively, retaining filaments in the cell 
interior may prevent these filaments from restricting granule movement to the plasma 
membrane.

3.6.8) F-actin polymerisation.
Work from our laboratory has characterised an increase in the level of RP 

binding following GTP-y-S stimulation of permeabilised glass-attached mast cells, an 
effect which was shown to be due to de novo polymerisation, since it was inhibited by 
cytochalasin. This was shown to be the consequence of activation of the GTP-binding 
protein Rho (Norman et al. 1994). It was proposed that since the cells were 
permeabilised, a non-leakable membrane-bound pool of G-actin was present, which 
supplied actin monomers to elongating actin filaments.

Here, GTP-y-S induced an increase in F-actin content such that the F-actin 
content exceeded that of unstimulated cells. The increases observed in this study were 
less pronounced, probably due to a reduced responsiveness of suspended cells to this 
stimulus. The increases in F-actin observed here were also inhibited by cytochalasin 
(not shown).

The contribution of newly polymerised actin to the total F-actin content of cells 
stimulated by GTP-y-S with and without Ca^+ and/or ATP was not investigated 
further. Such an investigation was not ideally suited to analysis by flow cytometry 
because of the simultaneous changes due to disassembly of the cortex and retention of 
disassembled actin filaments. In addition, this phenomenon was characterised 
previously using confocal microscopy techniques, which were better suited to such an 
investigation (Norman et al. 1994). It is likely, however, that de novo actin 
polymerisation makes some contribution to the total F-actin content of cells stimulated 
with combinations of effectors that include GTP-y-S.

The relationship between Rho, Rho mediated effects and secretion are 
discussed in chapter 4 of this thesis.
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Chapter 4) Rac and Rho. 

4.1) introduction.
The results presented in chapter 3 show that there are correlations between the 

secretory response and cytoskeletal changes and that both events involve regulation by 
GTP-binding proteins. Proteins of the Rho family of small GTP-binding proteins are 
implicated in the regulation of the cytoskeleton: Rho is required for the formation of 
actin stress fibres and focal adhesions in fibroblasts (Ridley et al. 1992) and has been 
implicated in the regulation of smooth muscle contraction (Hirata et al. 1992), 
cytoplasmic division (Kishi et al. 1993) and aggregation of platelets (Morii et al. 1992) 
and lymphocytes (Tominaga et al. 1993). Rac is required for membrane mffling and 
lamellipodia (Ridley and Hall, 1992) and has also been shown to be an essential 
component of a reconstituted NADPH oxidase (Abo et al. 1991; Knaus et al. 1991).
A third member of this family, Cdc42Hs, has recently been reported to regulate the 
formation of filopodia (Nobes and Hall, 1995). Neither Rac nor Rho possess known 
actin binding sites, so it appears that Rac and Rho cytoskeletal effects are not due to a 
direct interaction with actin. Work in our laboratory has also shown that both Rac and 
Rho regulate cytoskeletal organisation in mast cells.

The experiments discussed in this chapter were designed to investigate whether 
Rac and Rho also modulate the secretory response, and whether any effects on 
secretion are a consequence of the effects of these proteins on the cytoskeleton. The 
constitutively active mutants of Rac and Rho, V12Racl and V14RhoA and the Rac 
and Rho inhibitors, NlTRacl and C3 transferase, were used as tools to investigate Rac 
and Rho action in mast cells (described in 1.3.5).

The results presented here show that V12Racl and V14RhoA, specifically 
enhanced secretion from permeabilised mast cells. Furthermore, secretion was 
inhibited by NlTRacl and C3, inhibitors of Rac and Rho. Consistent with previous 
findings, it was observed that V14RhoA induced the formation of internal actin 
structures and V12Racl induced significant changes in the F-actin content in secreting 
cells. The activity of Rho was also shown to regulate the extent of cortical actin 
disassembly in both secreting and non-secreting cells, demonstrating a novel function 
of this protein.

4.2) Presence of endogenous Rho and Rac in mast cells.
4.2.1) Western blotting.

Data presented later on in this chapter indicate that recombinant forms of Rho 
and Rac and inhibitors of Rho and Rac, affect cellular responses when added to 
permeabilised mast cells. For these effects to be physiologically relevant, Rac and Rho

104



must, of course, be expressed in mast cells and not leak out at the time of 
permeabilisation. To confirm this, the amount of Rac and Rho that remains within 
mast cells 1 0  minutes after permeabilisation was compared to the amount that leaks 
out and the amount present prior to permeabilisation. Protein samples were separated 
by SDS-PAGE and following Western blotting were probed with polyclonal anti-Rac 
and anti-Rho antisera, raised against recombinant human R ad  and RhoA respectively. 
Figure 4.1(B and C) shows that proteins are present in mast cells that cross-react with 
Rho and Rac antisera and that the majority of these proteins remain within the cell 
after permeabilisation.

There is approximately 10% cross-reactivity of the anti-Rac antiserum with 
recombinant V 14RhoA protein. However, both recombinant and endogenous Rho run 
at a slightly higher apparent molecular weight than Rac ! (Rac = 20 KDa and Rho = 24 KDa) 
and this therefore allows Rac and Rho to be distinguished from one another. The 
bands were scanned by densitometry, and by comparison with known quantities of 
recombinant Rho and Rac proteins, a crude estimate of the amount of endogenous Rho 
and Rac present was made. Approximately 28 ng of Rho and lin g  of Rac were 
estimated to be present per 1x10^ cells. The total cellular concentration of Rho was 
calculated as 1 |iM and Rac as 0.39 |liM (calculation described in methods). For this 
estimation, the questionable assumption was made that the recombinant and 
endogenous proteins are recognised equally well by the antisera. This may not be the 
case, as the major antiserum binding site of Rac has been mapped and localised to the 
C terminal region; as endogenous Rac is C-terminally modified, its affinity may be 
different from the unmodified recombinant form (Anne Ridley, personal 
communication).

4.2.2) Presence of substrate for C3 transferase.
The presence of a substrate for the exoenzyme C3 transferase from 

Clostridium botulinum, which ADP-ribosylates Rho, was also investigated to support 
the evidence from Western blotting that Rho is present in mast cells. It was observed 
that only one major [^^P] ADP-ribosylated protein was present in the small GTP- 
binding protein molecular weight range (20-25 KDa) when cells were [^^P]ADP- 
ribosylated by C3 exoenzyme (figure 4.1a). Image analysis showed that 60% of the 
C3 substrate remained within cells after permeabilisation.

The [^^P]-labelled protein (and protein cross-reacting with Rho antiserum) in 
the cell extracts exhibit a molecular weight that is about 2 KDa lower than the standard 
V14RhoA. The reduced mobility of the bacterially expressed Rho has previously been 
reported (Ridley et al. 1993; Hori et al. 1991) and it has been suggested that this may 
be due to the lack of post translational processing on the recombinant form (Hori et al.
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1991). However, if this were the case, Rac might also be expected to have a higher 
apparent molecular weight. The fact that this is not so suggests that the discrepancy 
might originate in the production of the GST-fiision protein.
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Figure 4.1) Presence of Rac and Rho in mast cells.
A) A substrate for C3 transferase in mast cells. Cells were permeabilised for 10 
minutes, centrifuged and the pellet (P), supernatant (S) and unseparated total 
sample (T) were incubated for 20 minutes at room temperature with C3 
transferase (0.1 pg ml )̂ and 3.7 pCi p^PjNAD (2.5 pM). Proteins were then 
analysed on a 12.5% SDS-polyacrylamide gel and labelled proteins visualised. 10 
ng of (biologically active) recombinant V14RhoA was used as a standard. B) 
Proteins cross-reacting with anti-Rho antiserum. Cells were permeabilised and 
centrifuged (as for A) and proteins in T, P and S samples separated by gel 
electrophoresis, transferred to nitrocellulose and probed with anti-Rho 
antiserum. C) Proteins cross-reacting with anti-Rac antiserum. Samples treated 
as in B. In B & C, V14RhoA (6 and 30 ng total protein) and V12Racl (10 and 
50 ng total protein) were used as standards.

^^[P)ADP-ribosylation performed once; Westerns performed 6 times
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The concentration of cellular Rho present, estimated by the extent of 
[^2p]ADP-ribosylation, was calculated as 0.3 |iM (see methods) - close to the estimate 
arrived at from Western blotting. This estimate assumes that only the active protein in 
the standard (capable of binding ^H-GTP) can be ADP-ribosylated. This is likely to be 
the case since ADP-ribosylation is increased by the presence of nucleotide and 
prevented by heat treatment (Ohashi et al. 1987; Aktories et al. 1988), suggesting that 
an intact tertiary structure of Rho is required.

It has been reported that Rac is also a substrate for C3 transferase (Didsbury 
et al. 1989), although the efficiency of ADP-ribosylation of Rac is 1/100 that of Rho 
(Ridley e t al. 1992). Two points suggest th a t  th e  [^^P]-labelled band is not Rac: 
1) comparisons of the apparent molecular weights of the [^^P]-labelled band and 
proteins cross-reacting with Rac and Rho antibodies indicate that the [^^P]-labelled 
band is Rho. 2) if the [^^Pj-labelled band was Rac then the concentration of mast cell 
Rac present would be estimated as 30|iM (assuming that ADP-ribosylation of Rac is 
1/100^  ̂the efficiency of Rho), which greatly exceeds (by almost l(X)-fold) the 
concentration of Rac estimated by Western blotting. The [^^P]-labelled band is 
therefore probably Rho.

4.3) Rac and secretion.
4.3.1) Exogenous V12Racl stimulates secretion.

To examine the possible role of Rac in secretion, GTP-bound V12Racl, which 
is a constitutively active form of Rac, was introduced into permeabilised mast cells 
prior to stimulation with Ca^+/ATP or GTP-y-S/ATP. Stimulation with Ca^+/ATP 
allows secretion to proceed without the activation of endogenous GTP-binding 
proteins by GTP-y-S. V12Racl caused a substantial and highly significant increase in 
hexosaminidase secretion induced by Ca^+/ATP (P< 0.002) (figure 4.2). The addition 
of V12Racl had no significant effect on GTP-y-S/ATP-induced secretion. These data 
suggests that exogenous active Rac can enhance secretion when the endogenous 
protein is not activated by GTP-y-S.

The presence of small amounts of GTP have large effects on Ca^+/ATP- 
induced secretion due to its synergistic effects with both calcium and ATP (Lillie et al. 
1991; Koffer, 1993). Although the recombinant proteins used in this study were 
dialysed following 'loading' with GTP to remove any free nucleotide, the possibility 
exists that minute amounts of GTP could dissociate from the GTP-form protein and 
such a possibility must be controlled for. In addition, proteins (and particularly 
peptides) can also affect cellular responses through non-specific interactions (MacLean 
et al. 1993). To account for these possibilities, an inactive Rac mutant V 12A35Rac 1
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which was also in its GTP-bound form, but has a point mutation in the region 
corresponding to the effector region of Ras (Polakis and McCormick, 1993), was 
introduced as a control. The same concentration (as V12Racl) of V12A35Racl did 
not significantly increase the Ca^"''/ATP-induced secretion (figure 4.2). This suggests 
that the ability of V12Racl to enhance secretion in mast cells is a consequence of the 
specific activity of its effector region. As expected, V12A35Racl did not affect 
GTP-y-S/ATP-induced secretion.

To determine whether V12Racl causes an increase in secretion by enhancing 
the extent of release from cells that already secrete, or by increasing the proportion of 
secreting cells, the effect of V12Racl was analysed by flow cytometry. An increase in 
the level of secretion from secreting cells would be reflected by a more pronounced 
separation between secreting and non-secreting cell populations. The scatter profiles 
(figure 4.3A) show that in the absence of any stimulus (EGTA), almost all of the cells 
are located in region X. In the absence of added protein, stimulation with Ca^^/ATP- 
induced degranulation in approximately 40% of cells (region Z).

35 -

VArac rac VArac rac
J L

pCa4.75+ATP GTP-S+ATP

Figure 4.2) V12Racl enhances secretion.
Permeabilised cells were incubated with recombinant protein or protein buffer 
control for 5 minutes, stimulated with Câ "*" (pCa4.75) and ATP (3 mM) or GTP- 
y-S (30 |iM) and ATP (3 mM) and assayed for release of hexosaminidase. Values 
represent mean ± S.E.M of absolute increases in the percentage secretion 
compared to samples with no added protein. Control levels of secretion were 
30.5% and 13% for Ca  ̂ /ATP and GTP-y-S/ATP respectively, rac = V llR acl 
(32 pg ml‘l); VArac = V12A35Racl (32 pg mpl). ** denotes that V12Racl 
differs significantly from V12A35Racl control (P<0.002 ,t-test; n=at least 4).
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Pre-incubation with V12Racl ( 8  & 16 |ig ml'l) resulted in a large increase in the 
proportion of degranulated cells. V12Racl therefore enhances secretion by increasing 
the proportion of cells that respond to the stimulus.
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Figure 4.3) V12Racl increases the proportion of secreting cells.
Permeabilised cells were incubated with V12Racl for 5 minutes at 30° and then 
stimulated. Light scatter was determined by flow cytometry. A) Cells were 
treated with EGTA or stimulated with Ca^+ (pCa4.75) + ATP (3 mM) (C/A) in 
the presence of 0, 8 or 16 pg ml'l of V12Racl. Unstimulated control cells (X), 
non secreting cells (Y) and secreting cells (Z) are delineated. B) Proportion of 
cells in population Z, expressed as a percentage of Y+Z, after stimulation with 
pCa4.75 + ATP in the presence of increasing concentrations of V12RacI. The 
data are representative of three identical experiments.
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The percentage of cells in population Z was calculated for a range of 
concentrations of V12Racl and increased from 43% (no added protein) to 83% (32 |ig 
ml'* V12Racl) (figure 4.3B). The EC5 0  was about 10 pg mT  ̂ and is within range of 
the concentration of total endogenous Rac found in mast cells ( 8  pg rnl'^, 0.39 pM).

This EC5 0  value reflects the concentration of biologically active protein, as 
determined by its ability to bind GDP (see methods). The total concentration of 
V12Racl is approximately 6.5 times greater (determined from assays of total protein - 
not shown, but see methods). The difference between the level of active protein and 
total protein is probably due to inadequate folding or dénaturation of the recombinant 
protein. However it is also likely that the sensitivity of the assay for GDP binding is 
considerably less than 100% (A. Hall, personal communication). The concentration of 
active protein, and therefore, the EC5 0  could be up to 6.5 times greater.

4.3.2) Inhibition of endogenous Rac and its effects on secretion.
An enhancement of secretion with exogenous active V12Racl does not 

necessarily mean that endogenous Rac normally contributes to the secretory response. 
To demonstrate this, inhibition of endogenous Rac activity was attempted using 
NlTRacl, a dominant negative inhibitor of Rac.

GA GA
Figure 4.4) Effect of NlTRacl on secretion, determined by flow cytometric 
analysis of cell populations.
Permeabilised cells were incubated with NlTRacl (21 pg mpl) for 5 minutes 
prior to stimulation with 30 pM GTP-y-S + 3 mM ATP, (GA) and calcium 
(pCa4.75) + 3 mM ATP, (CA). Light scatter was determined by flow cytometry. 
Values represent mean inhibition + S.E.M of the percentage of secreting cells 
relative to controls (no added protein). Secreting cells are defined as those cells 
falling outside of the light scatter region containing non-secreting cells (shown as 
region Y in figure 4.3A). Control values for the proportions of secreting cells in 
response to GTP-y-S/ATP and Ca^+/ATP ranged from 17-36% and 58-83% 
respectively. ** denotes that inhibition by NlTRacl is significant (P< 0.001, t- 
test; n=3).
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NlTRacl reduced the proportion of cells that secreted in response to 
GTP-y-S/ATP by about 50% whereas the response to Ca^+/ATP was only marginally 
inhibited (figure 4.4). The proportion of cells that secreted in response to pCa6 / 
GTP-y-S was reduced by 45% (figure 4.5). The two parameter light scatter plot 
(forward and 90® scatter) is presented to show the distribution of the populations 
(figure 4.5A&B). A one parameter histogram of 90®LS is shown to emphasise the 
change in the proportions of secreting and non-secreting cells, (figure 4.5C).

pC a6 + GTP-S pCo6 + GTP-S B) + N17racl

forward angle light scatter

EGTA

pCa6 + GTP-S

N17rac1 + 
pCa6 + GTP-S

200 400 600 800
90°light scatter

1000

Figure 4.5) NlTRacl reduces the proportion of secreting cells.
Cells were treated as in figure 4.3 before being stimulated with pCa6 + GTP-y-S 
(30 pM) with and without NlTRacl (8 pg mi 1). A) and B) show a 2 parameter 
light scattering profile and C) shows a histogram of 90° light scatter only. The 
axis upon which 90° light scatter is plotted in C represents the Y axis of the two 
parameter histograms in A and B. The peaks with light scatter values above 
and below -300 represent non-secreting and secreting cells respectively, 
representative of 3 experiments.
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The 90®LS histogram shows that the modal positions of the secreting and non
secreting sub-populations are unchanged by NlVRacl and that it is the proportion of 
secreting cells that has been reduced. Secretion of hexosaminidase from cells 
stimulated with pCa6 /GTP-y-S- was significantly inhibited (36% ±  16 S.E.M. n=5 
p=0.02), whereas no significant effect of Ca^'^'/ATP-induced secretion was observed.

The results shown in figures 4.4 and 4.5 imply that endogenous Rac is 
activated by stimulation with GTP-y-S, and contributes towards the secretory 
response Furthermore, these results suggest that activation by endogenous Rac is 
mediated by exchange factors.

4.4) Rho and secretion.
4.4.1) V14RhoA stimulates secretion.

To examine the effect of Rho on mast cell secretion, V14RhoA, a 
constitutively active mutant form of RhoA (analogous to V12Racl and V12Ras) was 
introduced into permeabilised cells prior to stimulation. V 14RhoA enhanced the level 
of secretion induced by Ca^+ZATP in a dose-dependent manner (figure 4.6a).
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Figure 4.6) V 14RhoA enhances secretion.
A) Effect of increasing concentrations of V14RhoA on Ca^+/ATP induced 
secretion. Permeabilised cells were incubated with the indicated concentrations 
of V14RhoA or V12A35RacI for 5 minutes, stimulated with pCa4.75 + ATP and 
assayed for release of hexosaminidase. Absolute levels of secretion are presented. 
Rho = V14RhoA; VARac = V12A35Racl. B) Permeabilised cells were incubated 
with V14RhoA (16 pg ml 1) for 5 minutes and stimulated with Ca^+ (pCa4.75) 4- 

3 mM ATP (CA) or 30 pM GTP-y-S + 3 mM ATP (GA). Results in B represent 
means ± S.E.M of absolute increases in secretion (n = at least 4). ** denotes that 
the increase in Ca^+ZATP secretion induced by V14RhoA is significant (P< 
0.0005, t-test, n=6). Mean levels of secretion in the absence of added protein 
were 39% and 18% for Ca^+ZATP and GTP-y-SZATP respectively.
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The EC5 0  for this response was 3|ig ml'^ and the stimulatory effects of V14RhoA 
reached a plateau at 8 |Xg ml'T The mutant Rac protein, V12A35Racl, which shares 
58% homology with Rho (Didsbury e t al. 1989), was used as a control and did not 
affect the level of secretion. As with V12Racl, the EC5 0  value for Rho is based on the 
concentration of biologically active protein, determined by the ability to bind GDP.
The total concentration of protein was 10 fold greater (see methods). An EC5 0  of 3 
jig ml'l compares with 6  |ig ml'l of mast cell Rho estimated from ADP-ribosylation 
and 20 |xg ml'l estimated from Western blots.

In some experiments, V14RhoA caused a small enhancement of secretion in 
response to GTP-y-S/ATP, although overall, there was no significant effect (figure 
4.6b).

4.4.2) Endogenous Rho participates in the secretory response.
C3 transferase has been used in numerous studies to investigate the role of 

endogenous Rho. This enzyme ADP-ribosylates Rho and inhibits its activity (Aktories 
et al. 1989; Sekine et al. 1989). C3 inhibited secretion induced by all combinations of 
effectors (Câ """, ATP and GTP-y-S) (figure 4.7A). This shows that endogenous Rho 
participates in the secretory response of permeabilised mast cells, and indicates that the 
enhancement of secretion by V14RhoA reflects the function of its endogenous 
counterpart.

In all experiments, C3 inhibited Ca^+/ATP induced secretion. This implies that 
even in the absence of added guanine nucleotide, endogenous Rho still participates in 
the secretory response. As with NlTRacl, C3 inhibited the proportion of cells in the 
secreting population (figure 4.7B).

To determine whether the inhibitory effect of C3 transferase was primarily due 
to the inhibition of Rho, constitutively active RhoA was added following C3 treatment 
to attempt to recover C3 inhibition. Cells were treated with C3, washed and incubated 
with V14RhoA prior to stimulation. Preliminary results showed that, contrary to 
expected results, C3-treated cells were refractory to enhancement of secretion by 
exogenous V14RhoA (figure 4.8). However, ADP-ribosylated Rho has been shown to 
act as a dominant negative inhibitor of Rho, possibly by sequestering GEFs in a manner 
similar to N17 Ras/Rac mutants (Paterson et al. 1990; Ridley and Hall, 1992). It may 
be that here, the ADP-ribosylated endogenous Rho acts in this way to prevent the 
stimulatory effects of V14RhoA. On the other hand, it is possible that the C3 enzyme 
was not adequately removed by washing and remained to ribosylate the subsequently 
added V14rhoA. To exclude this latter possibility, a ribosylation-resistant form of 
constitutively active Rho, VI4141 RhoA, would need to be used. This experiment will 
be repeated using this Rho mutant in the future.
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Figure 4.7) Inhibition of secretion by Clostridium Botulinum exoenzvme C3. 
Permeabilised cells were pre-treated with 0.5 mM NAD with and without 1.0 pg 
ml’l C3 for 10 minutes, washed and stimulated to secrete. A) EGTA (con); 
EGTA+GTP-y-S (G); EGTA+GTP-y-S+ATP (GA), Ca2+ (pCa4.75)+ATP (CA) 
and Ca2+ (pCa6)+GTP-y-S (CG). Secretion was determined hy analysis of 
hexosaminidase release. Percentage inhibition hy C3 (compared to untreated 
cells) is shown. Percentage secretion from untreated cells was: 6 (con), 21 (G), 32 
(GA), 36 (CA), 35 (CG). Values represent mean ± S.E.M, n = at least 3. B)
Light scattering properties of cells treated as in A, stimulated with pCa6+GTP-y- 
S. Light scatter of the cells was analysed hy flow cytometry as described in 
methods. 10,000 cells were analysed for each sample. C3 reduced the proportion 
of secreting cells from 39% to 16%.
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Figure 4,8) Effect of cell pre-treatment with Clostridium Botulinum exoenzvme 
C3 on the subsequent effects of the addition of V14RhoA.
Permeabilised cells were incubated with or without 1.0 |ig ml'l C3 for 10 minutes 
and then washed. Cells were then incubated with the indicated concentrations of 
V14RhoA for 5 minutes at 30®C prior to stimulation with Ca^+ (pCa4.75)+ATP 
and assayed for hexosaminidase release as described in methods. One 
experiment only.

4.5) Specificity of Rac- and Rho- induced secretion.
Rac and Rho have been shown to have their own specific effects on the actin 

cytoskeleton; in mast cells, Rac induces the retention of cortical F-actin and Rho 
induces actin polymerisation and in fibroblasts, Rac induces membrane ruffling and 
Rho induces polymerisation of actin stress fibres (Ridley and Hall, 1992; Ridley et al. 
1992; Norman et al. 1994). However, members of the Rho family have also been 
shown to exert their effects through a common hierarchical pathway (ie in series) 
whereby activation of Rac leads to the activation of Rho (Ridley et al. 1992; Nobes 
and Hall, 1995). Both Rac and Rho have been shown here to participate in the 
secretory response and it is therefore necessary to determine whether these proteins 
enhance secretion through a common pathway or by acting independently.

If Rac and Rho enhance secretion via independent pathways, then the effects of 
Rac and Rho on secretion would be expected to be additive when these proteins were 
added at maximal concentrations. However, the extent of enhancement of Ca^+/ATP 
stimulated secretion induced by maximal concentrations of V 14RhoA was not 
increased by the additional presence of maximal concentrations of V12Racl, nor vice 
versa, suggesting that these proteins do not act via independent pathways (figure 4.9).
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Figure 4.9) Combined effects of V12Racl and V14RhoA. on secretion. 
Permeabilised cells were incubated with 32 p,g ml  ̂V12A35Racl (VARac), 16 |ig 
ml'l V14RhoA (Rho), 16 |ig ml’l V12Racl (Rac), 16 |ig ml'l v i2R acl + 16 |ig 
ml'l vi4RhoA (Rac+Rho), or in the absence of added protein (none) for 5 
minutes, stimulated with Ca^+ (pCa4.75 )4- ATP and assayed for release of 
hexosaminidase. Values represent the mean of duplicate determinations.

4.6) Rac- and Rho-induced cytoskeletal effects and the relationship to 
secretion.

Rac and Rho have been shown to mediate some of the changes in cytoskeletal 
organisation that follow stimulation of mast cells with GTP-y-S (discussed in 1.4.4.1). 
Briefly, confocal microscopy studies showed that Rac was involved in the retention of 
released cortical actin filaments - a function which was blocked by NlTRacl; Rho was 
involved in the de novo polymerisation of actin and its effects could be blocked by C3 
(Norman et al. 1994). To determine whether the ability of Rac and Rho to enhance 
secretion is due to the effects of these proteins on F-actin organisation, the changes in 
F-actin and secretion in response to Rac and Rho were analysed simultaneously and 
the relationship examined.

4.6.1) Effects of Rho on F-actin polymerisation and disassembly
It was shown in chapter 3 that when cells were stimulated with Ca^+ZATP, 

there was a pronounced decrease in F-actin content, an effect which was prevented by 
the addition of GTP-y-S. It was suspected that this may be due to a GTP-y-S-induced 
relocalisation of F-actin and to de novo polymerisation. Since Rho has been shown to 
stimulate actin polymerisation, the extent to which V14RhoA could mimic the 
GTP-y-S effects in cells stimulated with Ca^+/ATP was investigated.

In contrast to expected results, when cells were pre-incubated with VHRhoA 
and then stimulated with Ca^^/ATP, the F-actin content of cells did not increase. 
Indeed, the total F-actin content appeared to decrease slightly (from 72% of EGTA
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control to 67%). A paired t-test showed this to be ‘marginally significant’ (P=0.06; 
n=3). Furthermore, the level of Ca^"''/ATP-induced F-actin disassembly (in the absence 
of added VHRhoA) was significantly inhibited by C3 treatment from 81% of EGTA 
control to 92% (P=0.02; n=3). This last observation indicates that some endogenous 
Rho was active in the absence of added guanine nucleotide and promoted F-actin 
disassembly. Preliminary data indicate that exogenously added VHRhoA may 
enhance F-actin disassembly (not shown).

The results obtained here differ from those obtained from attached cells, which 
clearly showed a Rho-dependent increase in F-actin content due to polymerisation. To 
further investigate these effects, cells were examined by confocal microscopy. It was 
found that cells stimulated with Ca^ /̂ATP in the presence of VHRhoA had less 
cortical staining (virtually none in some cases) compared to cells stimulated without 
added protein (figure 4.11 D & B respectively). However, bright, punctate internal 
actin structures were clearly visible in most cells stimulated in the presence of 
VHRhoA, but not in its absence. These structures were similar to those observed 
following treatment of glass-attached cells with GTP-y-S or VHRhoA although 
appeared somewhat less organised - perhaps due to a lack of substrate interactions. 
Furthermore, cells stimulated with Ca^ /̂ATP exhibited a less fragmented F-actin 
cortex when endogenous Rho was inhibited with C3 (figure 4.11 B & C).

It appears therefore that cortical F-actin disassembly may be promoted by Rho 
and that this enhancement is substantial enough to mask smaller increases in F-actin 
content in the cell interior. This punctate interior staining is probably due to de novo 
polymerisation of actin, as was observed in attached cells (Norman et al. 1994).

These results provide evidence that, in addition to actin polymerisation 
(Norman et al. 1994), Rho can also regulate the disassembly of cortical F-actin in mast 
cells. VHRhoA had no detectable effect on actin content or distribution in 
unstimulated cells when analysed by flow cytometry and confocal microscopy (not 
shown). This contrasts with the findings obtained with glass-attached slides, which 
demonstrated that VHRhoA induced de-novo polymerisation of actin in the absence of 
other stimulation (Norman et al. 1994). The reasons for this discrepancy are not clear, 
although it may be a consequence of the attachment process, which appears to interact 
with Rho signalling in some way (discussed in section 4.8.1).
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Figure 4.11) Confocal microscopy of V14RhoA and C3-treated cells. 
Permeabilised ceils (in suspension) were pre-treated with or without C3 and 
VHRhoA (10 pg ml‘l) and stimulated with Ca^  ̂(pCa4.75) + ATP (C3 and 
VHRhoA concentrations maintained). Cellular F-actin was labelled with 
rhodamine phalloidin and cells were fîxed, placed under coverslips and visualised 
by confocal microscopy. A) Control cells in EGTA. B) Ca^^/ATP. C) C3 + 
Ca2+/ATP. D) VHRhoA + Ca^+ZATP.

4.6.2) Rho induced cytoskeletal effects and secretion.
Rho-dependent cortical F-actin disassembly and secretion.

It was shown above that VHRhoA enhanced both Ca^VATP-induced 
secretion and cortical actin disassembly. Furthermore, both disassembly and secretion 
were inhibited by C3. This correlation is emphasised in figure 4.10, which shows the
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changes in F-actin content and secretion that occur (in the same cells) under these 
various conditions.

To investigate the relationship between Rho-regulated secretion and 
disassembly, the effect of inhibiting Rho on the level of F-actin in secreting and non
secreting cells was examined. The results showed that C3 transferase treatment 
inhibited the loss of F-actin in both secreting and non-secreting cell populations and 
decreased the proportion of secreting cells (figure 4.12).

These results provide some evidence to indicate that Rho co-regulates both F- 
actin disassembly and secretion. However, the regulation of these cellular processes 
can be dissociated to an extent since Rho-dependent F-actin disassembly occurs in 
non-secreting cells.
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Figure 4.12) Effect of C3 on Ca +̂/ATP-induced F-actin disassembly in secreting 
and non-secreting cells.
Permeabilised cells were treated with or without C3 and then stimulated with 
Ca^+ (pCa4.75) 4- ATP. Cells were then labelled with rhodamine phalloidin and 
analysed hy flow cytometry. Secreting and non-secreting cells were distinguished 
hy their light scattering properties and histograms of their rhodamine phalloidin 
fluorescence are presented. Histograms of control (EGTA) cell fluorescence is 
also shown (dotted lines). Vertical dashed lines show mode fluorescence 
positions of control and stimulated cells (no C3). Mean fluorescence values of 
sub -populations are presented in the table with the percentage fluorescence 
(relative to unstimulated control cells) shown in brackets. Results are 
representative of 4 separate experiments.
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Rho-dependent polymerisation and secretion.
It was shown in figure 3.2 that cells stimulated with GTP-y-S had higher levels 

of F-actin compared to control cells. GTP-y-S-induced de novo actin polymerisation 
has been shown to be due to the action of Rho and is cytochalasin E-sensitive (Norman 
et al. 1994). Since inhibition of Rho results in inhibition of secretion, it is necessary to 
establish whether inhibition of de novo actin polymerisation also inhibits secretion. 
Therefore, the effect of cytochalasin E on secretion was examined. It was found that 2 
pM cytochalasin E, added at the time of permeabilisation, had no effect on the level of 
secretion under the stimulus conditions tested (GTP-y-S; Ca^^/GTP-y-S; Ca^^/ATP 
with and without GTP-y-S) (not shown). This suggest that de novo actin 
polymerisation does not contribute to the level of the secretory response.

To confirm that the effect of V14RhoA on secretion is not due to actin 
polymerisation, enhancement of secretion by VHRhoA should be obtained in the 
presence of cytochalasin E. Such experiments will be carried out in the future.

4.6.3) Rac, the cytoskeleton and secretion.
Rac-mediated actin relocalisation.

The activity of Rac is required for the relocalisation and retention of cortical 
actin filaments in the cell interior following GTP-y-S-induced cortical F-actin 
disassembly (Norman et al. 1994). Stimulation with Ca^VATP results in considerable 
disassembly of cortical F-actin. Pre-labelling with rhodamine phalloidin (RP), which 
allows the fate of pre-existing F-actin filaments to be monitored, demonstrated that this 
decrease is almost completely prevented by the presence of GTP-y-S (figure 3.10).
The reduction in F-actin content following Ca^VATP stimulation may partly be due to 
a lack of Rac activation and hence an absence of Rac-dependent retention of F-actin 
filaments. To test this, the effect of V12Racl on the level of F-actin content in 
Ca^VATP stimulated cells was examined. Permeabilised cells, pre-labelled with RP, 
were pre-incubated with V12Racl prior to stimulation with Ca^VATP. The results 
showed that, at concentrations of V12Racl which resulted in large increases in the 
level of Ca^VATP-induced secretion (8-32 pg ml-1), there was only a small increase in 
F-actin content (4%), which was not statistically significant. However, when the 
secreting sub-populations were analysed separately, it was observed that the mean 
fluorescence intensity of secreting cells was significantly greater (13%) than that of 
secreting cells not exposed to Rac protein or exposed to the inactive Rac protein, 
V12A35Racl (t-test; P=0.01, n=8 ) (figure 4.13 A&B). The mode fluorescence of the 
secreting cells was also higher in the presence of V12Racl. The increase in the 
fluorescence of the secreting cells therefore appears to be due to V12Racl-induced 
enhancement of filament retention.

121



V12Rac1V12A35Rac1
control 

/  cells
25 n , control 

cells

2 0 -all cells=  2 0 - all cells sec. cells
sec . cells

15 -15
non sec. cellsnon sec . cells

1 0 -1 0 -

600 800 1000 200 400 600 800 10000 200 400 0

rhodamine phalloidin fluorescence (arb) rhodamine phalloidin fluorescence (arb)

q> 60

control V12A35Rac1 V12Rac1

Figure 4.13) Effect of V12Racl on F-actin content.
Permeabilised cells, pre-labelled with rhodamine phalloidin (O.lSpM), were 
incubated with inactive V12A35Racl or V12Racl (32 |xg ml'^) for 5 minutes and 
then stimulated with Ca^+ZATF. Secreting and non-secreting cell populations 
were distinguished by their light scattering properties. RP fluorescence of 
populations was analysed separately by flow cytometry. The fluorescence of 
secreting cells (sec. cells), non-secreting cells (non-sec. cells) and all cells are 
shown following stimulation in the presence of A) V12A35Racl and B) V12Racl. 
The fluorescence distribution of control cells (EGTA, no V12Racl) is also shown. 
The relative F-actin content of cell populations is shown in a simplified bar chart 
format (C). 10,000 cells were analysed per sample. Results are representative of 
four separate experiments.
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V12Racl induced the retention of F-actin filaments in cells stimulated with 
Ca^+ZATP. While this effect was significant in secreting cells, there was at most only a 
small impact on total F-actin content. Therefore, V12Racl cannot fully mimic the 
filament retention effect of GTP-y-S.

Inhibition of endogenous Rac .
It was shown here that the presence of GTP-y-S resulted in the retention of 

cortical filaments released following stimulation with Ca^+ZATP. Furthermore, 
secretion was significantly inhibited by NlTRacl in cells stimulated in the presence of 
GTP-y-S and in glass-attached cells, inhibition of Rac with NlTRacl inhibits GTP-y-S- 
induced retention of cortical F-actin filaments (Norman et al. 1994). These results 
point to a role for Rac in the regulation of both secretion and the actin cytoskeleton in 
mast cells. The following experiments were performed to investigate the relationship 
between NlTRacl induced effects on F-actin and secretion.

Cells were stimulated in the presence of N ITRacl and analysed by flow 
cytometry. At concentrations which inhibited secretion, NlTRacl did not significantly 
affect the F-actin content of pre-labelled cells stimulated with either GTP-y-SZATP, 
Ca^+ZATP or Ca^^ZGTP-y-S (not shown). The F-actin content of sub-populations of 
secreting and non-secreting cells were also analysed following stimulation with 
pCa6 ZGTP-y-S and pCa5.T5ZGTP-y-S. 82% ±  4.2 F-actin of unstimulated control 
cells remained in secreting cells following NlTRacl treatment compared to 91% ±  4.5 
in untreated cells (S.E.M., n=5). However, the effect was not statistically significant 
(see figure 4.14). Thus, the results obtained here were not those that were expected; a 
significant inhibition of F-actin retention was expected with NlTRacl.

The fact that NlTRacl inhibited secretion without significantly affecting F- 
actin content, suggests that the inhibition of secretion is probably not a consequence of 
inhibition of cytoskeletal effects of Rac. However, it is possible that changes in F-actin 
organisation may occur without an overall increase or decrease in F-actin content but 
can still influence the secretory response.
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Figure 4.14) Effect of NlTRacl on F-actin content.
Permeabilised cells, pre-labelled witb rhodamine phalloidin (O.lSpM), were 
incubated with and without NlTRacl (32 pg ml'l) for 5 minutes and then 
stimulated with Ca^+ (pCa6)/GTP-y-S. Secreting and non-secreting cell 
populations were distinguished hy their light scattering properties and RP 
fluorescence of populations was analysed separately hy flow cytometry. The 
fluorescence of secreting cells (sec. cells) and non-secreting cells (non-sec. cells) 
are shown following stimulation in the presence of A) protein buffer control or 
B) NlTRacl. The fluorescence distribution of control cells (EGTA, no NlTRacl) 
is also shown. 10,000 cells were analysed per sample. Results are representative 
of three separate experiments.

4.T) Discussion
V12Racl and VHRhoA were shown to enhance secretion from permeabilised 

mast cells and inhibition of these proteins resulted in inhibition of secretion. Members 
of the Rho family are known to regulate cytoskeletal reorganisation and to interact 
with or regulate various messenger molecules; the possibility that Rac and Rho 
regulate secretion via their effects on the cytoskeleton or independently through other 
signalling pathways is explored.

4.T.1) Rac is a component of the secretory pathway.
V12Racl, a mutationally activated form of Rac which is resistant to GTP 

hydrolysis, enhanced Ca^+ZATF-induced secretion when introduced into permeabilised 
mast cells. The EC5 0  for this response was approximately lOpg ml‘  ̂ (active protein). 
Secretion was not enhanced by V12Racl when cells were stimulated with GTP-y-S.
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This suggests that when endogenous Rac is activated by GTP-y-S, it is present at 
sufficient levels such that the addition of exogenous V12Racl has no further effect.

An alternative explanation is that the enhancement of stimulation is an artefact 
caused by the spontaneous release of GTP or GDP which may occur upon protein 
dénaturation. However, the stimulatory effects of V12Racl were confirmed as being 
specific as the inactive mutant of Rac, V12A35Racl, had no significant effect on 
secretion. This protein, which was in its GTP-bound form, has a point mutation in its 
putative effector region (Barbacid, 1987) and therefore provides the most appropriate 
control for any GTP that might dissociate from V12Racl. V12A35Racl also controls 
for any non-specific protein effects of V12Racl and has been used as a control for 
non-specific Rac effects in Swiss 3T3 fibroblasts (Ridley et al. 1992). Therefore, the 
enhancement of secretion by V12Racl appears to be a consequence of specific 
interactions of the effector region of this protein.

The role of Rac in the secretory pathway has recently been demonstrated in 
another laboratory using a different approach. Bovine brain cytosol was fractionated 
on a series of chromatography columns. Fractions were selected and further purified 
according to their ability to reconstitute secretion in permeabilised mast cells which 
had become refractory to stimulation due to the leakage of cytosolic proteins. The 
main reconstituting activity was identified as a Rac protein by protein sequencing, 
although it is not yet clear whether this protein is Rac 1 or Rac2 (or an as yet 
unidentified Rac). Remarkably, Rac also has an EC5 0  for this response of 
approximately 10 |ig ml‘l (A.J. O'Sullivan and A. Brown, personal communication).
A second protein co-eluted with Rac and was essential for reconstitution. This was 
identified as RhoGDI by Western blotting. GDIs are thought to interact with the post- 
translational lipid modification of Ras-related proteins and maintain them in an inactive 
form in the cytosol. RhoGDI binds Rho, Rac and Cdc42 and dissociation is normally 
required for activation (Ridley, 1995). RhoGDI may be required for reconstitution to 
prevent Rac from precipitating or associating with inappropriate membranes (A.J 
O'Sullivan, personal communication).

The presence of Rac in mast cells was established by Western blotting of mast 
cell extracts, and it was shown that the majority of Rac remains bound and does not 
leak out upon permeabilisation. The concentration of V12Racl required to induce the 
enhancement of secretion (EC5 0  = 1 0 pg ml'^) approximated the concentration of 
endogenous Rac present (0.39 pM or Spg ml"l) suggesting that it is 'in the right ball 
park' to be physiologically relevant. However, these estimates/comparisons are very 
approximate; estimation of protein concentrations and possible differences in antiserum
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cross-reactivity between native and recombinant Rac and Rho have been discussed. In 
addition to these opportunities for error, more efficient targeting of the post- 
translationally modified native Rac to membranes may enable a higher local 
concentration compared to that of recombinant Rac, suggesting that more recombinant 
Rac would be required to 'match' the endogenous concentration. This, on the other 
hand, is probably offset to some extent by the constitutive activity of V12Racl, which 
makes this protein more potent than the endogenous protein.

Secretion was inhibited by N17Racl, a mutant Rac protein which is thought to 
inhibit endogenous Rac by sequestering Rac GEFs, and has been shown to inhibit Rac 
activity in Swiss 3T3 fibroblasts (Ridley et al. 1992). Since the specificity of GEFs for 
Ras-related proteins vary, the possibility that NlTRacl exerts it's effects by 'mopping 
up' a promiscuous exchange factor which is also required by Rho or another small G- 
protein must be considered. This seems unlikely, as NlVRacl did not inhibit Rho- 
induced stress fibre formation in Swiss 3T3 cells in response to LPA (Ridley and Hall,
1992) or Rho-induced actin polymerisation in mast cells (Norman et al. 1994). 
However, Rac is more closely related to Cdc42 than Rho and therefore inhibition of 
exchange on Cdc42 by NlVRacl cannot be excluded. GEFs specific for Rac have not 
yet been identified so this cannot be tested directly (if inhibition of secretion by 
NlVRacl was specifically due to inhibition of Rac exchange, but not Cdc42, then 
inhibition would be overcome by an excess of a GEF specific for Rac).

The lack of a significant inhibition of Ca^+/ATP-induced secretion by NlVRacl 
indicates that Rac is not active under these conditions. However some endogenous 
Rac may be present in the GTP-bound form and hence may be unaffected by the 
sequestration of it s exchange factor.

The ability to inhibit secretion by inhibiting endogenous Rac supports the 
physiological relevance of the V12Racl-induced enhancement of secretion. Together, 
these results strongly suggest that Rac is a component of the secretory pathway in 
mast cells.

4.7.2) Rho is a component of the secretory pathway
Constitutively active V14RhoA enhanced secretion in a similar fashion to 

V12Racl, and again, the enhancement of secretion only occurred when cells were 
stimulated in the absence of GTP-y-S. The concentration of V14RhoA required to 
induce half maximal enhancement of secretion (EC5 0 ) was 3 pg ml'^)

The specificity of this effect was supported since inactive Rac (V12A35Racl), 
which shares 58% homology with Rho (Didsbury et al. 1989) did not enhance
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secretion. A Rho mutant with an alanine (A) substitution at amino acid 37, which is 
equivalent to the A35 mutation in Rac has recently become available and will serve as 
a more suitable control for any non-specific Rho effects (Anne Ridley, personal 
communication).

The presence of Rho in mast cells was shown by the presence of a protein band 
which cross-reacted with Rho antibodies and by the presence of a C3 transferase 
substrate of the same molecular weight. The concentration of protein present in mast 
cells was greater than that required to elicit the enhancement of secretion ( 2 0  |ig ml~l 
[l|iM] and 6 |ig ml'^ [0.3p-M] endogenous Rho present determined by Western 
blotting and ADP-ribosylation respectively Vs EC5 0  = 3 |ig ml“  ̂ or 0.15 |iM). With 
respect to the similarities between the estimate of endogenous Rho content and the 
EC5 0  of V14RhoA, the same caveats apply as those described for Rac in the previous 
section.

GTP-y-S-dependent secretion from permeabilised mast cells was inhibited by 
C3 transferase, demonstrating that endogenous Rho participates in secretion from mast 
cells. Surprisingly, Ca^+/ATP-induced secretion was also inhibited by C3. This 
indicates that 1), at least some Rho is stable in the GTP-form during permeabilisation 
and washing, and remains so until the point of stimulation; or 2 ) a mechanism exists 
which regenerates GTP for use by Rho, such as a nucleoside diphosphate kinase 
(NDPK). However, these possibilities have not yet been investigated.

The Rac and Rho subtype(s) present in mast cells were not determined due to 
the lack of sub-type specific antibodies at the time these experiments were conducted. 
These are now available and the subtypes present will be determined in the near future. 
It has been shown that Rho A, B and C are ubiquitously expressed in murine tissues 
(Olofsson et al. 1988) and these subtypes are therefore likely to be present in mast 
cells.

The enhancement of secretion with V14RhoA and inhibition of secretion with 
C3 transferase, strongly suggest that Rho is a component of the secretory pathway in 
mast cells.

4.7.3) Do Rac and Rho participate in the secretory response through 
interactions with known signalling pathways?

How could Rac and Rho participate in the secretory pathway of mast cells?
The activity of several known signalling molecules have been shown to be modulated 
by the activation of Rac and Rho. Protein kinases, such as PAK, have been identified 
that interact directly with members of the Rho family (Manser et al. 1993; Manser et
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al. 1994) and discussed in 1.3.3.4) and the activation of tyrosine kinases is required for 
Rho mediated effects on the cytoskeleton and phosphorylation of FAK (Ridley and 
Hall, 1994). Furthermore, in RBL cells, activation of the FceRl receptor leads to the 
formation of tyrosine containing actin plaques and mediates cell-cell adhesion 
(processes in which Rho has been implicated in other cell types - see 1.4.3) and these 
responses are reversed by tyrosine kinase inhibitors (Boguski, S. and McCormick,
1993). Secretion which was induced in the absence of ATP could be inhibited by C3 
and NlVRacl which would imply that a kinase was not involved, although these 
experiments should be conducted in metabolically inhibited cells to confirm this.

It is striking that the GAPs for Rac and Rho all possess diverse recognisable 
amino acid sequence motifs and may possess effector activity (discussed in 1.3.4.2). 
The multitude of possible interactions of Rac and Rho presents numerous possible sites 
at which these proteins could modulate secretion. Some of these pathways have the 
potential to regulate cytoskeletal organisation and may modulate secretion via this 
route. The mechanisms by which this could be achieved are discussed later in this 
chapter. The potential regulation of secretion by Rac and Rho through interactions 
with pathways that are suspected to participate in the secretory response will be 
discussed first.

Phosphatidylinositide 3-kinase pathwav.
Phosphatidylinositide 3-kinase (PI 3-kinase) has been implicated in the 

signalling pathways that control many cellular events, possibly through 
phosphorylation of inositol lipids or by direct effects of its regulatory subunit p85. 
Wortmannin is a potent inhibitor of PI 3-kinase (Arcaro and Wymann, 1993) and 
inhibits histamine secretion from RBL cells (Kitani et al. 1992). Furthermore, 
preliminary data indicates that in permeabilised mast cells, wortmannin inhibits 
Ca^+ZOTP-y-S-induced hexosaminidase release, and to a lesser extent release induced 
by Ca^+ZATP (not shown).

CDC42 and Rac have been shown to interact with p85 in vitro (Zheng et al.
1994). Furthermore, in fibroblasts (Kumagai et al. 1993) and platelets (Zhang et al.
1993), Rho is required for PI 3-kinase activation suggesting that either Rho acts 
upstream of PI 3-K or that these two proteins function as a complex. In contrast, 
inhibition of membrane ruffling in endothelial cells by wortmannin is overcome by the 
presence of V12Racl indicating that Rac acts downstream of PI 3-kinase (Hawkins et 
al. 1995). Hawkins and colleagues demonstrated that PI 3-kinase enhanced Rac 
activity by increasing the levels of GTP bound to Rac. This suggests that PI 3-kinase, 
or its lipid product PIP3 , might regulate the activity of a Rac exchange factor. Lastly, 
membrane ruffling and NADPH oxidase activity, which are both Rac dependent
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processes, are blocked by wortmannin (Baggiolini et al. 1987; Wennstrom et al. 1994), 
providing further evidence that Rac lies on the same pathway as PI 3-kinase.

These previous findings suggest that multiple Rho-family GTPases may act 
both upstream and downstream of PI 3-kinase. Similarly, both Rac and Rho could 
participate in the same pathway as PI 3-kinase in regulating secretion in mast cells. 
Examination of the effect of wortmannin on V14RhoA and V12Racl enhanced 
secretion may help to establish the relationship, if any, between Rac and Rho effects on 
secretion and PI 3-kinase.

Phospholipase D pathway.
In HL60 cells, secretion and phospholipase D (PLD) activation are correlated 

(Cockcroft et al. 1994). Further indirect evidence supporting the role of PLD in 
secretion comes from the observation that a regulator of PLD activity, the GTP- 
binding protein ARF and peptides of ARF, also regulate secretion (S. Cockcroft, 
personal communication; Morgan and Burgoyne, 1993 and discussed in more detail in
1.3.4.2).

Rho-related proteins have been reported to regulate PLD activity in neutrophils 
and liver membrane extracts (Bowman et al. 1993; Malcolm et al. 1994) suggesting 
that Rho and Rac dependent secretion observed in permeabilised mast cells may occur 
via the ultimate activation of PLD. However, Malcolm and colleagues found that the 
ADP-ribosylation of recombinant Rho did not alter its ability to reconstitute PLD. 
Similarly, Bowman and colleagues found that whilst RhoGDI inhibited GTP-y-S 
stimulated PLD activity in cell extracts, ADP-ribosylation of these extracts with C3 
transferase did not. These results could suggest that the activation of the target 
protein by Rho was not disrupted by ADP-ribosylation. However, further controls are 
required for these experiments (eg inactive forms of Rho) and it cannot be excluded 
that the results are due to gross artefacts.

The PI 3-kinase inhibitor, wortmannin, also inhibits neutrophil PLD activity, 
suggesting that either wortmannin inhibits PLD directly or more likely that PLD 
functions downstream of PI 3-kinase (Bonser et al. 1991; Naccache et al. 1993).

I Phosphatvdvlinositol 4.5-bisphosnhate pathwav
It was recently reported that an important component of Ca^+ and ATP- 

dependent secretion from PC 12 cells is type I (but not type II) phosphatidylinositol-4- 
phosphate 5-kinase (PIP 5-kinase), suggesting that the formation of PIP2  was required 
(Hay et al. 1995). Furthermore the requirement for PIP2 , as opposed to the 
metabolites of PIP2  hydrolysis, was supported since recombinant PLC and antibodies 
to PIP 5-kinase inhibited secretion. How PIP2  might regulate secretion is not known.
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but it is possible that changes in the lipid composition of the plasma membrane might 
affect its fusogenic properties. Rho has been reported to stimulate PIP 5-kinase 
activity in cell extracts, suggesting that Rho may regulate secretion through its control 
of PIP2  production (Chong et al. 1994). The subtype of the kinase was not identified 
so it is not known whether this is the same protein required for secretion from PCI2 
cells (Hay et al. 1995).

Integrin-mediated adhesion stimulates the production of P IP 2  in fibroblasts 
(McNamee et al. 1993) and this may be mediated by the same PIP 5-kinase as that 
regulated by Rho. Integrin-mediated attachment also enhances the secretion of 
histamine from RBL cells (Hamawy et al. 1992) and mast cells (not shown, but 
discussed in 4.8.1). It is possible that Rho-dependent regulation of secretion acts via 
the regulation of PIP2  synthesis and the enhanced secretion in adherent cells may be a 
consequence of increased Rho activity.

4.7.4) Do Rac and Rho share a common pathway in secretion?
What is the relationship between the participation of Rac and Rho in secretion? 

Is there one common effector or accessory protein, or do the Rac and Rho pathways 
merge after interacting with their own effector proteins? The possible relationship 
between Rac and Rho and the effects on secretion, are depicted in fig 4.15 and 
discussed below.

B

common
effector

Figure 4.15) A scheme of possible relationships between Rac. Rho and secretion. 
A) Rac and Rho may function in separate pathways and promote granule release 
independently of each other. B) Rho or Rac may act in series, whereby the 
activity of one protein results in activation of the second. C) Rac and Rho may 
share a common target.
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Rac and Rho may function in separate pathways.
Rac and Rho have been shown to induce their own specific effects on the actin 

cytoskeleton in mast cells and therefore probably act on different target proteins (or 
the same target located in different parts of the cell). Similarly Rac and Rho may have 
different targets and function in separate pathways to enhance secretion, as depicted in 
figure 4.15A. For instance, Rho could enhance secretion through modulating levels of 
PIP2  (Chong et al. 1994) or activity of phospholipase D (Bowman et al. 1993) levels 
whereas Rac could enhance secretion by influencing the metabolism of other signalling 
molecules e.g via PA K . In such a case, the effects of Rac and Rho might be expected 
to be additive. However, at saturating concentrations of V 14RhoA, the addition of 
V 12Racl did not induce any further enhancement of secretion. It therefore seems 
unlikely that Rac and Rho enhance secretion through independent pathways.

Rac and Rho may act in a linear hierarchy.
In fibroblasts, the activation of Rac leads to the activation of Rho (but not vice 

versa), suggesting a linear hierarchy of activation in this cell type (Ridley et al. 1992; 
Nobes and Hall, 1995). Rac and Rho may also enhance secretion in mast cells through 
the linear activation of Rho by Rac, and eventual activation of one downstream target. 
However, previous findings in glass attached mast cells suggest that Rac and Rho do 
not act sequentially since Rac and Rho both induced their own specific cytoskeletal 
effects; C3 did not inhibit Rac-induced F-actin retention and NlVRacl did not inhibit 
de novo polymerisation (Norman et al. 1994). Furthermore, if activation was linear, 
only inhibition of the more downstream protein would result in the inhibition of GTP- 
y-S-induced secretion. However, it was shown here that GTP-y-S-induced secretion 
was inhibited with either N IVRacl or C3 transferase. In glass-attached cells, it was 
found that inhibition of Rac and Rho were required for substantial inhibition, although 
inhibition of Rho alone did have a small effect (J. Norman, joint manuscript in 
preparation). The difference in the susceptibility to inhibition between the suspended 
cells used here and attached cells, may be due to a higher level of active Rac and Rho 
in attached cells (discussed in 4.8.1). Nevertheless, the results from experiments on 
both suspended and attached mast cells suggest that Rac and Rho do not act 
sequentially.

Rac and Rho may share a common target.
It could be interpreted that the requirement for simultaneous inhibition of both 

Rac and Rho to induce substantial inhibition in attached cells means that the action of 
either Rac or Rho is required for secretion and that these two proteins share a common 
target, as depicted in figure 4.15C. Such a target could be a GAP. It has been
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suggested, that GAPs may possess effector activity for p21s, as the site of interaction 
of GAPs on Ras are essential for Ras function (Adari et al. 1988). Furthermore, the 
GAPs for Rho-related proteins tend to act on more than one member of the sub-family 
(Ridley et al. 1993). Although pl90 has preferential Gap activity for Rho, it also 
functions on Rac and associates with pi 20-GAP, a GAP for Ras (Moran et al. 1991). 
This association impairs the GTPase activation by pi 20-GAP. Here, we have the 
interesting possibility that V12Racl and V14RhoA interact with p i90 and modify the 
activity of the associated pi 20-GAP. This would enhance the levels of Ras-GTP, 
which may enhance secretion. If this were the case then Cdc42 would also be 
expected to enhance secretion since p i90 is also a GAP for Cdc42Hs (Settleman et al. 
1992). However, there is limited evidence to indicate that Ras is a regulator of the 
secretory pathway (Bar-Sagi and Gomperts, 1988).

Other proteins show specificity for two members of the Rho family but not a 
third; in vitro, Rac and Rho stimulate autophosphorylation and kinase activity of the 
non-GAP serine/threonine protein kinase PAK (Manser et al. 1994). The 
autophosphorylated kinase may act as an effector of Racl and Cdc42. There is 
evidence that other similar proteins exist, although these have not been characterised.

Distinguishing between linear activation and activation of a common target.
By default, it would appear that Rac and Rho act on a common downstream 

target, although there is no direct evidence for this. However, considering the 
previous observations that activation of Rac leads to activation of Rho (Ridley et al. 
1992; Nobes and Hall, 1995), more direct evidence to distinguish between these 
possibilities is required. Further work will examine the effect on secretion of V 12Racl 
together with the inhibition of endogenous Rho with C3. The effect of this 
combination would be compared with the effect of V 14RhoA together with inhibition 
of Rac with N ITRacl. If a linear sequence of activation exists, only inhibition of the 
downstream protein should substantially inhibit the stimulatory effects of the upstream 
protein. If the proteins share a common target, neither of the inhibitors should 
substantially reduce the stimulatory effects of the accompanying active protein.

4.8) Rac and Rho effects on the cytoskeleton and the relationship to 
secretion.

4.8.1) Cell attachment and Rho - possible effects on the cell responses.
Attachment and Rho-dependent actin polymerisation.

Some differences were observed between the results obtained from glass- 
attached cells (Norman et al. 1994) and suspended cells. For instance, in the absence
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of other stimuli, the addition of V14RhoA induced the polymerisation of F-actin in 
attached cells but this was not observed in suspended cells. Furthermore, GTP-y-S- 
induced increases in F-actin content in attached cells tended to be greater than those in 
suspended cells. The variation in responses may be due to the effect of cell 
attachment. It has been shown that lymphocyte (Tominaga et al. 1993) and platelet 
aggregation (Morii et al. 1992) are dependent upon Rho, and that in fibroblasts, cell 
attachment is associated with the formation of Rho-dependent focal adhesions (Ridley 
and Hall, 1992). Furthermore, polymerisation of actin stress fibres occurs subsequent 
to the formation of focal adhesions (Wang, 1985). It is possible that the formation of 
numerous adhesion complexes upon cell attachment may increase the number of sites 
at which actin polymerisation can occur.

Since focal adhesion formation is dependent upon Rho, the initiation of the 
formation of focal complexes may result in the recruitment of Rho from the cytosol to 
the plasma membrane. Indeed, it has been shown that the related protein, Rac 
translocates to the membrane following receptor activation (Abo et al. 1994). 
Therefore, following cell permeabilisation, attached cells may retain more Rho than 
suspended cells. In fibroblasts, tyrosine phosphorylation of focal adhesion kinase 
(FAK) occurs in fibronectin-attached cells, but not unattached cells and it has been 
reported that phosphorylation of FAK is dependent upon Rho (Kumagai et al. 1993). 
This suggests that the resting level of activity of Rho may also be greater in attached 
cells. Indeed,

The adhesion of fibroblasts to fibronectin leads to an increase in PIP2  synthesis 
(McNamee et al. 1993), an effect which may be mediated by Rho (Chong et al. 1994). 
Mast cell attachment may also increase the level of PIP2  synthesis, which, through its 
effect on phospholipid-regulated actin binding proteins, may enhance the cytoskeletal 
responses which occur upon stimulation.

Attachment and secretion.
The attachment of RBL cells to fibronectin enhances the secretion of histamine 

in response to IgE (Hamawy et al. 1992). Similarly, our group have found that the 
attachment of mast cells to glass enhances the secretory response induced by GTP-y-S 
(L.Price, J. Norman and A.Koffer, unpublished results). Preliminary findings using 
FITC-S-con A labelling indicate that the enhanced secretion is due to a dramatic 
increase in the proportion of maximally secreting cells (not shown). It was shown here 
that Rho enhances the secretory response by increasing the proportion of secreting 
cells. The higher level of secretion from attached cells compared to suspended cells 
may be mediated by an adhesion-dependent increase in the level of Rac and Rho 
signalling.
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Experiments to test the possibility that cell attachment enhances secretion 
through increased Rho signalling will involve determining whether Rho is preferentially 
retained compared to Rac following permeabilisation of attached cells. Furthermore, 
the effects of C3 and Rho on secretion in suspended and attached cells will be 
examined. Finally, antibodies that cross-link integrins and peptides that correspond to 
substrate binding sites will be utilised and the effect on secretion from suspended cells 
will be observed.

4.8.2) Rho-dependent actin polymerisation and secretion.
Confocal microscopy showed that V14RhoA induced the formation of internal 

filamentous actin structures in cells stimulated with Ca^+ZATP. These structures were 
probably due to de-novo polymerisation, since a similar effect of Rho has been shown 
previously (Norman et al. 1994). However, V14RhoA did not induce an overall 
increase in total F-actin content. This appears to be due to the opposing effect of 
V14RhoA on cortical F-actin disassembly.

The purpose of Rho-dependent actin polymerisation is not clear. The 
additional actin filaments may function to provide structural support to cells which are 
weakened following the release of their granular content. Rho may promote the 
polymerisation of actin through the same mechanism by which Rho induces formation 
of stress fibres in Swiss 3T3 cells (Ridley and Hall, 1992). It is therefore also possible 
that the polymerisation observed in mast cells is related to the cell adhesion process.

It is not known how Rho induces actin polymerisation. Rho could mediate the 
formation of structures that act as sites for actin polymerisation, perhaps by recruiting 
actin filament nucleating proteins. This could be coordinated with an increase in PIP2  

levels which promotes the release of actin monomers by profilin (Lassing and 
Lindberg, 1985) and may provide a source of monomers for polymerisation.

The comparison of phase-contrast and confocal microscopy images indicated 
that the V14RhoA-induced structures appeared in secreting cells only (not shown). 
Preferential Rho-dependent actin polymerisation in secreting cells has also been 
observed in glass-attached cells (J.Norman, personal communication).

The preferential polymerisation of actin in secreting cells suggests that there is 
co-regulation of, or a causal relationship between Rho activation and secretion. When 
endogenous Rho activity (and hence Rho-dependent actin polymerisation) was 
inhibited by C3, secretion was inhibited. Rho-induced polymerisation of actin can also 
be blocked with cytochalasin E (Norman et al. 1994), however, cytochalasin E had no 
effect on secretion. Therefore, the enhancement of Ca^+ZATP induced secretion by 
Rho is unlikely to be a consequence of actin polymerisation.
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These results suggest that Rho-induced secretion is co-regulated with, rather 
than dependent upon actin polymerisation.

4.8.3) Rho induced disassembly and the relationship to enhanced secretion.
Although V14RhoA induced the appearance of actin filaments in the cell 

interior, V14RhoA appeared to enhance the overall decrease in F-actin content 
induced by Ca '̂" /̂ATP. Similar observations have been made in Swiss 3T3; the 
addition of V14 Rho A results in the loss of a punctate, predominantly cortical actin 
distribution, followed by formation of stress fibres (Ridley and Hall, 1992)

The nature of the participation of Rho in actin disassembly is not clear. Neither 
V14RhoA or C3 affected cortical F-actin disassembly in attached cells stimulated with 
GTP-y-S (Norman et al. 1994). This apparent discrepancy may be due to differences 
in the nature of cortical disassembly induced by GTP-y-S and Ca^+/ATP. GTP-y-S- 
induced cortical disassembly is completely prevented by pre-treatment with rhodamine 
phalloidin, whereas Ca^+/ATP induced disassembly is unaffected by this treatment 
(Koffer et al. 1990). Many actin binding proteins are regulated by Ca^+. It is possible 
that a calcium and/or ATP dependent protein, which can ultimately disrupt phalloidin- 
stabilised filaments is at some stage regulated by Rho.

The relationship between cortical disassembly and secretion is discussed in 
some detail in 3.7.1. The existence of this relationship is supported further since the 
enhancement and inhibition of disassembly with Rho and C3, respectively, correlated 
with the enhancement and inhibition of secretion. The regulation of these two 
processes both involve Rho activation, inviting the suggestion that Rho action 
promotes cortical disassembly which results in enhanced secretion. However, two 
points suggest that the relationship is not directly causal:
1) Rho participates in actin disassembly in both secreting and non-secreting cells. 
Therefore, cortical disassembly is not sufficient for secretion to occur.
2) The effect of V14RhoA and C3 on levels of secretion were shown to be mediated 
by changes in the proportions of secreting and non-secreting cells. The 'decision' that 
determines whether a cell will secrete or not is probably due to other factors rather 
than cortical disassembly; if cortical disassembly did modulate the level of secretion, it 
would be more likely to enhance the existing level of release from secreting cells, 
through improved granule access to the plasma membrane.

The effect of C3 on secretion and the cytoskeletal changes was similar to the 
effects of deoxyGDP (figure 3.8). Both inhibited secretion and F-actin disassembly
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induced by Ca^+ZATP. Although the evidence is only circumstantial, it is possible that 
the inhibition by deoxyGDP was, at least in part, a consequence of inhibition of Rho.

4.8.4) Rac-induced cytoskeletal effects and secretion.
Rac and the cytoskeleton.

Most of the F-actin loss induced by Ca^+ZATP was prevented by GTP-y-S. In 
glass attached cells stimulated with GTP-y-S, inhibition of Rac activity with NlVRacl 
blocked retention of filaments (Norman et al. 1994). It was therefore postulated that 
the GTP-y-S-induced retention of filaments observed in this study was mediated by 
Rac.

The ability of V12Racl to mimic the effect of GTP-y-S was investigated. 
Although VI 2Racl did not significantly increase the overall mean F-actin content of 
the whole population, it did have a significant effect on the F-actin content of secreting 
cells. This suggests that Rac is involved in retaining F-actin filaments. The absence of 
an a more pronounced effect could indicate that other factors are also required to 
reconstitute this effect. However, NlVRacl did not inhibit GTP-y-S-induced retention 
of actin filaments. The reasons for this are not clear, since filament retention was 
dependent on GTP-y-S indicating that a GTP-binding protein was responsible. The 
lack of effect of NlVRacl and small effect of V12Racl could indicate that the activity 
of another GTP-binding protein is essential for this effect.

The effects of Rac known to date all involve associated membrane changes:
Rac enhances secretion, as has been described here, it regulates membrane ruffling and 
pinocytosis (Ridley et al. 1992) and it is a component of the NADPH oxidase (Abo et 
al. 1991), which, in vivo, requires the formation of a phagocytic vacuole for activity. 
Rac may function in these systems by regulating the gross rearrangement of membrane, 
perhaps by controlling the membrane-associated cytoskeleton via changes in 
crosslinking, actin polymerisation or actin-myosin interactions. Although in vivo 
reconstitution of NADPH oxidase activity was achieved in the absence of actin, 
interaction with the cytoskeleton in vivo may be important, possibly in the formation of 
the phagocytic vacuole, which does not take place in vitro.

The function and mechanisms of actin filament retention are not clear and the 
possible benefits to the secretion of vesicles are equally obscure (see 3.6.V). Improved 
access of vesicles to the plasma membrane may require cortical actin disassembly, and 
retaining these filaments in the cell interior may compliment this process.

Rac enhances secretion by increasing the number of cells that secrete, rather 
than by increasing the release from cells that are already secreting. This suggests that 
Rac does not enhance secretion by acting on the cytoskeleton to improve granule
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access to the plasma membrane but, like Rho, may function at a more basic level to 
confer secretory competence.

The fact that secretion could be inhibited with NlVRacl without significant 
changes in F-actin content occurring suggests that Rac may have divergent functions 
and, as appears to be the case with the NADPH oxidase, may mediate effects 
independently of the cytoskeleton.

4.9) Conclusions.

It has been shown previously that Rac and Rho have different effects on F-actin 
organisation in mast cells (Norman et al. 1994). The results presented here support 
these previous findings. Furthermore, a novel effect of Rho was described - namely, 
regulation of cortical disassembly.

Both Rac and Rho were shown here to participate in the secretory pathway. 
This work provides one of the first demonstrations that a specific, intact GTP-binding 
protein stimulates regulated exocytosis and defines a new role for these proteins.

The balance of evidence suggests that the effect of these proteins on secretion 
are not entirely due to their effects on F-actin. It is possible, however, that the effects 
on F-actin could have some effect on secretion. For instance, enhanced cortical 
disassembly due to Rho could increase the supply of secretory granules to the plasma 
membrane.

The scheme presented in Fig 4.16 represents the possible relationships between 
Rac, Rho, the cytoskeleton and secretion. Rac or Rho activation may result in the 
activation of a common effector, or the activation of one protein may induce the 
activation of the other. This may raise the level of activity of downstream signalling 
molecules, perhaps through changes in phospholipid metabolism, which results in 
enhanced secretion.
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Figure 4.16) Scheme showing possible relationships between Rac and Rho 
induced effects on the cytoskeleton and secretion.
Solid lines represent known routes; dashed lines represent speculative routes.
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Chapter 5) Methods 

5.1) mast cell preparation
Mast cells were obtained by peritoneal saline lavage of male Sprague-Dawley 

rats (> 300g). Cells were transferred to an isoosmotic buffer containing 137mM NaCl, 
2.7mM KCl, 20mM NaPipes, 5.6mM glucose, Img ml‘l BSA, pH6 . 8  (chloride buffer), 
and centrifuged at 296g over a cushion of PERCOLL (Pharmacia), washed, and 
resuspended in chloride buffer until required (< 2  hours) as previously described 
(Cockcroft et al. 1987).

5.2) Standard secretion experiment protocol
Cells were permeabilised by transferring the cells to an isoosmotic buffer containing 
137mM Na-glutamate, 2mM MgCl2 , 20mM NaPipes, Img ml'^ BSA, pH 6 . 8  

(glutamate buffer -GB) with 3mM EGTA and 0.4 i.u. ml-1 streptolysin-O (SLO) 
(Murex Diagnostics Ltd) for 2 minutes at 30°C, and washed by centrifugation with 
excess GB to remove SLO and freely soluble cytosolic components. Cells were 
resuspended in GB with 100 pM EGTA at 30°C. Cells were then transferred to 96 
well microtitre plates. Unless pre-treatments were performed, cells were then 
stimulated with the stated combinations of calcium, GTP-y-S (30 pM), and MgATP (3 
mM - unless otherwise stated) at 30°C (nucleotides from Boehringer Mannheim).
Câ -"- was buffered by 3 mM Ca^+-EGTA, pH 6 .8 , the free Ca^+ concentration 
determined by the relative proportions of Ca EGTA and EGTA as described 
previously (Tatham and Gomperts, 1990). In the absence of pre-treatments, the time 
between permeabilisation and stimulation was 10 minutes. Reactions were performed 
in a final volume of between 25 and 100 pi. To some wells, buffer was added in place 
of cells. In other wells, a final concentration of 1% Triton X-100 was used to lyse 
membranes. These wells corresponded to zero and total hexosaminidase content 
respectively. After 30 minutes of stimulation, secretion was terminated by the addition 
of 200 pi GB-3mM EGTA at 4°C. Cells were pelleted by centrifugation and 
resuspended in GB-3mM EGTA and kept on ice.

5.2.1) Hexosaminidase determination
To determine the extent of hexosaminidase release, 50 pi of supernatant was 

transferred to a clean opaque microtitre plate to which 50 pi of fluorogenic substrate 
4-methylumbelliferyl N-acetyl-p-D-glucosaminide (Sigma) at pH4 was added and the 
reaction was incubated for 1-4 hours. The reaction was terminated by the addition of 
150 pi cold tris(hydroxymethyl)methylamine (tris, 0.5M). Cleavage of the substrate 
generates a product which fluoresces upon alkalinisation. Fluorescence was measured
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on a Titertek Fluoroscan II fluorimeter (ICN) and data was processed using a 
spreadsheet (SuperCalc 4.0, Computer Associates International PLC). Samples were 
analysed in duplicate and average hexosaminidase release calculated as a percentage of 
total hexosaminidase content.

5.2.2) Pre-incubation conditions.
Pre-labelling with rhodamine phalloidin. After incubating with SLO for two minutes at 
30°, an equal volume of 2X concentration of rhodamine phalloidin (Sigma) in 
glutamate buffer at 30° was added and incubated for a further 2 minutes before 
continuing with the standard secretion experiment protocol. The time between 
permeabilisation and stimulation was 1 1 - 1 2  minutes.

Pre-incubation with Rac and Rho mutants. After transferring permeabilised cells to the 
microtitre plate, an equal volume of 3X concentration of Rac or Rho protein 
(preparation described below) in glutamate buffer was added and incubated for a 
further 5 minutes at room temperature, returned to 30° before stimulation. The time 
between permeabilisation and stimulation was 14-20 minutes. During the incubation 
period, the concentration of protein was 1.5X the final concentration at which the cells 
were stimulated.

C3 transferase pre-treatment. 1.0 pg ml‘l (final) C3-transferase (a gift from Alan Hall) 
was added with the SLO in the presence of 0.5 mM NAD+ at room temperature for 10 
minutes. The C3 transferase and NAD+ were removed with the SLO by centrifugation 
and the standard secretion experiment protocol followed. The time between 
permeabilisation and stimulation was 14-20 minutes.

5.3) Staining protocols
Following termination of secretion by quenching of cells with cold GB 

containing 3 mM EGTA and centrifugation (and in some experiments, following 
removal of supernatant for hexosaminidase measurement), remaining supernatant was 
discarded and cells were resuspended in 64 pg ml'^ FTTC-succinyl-concanavalin A 
(FITC-S-con A) (Sigma) for 20 minutes at 4°C to label exposed granule glycoproteins, 
or 0.6 pM rhodamine phalloidin (Sigma) for 20 minutes to label F-actin (a range of 
concentrations of FITC-S-con A and rhodamine phalloidin were tested to determine 
the concentration required for efficient staining - not shown). Cells were then washed 
twice by centrifugation at 4°C and fixed by resuspension in GB (- BSA) containing 3 
mM EGTA + 1% formaldehyde, to give a final density of approximately 0.5 x 10  ̂cells 
m l'f Cells from each sample were filtered through 100 pM nylon mesh to remove any
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particles or cell aggregates. This filtration step was essential for preparation of cells 
for flow cytometry to prevent blockage of the cytometer flow cell. Examination of the 
nylon mesh under a microscope following filtration showed that few cells were 
retained and that unstimulated and fully degranulated cells were equally likely to be 
retained (not shown). Samples were kept on ice until analysed by flow cytometry (1-6 
hours) and treated as described in section 5.5 for confocal microscopy.

The staining protocols used for real-time analysis are described in section 5.4.4.

5.4) Flow cytometry
5.4.1) Principles of flow cytometry

An EPICS Elite flow cytometer (Coulter Electronics Inc.), equipped with an 
argon-ion laser was used in this study. Flow cytometry can be used to measure the 
fluorescence and light scattering properties of large numbers of single cells. Cells are 
drawn from the sample tube into a highly regulated stream of buffer, which directs the 
cells in single file through the path of a laser. A series of filters and photomultiplier 
tubes measures the forward angle and 90° light scatter and the fluorescence intensity at 
specific wavelengths (see figure 5.1). Forward and 90° scatter give an indication of 
size and granularity respectively (described in 2.2.2). The different parameters are 
recorded and grouped for each cell. One or two parameter histograms of these 
variables can then can be generated. Correlations between morphology and the level 
of binding of an antibody or other molecules can then be examined. Since the different 
variables can be compared in each one of a large number of cells, very small 
coefficients of variation can be obtained.

The light scatter measurements report the intensity of light detected and 
depend on the intensity of the incident beam and the gain applied to the 
photomultiplier tubes; these measurements are therefore scaled arbitrarily.

Sophisticated analysis software allow cells with particular characteristics - for 
instance high light scattering - to be analysed separately for a different parameter - for 
instance the level of binding of an antibody or other fluorescent probe; cells with the 
particular characteristics for further examination are 'separated' from the remaining 
cells by encircling them on a computer screen using a mouse (a process known as 
'gating'). Thus the characteristics of different sub-populations of cells can be 
compared.
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Figure 5.1) Laser, filter and photomultiplier tube arrangement.
A highly regulated stream of buffer carries and directs cells through the path of 
the laser. Light passes through dichroic lenses (DL) which reflects a portion of 
the light to each photomultiplier. A filter blocks light at 488 nm (BK) from 
entering the FITC and TRITC detectors. Band pass filters (BP) allow light of 
the appropriate wavelength to enter each photomultiplier tube.

5.4.2) Analysis of cells by flow cytometry
Following fixing and filtering, cells were introduced into the cytometer flow 

cell. Cells were directed through the path of a 488 nm laser line and emission was 
recorded at 525nm (for analysis of FITC-S-con A) and 575nm (for rhodamine 
phalloidin). Forward angle light scatter (FLS) (1.5° - 19°), 90° light scatter (90°LS) 
and fluorescence readings were collected. 1 0 ,0 0 0 -2 0 , 0 0 0  cells were analysed per 
sample, and samples within each experiment were analysed under identical conditions.

On the flow cytometer computer screen, 2 parameter light scatter distributions 
(FLS and 90°LS) were plotted. When required, gates were drawn around the sub
populations of secreting and non-secreting cells (see below), and the cells within these 
populations were analysed for their fluorescence or counted, where appropriate. 
Histograms of fluorescence and/or light scatter were plotted for all cells or for 
particular sub-populations as required. Gates were also drawn to exclude signals due 
to noise and cell debris. For instance, in some experiments (depending on the 
performance of the flow cytometer), signals falling within the lowest 10% of the FLS
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range were excluded. Combined analysis of light scatter, rhodamine phalloidin and 
FITC-S-con A staining indicated that a negligible proportion of cells were excluded by 
this procedure. Whether for excluding noise or identifying different sub-populations, 
within each experiment (at least), data was analysed using the same gating conditions.

The sensitivity of the light scattering and fluorescence detectors was 
standardised at the beginning of each experiment by adjusting the gain and voltage for 
each detector and using calibration beads of standard size and fluorescence (Standard 
Brite by Coulter Electronics Inc.). This enabled a similar (but not identical) 
presentation of cells between experiments. Calibration beads were analysed at regular 
intervals to ensure consistency of the detectors while samples were measured. Since 
the light scatter measurements represent the intensity of light detected and depend on 
the intensity of the incident beam and the gain applied to the photomultiplier tubes, 
these measurements are scaled arbitrarily.

5.4.3) Identification/classification of secreting and non-secreting cells
Secreting and non-secreting cells have been routinely distinguished in our 

laboratory from FITC-S-Con A fluorescence measured using confocal microscopy 
techniques. Cells with fluorescence intensities which exceeded a certain level were 
deemed to be secreting cells. This point was set such that 95% of control cells were 
scored as non-secreting (James Norman, personal communication). This principle was 
adopted here for determining the proportion of secreting cells in response to GTP-y-S 
and increasing concentrations of Ca^+ following FITC-S-con A staining (section
2.2.4).

Secreting and non-secreting cell sub-populations were also delineated 
according to light scattering properties and the way in which this was done was 
carefully considered. It was useful to be able to identify these sub-populations using 
light scatter to avoid the necessity for FITC-S-con A staining and hence allow the use 
of other probes (eg for F-actin). It would have been convenient to have used the 
region that delineated control cells (eg region X as shown in figure 2.1, panel A) for 
also identifying non-secreting (but stimulated) cells. However, as discussed in chapter 
2 (section 2.4.1), although a variable proportion of cells failed to secrete in response to 
a stimulus, they responded in other ways which were represented by small decreases in 
90°LS. It was therefore necessary to describe a new region containing non-secreting 
cells (referred to as region Y in figure 2.1). Figure 2.1 shows that cells in region Y 
following stimulation with Ca^+ and GTP-y-S have not released their secretory 
granules (as revealed by FITC-S-con A staining). A similar effect was observed when 
cells were stimulated with pCa4.75 and ATP (eg see figure 4.3). Under these 
conditions, cells in region Y again had a FITC-S-Con A fluorescence distribution
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almost identical to control cells (not shown), again confirming that these cells had not 
secreted.

When cells were stimulated with GTP-y-S/ATP, rather than obtaining distinct 
sub-populations of secreting and non-secreting cells, essentially only one population of 
cells was obtained, which contained a range of non-secreting and partially secreting 
cells (example of light scatter shown in appendix I); example of FITC-S-con A shown 
in figure 2.5). To quantify changes in the proportion of secreting cells using light 
scatter plots, cells falling within region Y were deemed as non-secreting cells, and cells 
falling outside (below) this region were deemed as secreting cells. Region Y was 
defined as that containing non-secreting cells following stimulation by Ca^+ZATP. 
Discrimination between secreting and non-secreting cells in this way was found to give 
the most satisfactory separation when subsequently analysed for FITC-S-con A 
fluorescence.

5.4.4) Real-time flow cytometry measurement
For preparation of cells for flow-cytometry time courses, cells were prepared 

using the standard secretion experiment protocol, with the following modifications: 
for the monitoring of filamentous actin disassembly, cells were treated with 0.18 pM 
rhodamine phalloidin for 2  minutes following the 2  minute permeabilisation period, 
washed and centrifuged, resuspended in GB containing 3 mM EGTA and analysed 
immediately. For monitoring quinacrine release, unpermeabilised cells were treated 
with 2 pM quinacrine (Sigma) for 10 minutes washed by centrifugation. Cells were 
then permeabilised, centrifuged, resuspended in GB containing 100 pM EGTA and 
analysed immediately.

Scatter and fluorescence data were collected as a function of time. Cells were 
analysed for two minutes before the stimulus was added. At the time of stimulation, 
the tube of cells was removed and an approximately equal volume of 2X triggering 
solution was added. The sample was mixed, returned to the flow cytometer and 
analysis continued until no further degranulation took place (determined from on-line 
light scatter readings). There was therefore a break in sampling for approximately 20 
seconds, approximately 15 seconds of which were post-stimulation. The period 
between permeabilisation and stimulation was 10-12 minutes. To maintain the sample 
at 30°C, a system for circulating water at 30°C around the sample tube was attempted, 
however, shorts, T-shirt and the room thermostatically maintained at 30°C was found 
to be less problematic.

Data files were processed into histograms and noise gated as described above. 
Flow cytometer data files were converted for a standard spreadsheet package 
(SuperCalc 4.0) using custom made software (J.R. Price). Histogram data was
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automatically divided into 1024 time slices by the Elite software. For curve smoothing 
of data from some experiments, data was subjected to an 8  point 'rolling mean' 
whereby the fluorescence, light scatter or % of degranulated cells at each time point 
was an average of the values at the eight surrounding time points.

5.5) Confocal microscopy
Cells were stimulated and stained as for the standard secretion and staining 

protocols and fixed with 1% formaldehyde. To concentrate the cells, samples were 
centrifuged at low speed (100 g) for 5 minutes, the majority of the supernatant 
removed and cells were resuspended in the remaining buffer. 3 ml of cell suspension 
from each sample was placed under a coverslip on 8 -well Multitest slides (ICN 
biomedicals). The slide-coverslip joins were sealed with nail varnish and slides were 
kept cold and moist until visualised (within 24 hours). Fluorescent images were 
obtained using a confocal laser scanning microscope equipped with an argon-ion laser, 
attached to a Leitz Fluovert-FU microscope (Leica). For visualisation of FITC-S-con 
A, excitation was at 418 nm and emission was at 550nm. For visualisation of 
rhodamine phalloidin, excitation was at 514 nm and emission was at 590nm. Digital 
images (equatorial slices) are displayed using the 'glowovun' colour look-up table from 
Leica.

5.6) Assessment of Rac and Rho in mast cells
5.6.1) Assessment of C3 transferase substrate

Mast cells were treated with SLO (0.8 I.U. ml'^ for 5 min on ice (at this temperature 
no permeabilisation occurs), centrifuged at 4°C and then resuspended in aliquots 
(250,000 cells in 200 pi) in GB containing the following protease inhibitors: 
(leupeptin, 1 mg ml‘l; pepstatin, 1 pg ml‘l; PMSF, 0.1 mM; EGTA, ImM; EDTA, 
ImM). Permeabilisation was initiated by incubating the cells at 30°C and after 10 min 
(to allow permeabilisation and leakage), cells (except the total sample) were 
centrifuged (1 min at 12,000 g). The supernatant was removed and the pellet 
resuspended in 200 pi of GB containing protease inhibitors and the three samples and 
10 ng (active protein concentration) V14RhoA standard were incubated for 20 min at 
room temperature with C3 transferase (0.1 pg ml'^ and 3.7 pCi ^^[P]NAD (2.5 pM). 
Proteins were then precipitated by addition of 25 pi 100% trichloroacetic acid for 30 
min on ice), pelleted ( 2  min at 1 2 0 0 g), washed twice with ethanol-ether ( 1 :1 ).
Samples were dissolved in 50 pi of Laemmli sample buffer and separated by 
discontinuous sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS- 
PAGE) according to the method of (Laemmli, 1970), using a Mini-PROTEAN II 
electrophoresis cell (Bio-Rad). Acrylamide concentrations were 4% and 12.5% in the
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stacking and running gels respectively. The gel was dried and exposed to phosphor- 
imaging plates which were then scanned and analysed with a Bio-Imaging Analyser 
FUJIX BAS 1000 (Fuji).

5.6.2) Western immunoblotting
Mast cells were permeabilised as above and centrifuged after 10 minutes. The 

pellets were resuspended in 200 |Ld GB and together with the total samples and the 
supernatants treated for 5 min on ice with 0.5% Triton X-100 and centrifuged (5 min 
at 10,000g to pellet nuclei). Mast cell proteins and V12Racl and VMRhoA standards 
were then dissolved in sample buffer and separated by discontinuous sodium dodecyl 
as above. Acrylamide concentrations were 4% and 13.5% in the stacking and running 
gels respectively. Proteins were transferred to nitrocellulose membranes essentially as 
described in (Towbin et al. 1979), using a Mini Trans-Blot cell (Bio-Rad) at 100 volts 
for 40 minutes.

Membranes were treated essentially according to the method of (Ridley et al. 
1993) but with some modifications: membranes were 'blocked' overnight at 4°C in 
tris-buffered saline containing 0.1% Tween 20 (TBST) and 2% dried milk powder 
(Bio-Rad) and washed twice for 5 minutes each. Membranes were then probed 
overnight at 4°C with polyclonal antibodies (1/1000) raised in rabbit against 
recombinant Rho and Rac proteins (from Anne Ridley) and washed 6  times for 10 
minutes in TBST. This was followed by treatment with anti-rabbit IgG-horseradish 
peroxidase (Dacopatts, Denmark) (1:10,000) in TBST containing 2% milk powder, 
washed and developed using ECL reagents (Amersham) according to manufacturers 
instructions and exposed to photographic paper.

5.6.3) Estimation of Rac and Rho concentration in mast cells
Autoradiographs of Rac and Rho Western blots were scanned using a 

densitometer (Shimadzu, Japan). The amount of mast cell protein that cross-reacted 
with the antibodies was estimated by comparisons with V12Racl and VMRhoA 
standards (total protein - see below). The concentration of Rac and Rho in mast cells 
was then determined, assuming that the average volume of a mast cell is 1.3 picolitres 
(Kruger et al. 1974). Such estimates are very approximate and will be influenced by a 
number of factors such as differences in antibody cross-reactivity between recombinant 
and native proteins (discussed in 4.2.1).

The concentration of Rho present in mast cells was also estimated from the 
extent of [^^PjADP-ribosylation. The intensity of phosphorescence induced by 
radioactive emissions from standard VMRhoA bound to [^^P]-labelled GTP (NEN 
DuPont) and mast cell proteins was quantified by image analysis. Emissions

146



corresponding to proteins migrating on the gel at approximately 24 KDa were 
compared with V 14RhoA standards and the cellular concentration was calculated as 
for the densitometry results above. The amount of V 14RhoA standard refers to active 
protein and therefore the estimate will depend on factors such as the accuracy of the 
determination of active protein concentration as well as other factors (discussed in
4.3.1).

5.7) Preparation of Rac and Rho mutants
Escherischia coli transfected with expression vectors containing glutathione S- 

transferase-V12Rac 1, -V12A35Racl, -NlVRacl and -VMRhoA DNA were provided 
by Anne Ridley and prepared as described in (Ridley et al. 1992). Proteins were 
expressed and purified as described previously (Ridley et al. 1992). Briefly, bacteria 
were grown overnight and induced with isopropyl p-D-thiogalactopyranoside (IPTG) 
for 3 hours and then sonicated to induce lysis. Lysates were mixed with glutathione- 
sepharose beads (Sigma) for 1 hour and then beads were washed by centrifugation to 
remove unbound proteins. [Glutathione-S-transferase]-[glutathione-sepharose] was 
cleaved with thrombin and thrombin then removed with p-aminobenzamidine-agarose 
beads (Sigma). These steps were carried out in the presence of 5 mM MgCl2 . With 
the exception of NlVRacl preparation, the protocol of Ridley et al was modified 
slightly to bind GTP to the proteins and ensure removal of excess GTP: EDTA was 
added to reduce [Mg^+J to below 0.1 |XM, calculated using the computer program 
CaMg.bas® (World Precision Instruments, Connecticut) which reduces the affinity for 
bound nucleotide (Hall and Self, 1986). GTP was added to give a final concentration 
of * |liM  and incubated at 30°C for 10 minutes to allow exchange of GDP for GTP. 
Bound GTP was 'locked' in by adding MgCl2  to give a final Mg^+concentration of 
2mM, calculated as before. Proteins (including NlVRacl) were dialysed to remove 
salts and unbound nucleotide and concentrated using Microsep™ 10 KDa cut-off 
centrifugal concentrators (Filtron, Massachussetts).

Samples taken at different stages of the protein preparation procedure were 
analysed by SDS-PAGE and stained with coomassie blue to ensure that thrombin- 
induced cleavage and thrombin removal had taken place and to ensure that only one 
major protein band was present following dialysis (not shown).

The total protein concentration (which includes active and inactive p21 and 
contaminating protein) was determined using a colloidal Coomassie blue staining 
protocol according to the method of (Neuhoff et al 1988) and compared against BSA 
standards.
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5.7.1) Assessment of active protein concentration
The concentrations of active p21 (ie that capable of exchanging nucleotide) 

were determined according to the method of (Hall and Self, 1986). Briefly, serial 
dilutions of the protein preparations were made and EDTA was added to give a final 
Mg^+ concentration of 0.1 jiM to promote nucleotide exchange. ^[H]GDP was added 
to give a final concentration of 0.5 pM and incubated at 30°C for 10 minutes after 
which bound nucleotide was 'locked' in place by adding MgCl2  as described above for 
GTP loading. Samples were filtered over 0.45 pM nitrocellulose filters (Whatman) 
and washed with cold buffer. The ^[H] activity associated with the filters was 
measured by scintillation counting and the active protein concentration determined 
( 1  pg of protein being approximately equivalent to 1 0  ̂disintegrations per minute).
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Appendix I) Light scatter profile and hexosaminidase release in response 
to various stimulus conditions.

A ) EGTA B ) EGTA + GTP-S C) pCa5 + G TP-S

D ) EGTA + ATP E ) EGTA + ATP + G TP-S F) pC a5 +  ATP +  GTP-S

G ) pCa5 H ) pCa5 + ATP

forward angle light scatter

Appendix I) Light scatter characteristics of mast cells stimulated with different 
combinations of effectors of secretion.
Cells were permeabilised, washed and stimulated for 20 minutes with 
combinations of Ca^+ (pCaS), GTP-y-S (30pM) and ATP (3mM) as indicated. 
Cells were fixed and analysed by flow cytometry. A minimum of 10,000 cells 
were analysed per sample. Each plot is representative of at least 10 plots from 
separate experiments. The percentage hexosaminidase release observed with 
each stimulus is shown an the bottom right corner of each panel. Values 
represent means ± S.E.M; n = at least 5 separate experiments.
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