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Abstract

The interdependence of the signalling pathways, which culminate in secretion and rearrangement 

of the actin cytoskeleton has been extensively studied. To date such a link has proved 

controversial. Here I have investigated whether such a link exists in rat peritoneal mast cells 

(RPMC), using both intact and streptolysin-0 permeabilised cells.

This work has utilised the properties of a recently discovered marine toxin - latrunculin, which has 

been shown to depolymerise F-actin. This toxin was found to induce a dose dependent reduction 

in F-actin, which was clearly paralleled, by a reduction in secretory responsiveness. The findings 

indicate that the signalling pathways from the receptor, but not the final steps of exocytosis, 

require cytoskeletal rearrangements.

This study revealed a very interesting, previously unreported, effect of latrunculin. The shift in the 

F- : G-actin equilibrium induced by this toxin induces a relocalisation of actin into the nucleus. 

This effect of latrunculin was investigated and found to dependent on the actin-binding protein 

cofilin.

Following this work a detailed study of the localisation and regulation of mast cell actin revealed 

the existence of a previously undiscovered pool of monomeric actin, lying within the nuclei of 

resting permeabilised RPMC. Further investigation showed that both ATP and G-proteins, which 

are known to simulate secretion, regulate this pool of actin. The results suggest that both ATP 

and G-proteins may control the localisation of this pool via cofilin.

Many actin binding proteins, including cofilin, are widely acknowledged to be regulated by PIP2. 

Moreover phosphatidylinositol transfer protein (PI-TP), which has been shown to promote PIP2 

synthesis, also enhances secretion. This study found that alpha isoform of PI-TP is involved in 

both the priming and final steps of exocytosis in RPMC. This role PI-TP however is only revealed 

in metabolically inhibited mast cells, i.e. those depleted of their endogenous PIP2.
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CHAPTER 1

Introduction
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1.1 Mast cell types and morphology

Mast cells originate from multipotential heamatopoietic stem cells residing in the bone marrow. 

Uniquely mast cells do not fully differentiate in the bone barrow. It appears that mast cell- 

committed precursors leave the bone marrow and traverse across the vascular space into either 

mucosal (e.g. intestinal and lung mucosa) or connective tissue (e.g. dermis and intestinal 

submucosa). Here they undergo their final differentiation to form two main types of mast cell - the 

mucosal mast cell (MCC) and the connective tissue mast cell (CTMC). The kit ligand - stem cell 

factor (SCF), interleukin-3 (IL-3) and possibly other I  cell interleukins have been implicated in 

regulating this final differentiation (Galli et al 1999). The two mast cell types differ with regard to 

their granule contents i.e. the secretory granules of CTMC contain significant amounts of 

histamine and the proteases, chymase, tryptase, carboxypeptidase A, while MMC contain only 

small amounts of histamine and no chymase or carboxypeptidase A.

1.1.1 Rat Peritoneal Mast Cells (RPMC)

The mast cells used in this thesis were harvested from the peritoneal cavity of rats, which are an 

example of a CTMC. These cells measure -10-15 \im in diameter and are packed with 

approximately 1000 secretory granules per cell (mean diameter 0.3 lam). These granules store 

preformed inflammatory mediators, such as histamine, serotonin, tryptase, chymase and 

chemotactic factors such as tumour necrosis factor-a (TNF-a). They also contain acidic 

hydrolases such as p-hexosaminidase. The internal structure of these granules is maintained by 

proteoglycans such as heparin. Moreover the glycosaminoglycan side chains of heparin interact 

with the protein mediators, to maintain them in stable and active conformation prior to activation 

(Church and Caulfield 1988). Cell activation induces the release of these inflammatory mediators, 

a process referred to as exocytosis. Mast cell activation also induces the synthesis of other 

mediators, which cannot be stored, either by activation of gene transcription e.g. TNFa, or by 

activation of PLA2 resulting in the formation of the eicosanoids.
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1.1.2 Mast Cells -  Physiological and pathological functions

Mast cells are responsible for recruiting white blood cells to the site of infection. They achieves 

this by secreting histamine, leukotrienes, TNFa, and other mediators, which induce an increase 

vascular permeability, dilation of the capillaries, and act as chemotactic agents. Mast cells also 

release proteases, which can damage/ destroy invading pathogens. It is now widely believed that 

the release of such mediators represents a critical component in many of the clinically important, 

IgE-dependent, acute allergic reactions (Galli. 1999). Such reactions include acute respiratory 

responses to allergens in-patients with atopic asthma, or systemic anaphylatic reactions in 

subjects with allergies to foods, pharmaceutical agents, or components of insect venoms. It is 

very likely that mast cells also contribute to chronic allergic inflammatory disorders, such as 

allergic rhinitis, asthma, and possibly atopic dermatitis (Galli. 1999).

Given the enormous human and economic impact of allergic diseases, it is clear that a more 

detailed knowledge of the signal transduction pathways, which culminate in mast cell exocytosis, 

is required.

Activation of mast cells (1.2 to 1.3)

Mast cells exocytose in response to a number of stimuli including (1) activation of its FceRI 

receptor, (2) amphipathic amines, or (3) exogenous calcium, GTP and ATP in permeabilised 

cells.

1.2 Antigenic Activation

Mast cells possess a high affinity receptor for IgE called FceRI. This consists of an a-chain, a p- 

chain and two y-chains which are linked by a disuphide bond (Ravetch and Kinet 1991). For mast 

cells to exocytose they must firstly undergo a process known as sensitization. This is 

characterised by immunoglobulin E (IgE), secreted by P-Iymphocytes in response to antigen, 

binding to the a-chain of FceRI. At this stage mast cells are capable of undergoing exocytosis 

when re-exposed to the same antigen. On subsequent antigenic exposure adjacent IgE 

molecules, bound to FceRTs, bind the antigen. This induces two or more FceRI's to aggregate -  

a process referred to as “cross linking". Within just five seconds of “cross-linking” both the p- and

18



y-chains of the FcsRîs become tyrosine phosphorylated (Benhamou et al. 1990) within a specific 

motif called ITAM - immunoreceptor tyrosine-based activation motif (Pribluda et al. 1997). The 

receptor however has no intrinsic enzymatic activity. Thus such a rapid phosphorylation event 

suggests that a tyrosine kinase is associated with, or lies very close to, the receptor. 

Immunoprécipitation of both quiescent and activated FceRI revealed that in quiescent cells up 

20% of the receptors are associated with l y n - a  member of the src family of kinases (Yamashita 

et al. 1994). Further investigations revealed that lyn is anchored to the plasma membrane by an 

amino terminal myristoylation. Upon cell activation the proportion of receptors associated with lyn 

increased by up to 10-fold and lyn’s tyrosine kinase activity by 12 fold (Yamashita et al. 1994).

Subsequent to this phosphorylation event a second tyrosine kinase called p72syk has been 

shown to interact with both the p- and y-chains of FceRI , with a greater preference shown for the 

y-chain (Benhamou et al. 1993) Lyn appears to have an important role in syk activation, indicated 

by the observation that lyn phosphorylates a fragment of syk, in which the kinase domain has 

been excised (Scharenberg et al. 1995). The findings of Kurosaki et al (1994) suggest that the 

activity of syk is also dependent on auto-phosphorylation. It appears that most of the protein 

tyrosine phosphorylations induced by FceRI activation require syk e g phospholipase C-yl and 

y2 (PLC), the p85 subunit of PI3-K, Vav - a guanine exchange factor (GEF) for Rac, the adapter 

protein Grb2 -  which complexes with the Ras GEF Sos (son of sevenless), mitogen activated 

protein kinase (MAPK), the focal adhesion kinase pp125F *̂  ̂ (FAK), the protein tyrosine kinase 

Pyk-2 and Pyk-2, paxillin (Siraganian 1999). These biochemical changes result in cytoskeletal re

organisation and exocytosis. Mast cells deficient in syk are unable exocytose in response to 

antigenic challenge via the FceRI, indicating its pivotal role in this cellular response (Costello et 

al. 1996).

1.2.1 Ras

One of the downstream targets of syk is the adapter protein Grb-2, which syk appears to recruit to 

the plasma membrane through the adapter protein p52 She (Zhang et al 1999). Grb-2 is 

associated with the Ras-GEF Sos. Upon recruitment of Grb-2 to the plasma membrane Sos 

converts the small GTP-binding protein Ras into its active GTP bound state (refer to section
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1.2.1.1). Ras has been shown by a number of groups to activate phospholipase h . (PLA2) 

through the mitogen activated kinase (MAPK) signalling pathway: Ras Raf -> MEK MAPK 

PLA2 (Hirasawa et al. 1995). (Raf - also known as MAP-KKK, MEK - also known as MAP-KK 

and MAPK are serine threonine kinases). This MAPK signalling pathway is PKC-independent and 

is distinct from the pathway controlling exocytosis in RBL and mast cells (Hirasawa et al. 1995).

1.2.1.1 Small Guanosine triphosphate (GTP)- binding proteins

Ras as mentioned above is a small GTP-binding protein. This protein belongs to the Ras-related 

superfamily of small G-proteins, which contains more than 50 members (Koffer et al. 1999). 

These differ from the heterotrimeric G-proteins, as they consist of just one protein unit -  as 

compared to the 3 protein subunits - a  and Py, of the heterotrimeric G-proteins.

GTP regulates the activity of both these classes of GTP-binding proteins, such that they are in 

their active state when bound to GTP and in their inactive state upon hydrolysis of GTP to GDP. 

Three classes of proteins have been identified which switch GTP-binding proteins on and off 

utilising this phenomenon. These are the guanine nucleotide exchange factors (GEF’s) which 

exchange bound GDP for GTP - thereby activating G-proteins, the GTPase-activating proteins 

(GAP's) which promote the low intrinsic GTPase activity of these proteins, and the guanine 

dissociation inhibitors (GDI's) which inhibit the dissociation of the bound GDP -  both of which 

inactivate G-proteins.

The Ras superfamily of small GTP-binding proteins has been divided into six main subgroups 

according to their primary sequence. These subfamilies are called Ras, Rho, Rab, Ran, Rad and 

ARF. The Rab, Rho and ARF subfamilies of G-proteins have been implicated in the exocytotic 

signalling pathways. The roles of these subfamilies of small GTP-binding proteins in mast cells 

secretion are discussed below: Rab - section 1.2.7, Rho - section 1.2.6, Art - section 1.2.4.1.

1.2.2 Phospholipase C (PLC)

Recruitment of syk to the y-chains of FceRI results in the tyrosine phosphorylation and activation 

of PLC-yl and y2 (Siraganian 1999). Activation induces translocation of both isoforms: in the
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case of RBL cells, PLC^1 associates primarily with the plasma membrane, while PLC-y2 

associates primarily with Golgi membranes (Atkinson et al. 1993). Upon activation, PLC then 

catalyses the hydrolysis of PIP2 , to form diacylglycerol (DAG) and inositol triphosphate (IP3). IP3 

diffuses into the endoplasmic reticulum, where it activates specific channels responsible for the 

release of cytoplasmic Ca^  ̂stores. This antigen stimulated Ca^+ influx has been shown to be the 

principle event in many of the signalling pathways that culminate in functional responses such as 

secretion (Siraganian. 1999). The accumulation of DAG, resulting from PIP2 hydrolysis, also has 

an important functional role, as it leads to the translocation and activation of PKC (White et al. 

1985).

1.2.3 Protein Kinase C

Using both the DAG analogue - phorbol 12-myristate 13-acetate (PMA) and PKC inhibitors, 

Ozawa et al (1993) reported that both the calcium sensitive (PKCa and p) and calcium 

insensitive isoforms of PKC (PKC6, e and Q  are required for antigen induced secretion from RBL 

cells. This study also showed that reconstitution of PKC depleted RBL cells, with PKCp and 5, 

partially restores calcium-stimulated secretion. However, other studies have shown that down 

regulation of PKC, by sustained exposure to PMA, does not completely abolish mast cell 

secretion (Howell et al. 1989). Short treatments with PMA are known to promote PKC activation. 

Such treatments did not however elicit a secretory response (White and Metzger 1988). Moreover 

introduction of Ca^+ and GTPyS into permeabilised mast cells induced a small amount of 

secretion in the absence of ATP, suggesting that mast cells do not have absolute requirement for 

PKC to be able to exocytose. These observations suggest that PKC plays a modulatory, rather 

than pivotal role in exocytosis.

1.2.4 Phospholipase D (PLD) and its regulation

Activation of the FceRI receptor activates PLD in both rhast cells and RBL cells (Gruchalla e al. 

1990). The major substrate of PLD is phosphatidylcholine (PC) which it hyrdolyses to release 

phosphatidic acid (PA) and choline. PA can be rapidly dephosphorylated by phosphatidate 

phosphohydrolase (PHH) to form DAG. This Synthetic pathway represents the primary source of 

DAG in stimulated mast cells (Cissel et al. 1999). Brown et al (1993) was the first to discover that
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PLD activity is regulated by PIP2. This was corroborated by the observation that neomycin, which 

binds acidic phospholipids, inhibits the activation of membrane associated PLD and partially 

purified PLD (Liscovitch et al. 1994). Investigations in permeabilised cells and in membrane 

preparations found that PLD was also activated by GTPyS, suggesting that a G-protein is also 

involved in PLD activation.

This G-protein was finally identified as belonging to a subfamily of GTP-dependent proteins called 

ARF’s - ADP-ribosylation factor (Brown et al. 1993). Terui et al (1994) discovered that PIP2 

stimulates an ARF-GEF (refer to section 1.2.1.1). This observation promoted the theory that PIP2 

is activates PLD via ARF. A human ARF-GEF called ARNO has been cloned (Chardin et al. 

1996), which is specifically activated by PIP2 presumably through its PH (phospholipid-binding) 

domain. Another ARF-GEF called cytohesin has also been cloned. Cytohesin also contains a PH 

domain, which in this case specifically binds PIP3 (Klarlund et al. 1997).

Following the identification of ARF and its role in PLD activity another small G-protein -  Rho, was 

also shown to modulate PLD activity. This finding is based on the observation that activation of 

PLD by GTPyS is blocked by Rho-GDP, which inhibits activation of Rho (Bowman et al. 1993). 

Additional indications come from studies using bacterial toxins which inactivate Rho A via either 

ADP-ribosylatation (via 03 exoenzyme from Clostridium botulinum) or via glucosylation (via toxin 

B from Clostridium difficile) which also inactivates Cdc42. These studies found that activation of 

PLD by a number of triggers, including aggregation of FceRI, is blocked by one or other of these 

toxins (Ojio et al. 1996). This possible modulatory activity of Rho may result from its ability to 

stimulate PI-4-phosphate 5-kinase (PIP-5-Kinase), thereby promoting PIP2 production (Chong et 

al. 1994). Other studies however have not been able to show this inhibitory effect of 03 

exoenzyme on PLD activity (Bowman et al. 1993, Malcolm et al. 1994). The possible roles of Rho 

and Cdc42, which is also inhibited by toxin B, therefore requires further investigation.

Another activator of PLD has been identified in the form of PKC. This is indicated from numerous 

studies with phorbol esters and PKC inhibitors (Exton, 1997). It appears that PKCa and p interact 

with PLD through their regulatory rather than their catalytic domains (Singer et al. 1996). Other
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reported activators of PLD include the actin binding protein gelsolin, while synaptojanin and 

,fodrin and ceramides have been reported to inhibit PLD activity (Cissel et al. 1999).

1.2.4.1 The ARF subfamily

These were originally identified by their ability to enhance the ADP-ribosyltransferase activity of 

cholera toxin toward Gsa. There are six isoforms of ARF (1-6) which are ubiquitously expressed 

(Hosaka et al. 1996). These isoforms have been found to localise to different areas within the cell 

and appear to have both common and disimilar functions (Koffer et al 1999). ARF in addition to its 

role as an activator of PLD is also required for vesicle budding. ARF-1 has been shown to be a 

component of the coatomer protein complex (COP) which coats vesicles passing between the 

endoplasmic reticulum (ER) and the Golgi (Orci et al. 1993). It is possible that ARF is signalling 

through PLD to assemble the COP. This is supported by the finding that PLD and phosphatidic 

acid are crucial for the formation of coatomer-coated vesicles (Ktistakis et al. 1996).

1.2.4.2 ARF / PLD and Exocytosis

Fensome et al (1996) investigated the signalling pathway of HL60 cells (a neutrophil like cell line). 

Their work showed that cellular permeabiiisation leads to loss of both cytosolic proteins and 

secretory responsiveness. The leakage of ARF from these cells correlated with the loss of both 

secretory competence and PLD activation. Re-addition of recombinant ARF to cytosol depleted 

HL60 cells recovers both secretory competence and PLD activation (Fensome et al. 1996). 

Further evidence for the role of PLD in exocytosis was derived from a study undertaken by 

Prepens et al (1996) using Clostridium difficile toxin B, which as noted above, inactivates both 

Rho A and Cdc42. This group found that pre-treatment of RBL cells with this toxin blocked the 

activity of both PLD and antigen induced secretion. This toxin was also found to strongly inhibit 

serotonin release from intact RBL cells stimulated using antigen, carbachol, mastoparan and 

ionophore A23187 (Prepens et al.1996). However they also found that C3 exoenzyme, which 

selectively inhibits Rho A, did not reduce the secretory responsiveness of RBL cells (Prepens et 

al. 1996). This indicates that in RBL cells, exocytosis is mediated either directly or indirectly 

through a Cdc42 -> PLD dependent signalling pathway.
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1.2.5 Phosphoinositol Transfer Protein (PI-TP)

This protein was firstly identified by its ability to transfer PI and PC between membrane 

compartments. Thomas et al (1993) and Cunningham et al (1995) however found that this protein 

also promotes PIP2 hydrolysis and exocytosis from HL60 cells. PI-TP appears to mediate these 

effects in a PLD independent manner, indicated by PI-TP's inability to reconstitute PLD activity in 

permeabilised RBL cells (Way. 1998). Fensome et al (1996) showed that both ARF and PI-TP 

(sub optimal concentrations), at least in HL60 cells, have additive effects with regard to 

enhancement of secretion. It was therefore concluded that these two proteins maybe acting via a 

common pathway possibly though PIP2. Refer to chapter 7 for a more detailed discussion of this 

protein, and its involvement in secretion.

1.2.6 The Rho subfamily

The Rho subfamily of small GTP-proteins includes Rho A, B, C, D, E, G, Rac-1 and -2, Cdc42 

and TC10. As mentioned above (section 12.4.2), Cdc42 appears to be one of the signalling 

components of the antigen induced exocytotic pathway in RBL cells. Cdc42 has also been shown 

enhance secretion from rat peritoneal mast cells, while a dominant negative form of this GTPase 

inhibited this enhancement (A Brown unpublished data). Rac and Rho have also been found to 

enhance secretion from rat peritoneal mast cells (Price et al. 1995). These observations indicate 

that members of the Rho subfamily play a significant role in mast cell secretion. The precise 

signalling events, which result in the activation of Rho GTPases have yet to clearly defined. As 

mentioned in section 1.2.1.1, these small GTP-binding proteins are activated by GEF's. Another 

source of activation maybe via the phospholipid - PIP2 which has been reported by Zheng et al 

(1996) to interact with the C-terminal domain of HCdc42, to stimulate GDP dissociation and 

stabilisation of the nucleotide-depleted state. The small GTP-binding proteins Rac and Rho may 

themselves be responsible for promoting PIP2 production through stimulation of PIP-5-Kinase 

(Chong et al. 1994, Tolias et al. 1995): activation of PIP-5-K by Rac and Rho is possibly 

independent of their nucleotide status. A further level of complexity is added by the finding that 

while Rho and ARF activate PLD (refer to section 1.2.4), phosphatidic acid generated by PLD 

stimulates Rho (Cross et al. 1996). Dissecting the sequential activation of these signalling 

pathways is therefore proving to be very difficult.
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1.2.6.1 The Rho subfamily -  Exocytosis

The participation of these proteins in mast cell secretion has been extensively studied using a set 

of Rho family mutants and Rho family specific toxins. Inhibition of Rac and Rho by addition of 

N17Rac -  a dominant negative mutant of Rac and C3 exoenzyme, to permeabilised mast cells, 

was found by both Norman et al (1996) and Price et al (1995) to significantly reduce GTPyS 

induced secretion. This suggests that Rac and Rho, in addition to Cdc42 (see above), are 

components of the secretory signalling pathway of mast cells. This is corroborated by the 

observation that addition of V14Rho A and V12Rac - constitutively active mutants, to 

permeabilised mast cells enhances calcium-induced secretion. Neither Rac, nor Rho alone 

however was capable of inducing mast cell exocytosis Price et al (1995). This suggests that a 

calcium dependent factor is required exocytosis. The importance of Rac in the exocytotic 

signalling pathway of mast cells has also been shown through the work of O’Sullivan et al (1996). 

This group purified a factor from brain extract, which reconstituted permeabilised mast cell 

secretion. The active factor was identified as Rac coupled to a Rho-GDI called FOAD-II. As wild 

type Rac alone is incapable of inducing secretion, RhoGDI must be in some way modulating the 

activity of Rac.

1.2.6.2 The Rho subfamily -  The actin cytoskeleton and secretion

This subfamily is most well known for their effects on the actin cytoskeleton and assembly of focal 

complexes (Tapon and Hall, 1997, Norman et al. 1994) found that stimulation of both intact and 

permeabilised mast cells using either compound 48/80 or GTPyS respectively, resulted in 

significant alterations in the actin cytoskeleton. These alterations were characterised by a small 

reduction in cortical F-actin and a larger increase in F-actin within the cell interior (see Fig 3.1). 

Their work showed that both Rac and Rho were responsible for these cytoskeletal alterations - 

refer to section 6.1 of chapter 6, These were found to strongly correlate with secretion - flow 

cytometry analysis showing that the secreting population of cells preferentially displayed 

alterations in their actin cytoskeleton (Price et al. 1995). A number of groups have suggested that 

alterations in the actin cytoskeleton are required for exocytosis (refer to section 4.1.1). One theory 

put forward is that the actin cortex of secretory cells acts a barrier to secretion, which has to be 

breached for granules to fuse with the plasma membrane. This is referred to as the “Barrier
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Theory”. However as noted above neither Rac nor Rho, which alter the actin cytoskeleton, are 

capable of inducing secretion in the absence of calcium. Moreover, treatment of permeabilised 

mast cells with cytochalasin E - which prevents F-actin polymerisation, or phalliodin -  which 

stabilises the F-actin cortex, (refer to section 1.5) had no effect on either GTPyS induced 

secretion or the ability of V14Rho A to enhance calcium induced secretion (Norman et al. 1996). 

These observations suggest that these two cellular functions of mast cells have a common 

upstream regulator, but that their signalling pathways diverge prior exocytosis. The findings of 

Borovikov et al (1995) however found that cortical F-actin disassembly induced by GTPyS, in the 

absence calcium, was paralleled by a loss of cortical gelsolin -  an actin capping and severing 

protein which is activated by calcium and inactivated by PIP2 (refer to section 1.4.2.4). As Rac 

and Rho activate PIP-5-K this effect of GTPyS maybe mediated via PIP2 (1.2.6). Pre-treatment of 

mast cells with a truncated form of gelsolin (SI-3), whose activity is calcium independent, 

enhanced cortical F-actin disassembly and the extent of GTPyS induced secretion. This suggests 

that cortical disassembly may play a role in secretion.

1.2.6.3 The Rho subfamily -  Downstream targets which signal to the actin cytoskeleton

A number of lines of evidence suggest that a downstream target of the Rho subfamily is myosin. 

Kimura et al (1996) Rho-kinase (ROCK) has been reported to phosphorylate, and thereby 

inactivate, the myosin-binding subunit (MBS) of myosin light chain phosphosphatase (MLCP) 

Kimura et al (1996). Inactivation of MLCP results in an increase in the level phosphorylated 

myosin I I  light chain (MLC). This leads to an increase in actomyosin contractility -  with the 

formation of stress fibres. Rac has been reported to reduce actomyosin-based contractility, 

although the mechanism by which it achieves this is not as yet clear (Sanders et al. 1999). A 

further downstream target of Rho is mDia (a mammalian diaphanous homologue (Watanabe et 

al.1997). This protein has been found to recruit profilin and may therefore be responsible for the 

actin polymerisation induced by Rho (Pantaloni. et al. 1993). Both Rac and Rho have also been 

shown to inactivate cofilin -  an actin binding protein, which has been shown to increase actin 

filament turnover (Carlier et al. 1997). This is discussed in more detail in section 5.8.5.
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1.2.7 SNAPS and SNARES

These constitute a group of proteins that have been implicated in the targeting and docking of 

vesicles in the neuroendocrine - chromaffin cells. SNARES are classified into 2 main groups -  

those associated with the vesicle membrane (v-SNARES) e.g. vesicle associated proteins 

(VAMPS - also known as synaptobrevin), and those associated with the target membrane (t- 

SNARES) e.g. synaptosome associated 25kDa protein (SNAP-25) and syntaxin. The t-SNARES 

have been suggested to act as an association site for the v-SNARES -  thereby targeting the 

vesicles to specific membranes (Koffer et al 1999). Recent evidence indicates that the GTP- 

binding protein Rab stabilises the assembly of the vSNARE/tSNARE complex (Sogaard et al. 

1994). Rab 3 has been shown to be associated with the vesicle membranes of mast cells 

(Oberhauser et al. 1994) prior to their fusion with the plasma membrane. Rab 3 has been shown 

by Stahl et al (1996) to bind to a protein, identified as Rabphillin-3a, in a GTP dependent manner. 

In addition to its Rab 3a binding domain (N-terminal) Rabphillin-3a also contains a calcium and 

phospholipid binding domain at its C-terminal (Yamaguchi et al. 1993). Moreover its middle 

regulatory domain is phosphorylated by both calmodulin-dependent protein kinase I I  (CAM-Kn) 

and PKC, which may represent potential sites of calcium regulation (Fykse et al. 1995). Rabphillin 

has also been found to inhibit a Rab-3a-Guanine activating protein (Fujita et al. 1994). Thus 

Rabphillin and may be recruited by Rab 3 to maintain it in its GTP-bound (active) form. Rabphillin, 

in addition to associating with Rab-3, has also been shown to associate with a 115kDa protein 

bound to the plasma membrane (Koffer et al. 1999). This may represent the mechanism by which 

Rab-3a stabilises the v-SNARE/t-SNARE complex.

Upon stabilisation, two cytosolic proteins are recruited to the v-SNARE and t-SNARE complex -  

N-ethylmaleimide (NEM)-sensitive fusion factor (NSF) and the soluble NSF attachment proteins 

(SNAP’s): a  and pSNAPs associating directly with the SNARE complex (Wilson et al. 1992). This 

association results in a cascade of events. SNAP promotes the ATPase activity of NSF, which 

induces the SNARE-SNAP complex to dissociate (Morgan et al. 1994). NSF was originally 

thought to be involved in the final fusion events, however more recent work such as that of 

Banerjee et al (1996a) suggests that NSF is involved in priming of the vesicles rather than the 

final fusion events. Priming being an ATP-dependent step, which occurs prior to granule fusion
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with the plasma membrane, a  and (3SNAP, like NSF, may be required for priming rather than the 

final fusion events (Chamberlain et al. 1995).

SNAP-25 however which forms part of the t-SNARE complex has been suggested by Banerjee et 

al (1996b) to be required in Ca^+-dependent triggering. After Ca^^-induced membrane fusion and 

exocytosis, both Rab-3 and Rabphillin-3a were found to dissociate from the synaptic vesicle 

(Stahl et al. 1996). Expression of various Rabphillin-3a mutants in both PC-12 and chromaffin 

cells has shown that Rabfillin 3a is required for calcium dependent exocytosis. Whether it is 

required for the final calcium-dependent fusion step is not as yet known, although its ability to 

bind calcium and to be phosphorylated by both calmodulin-dependent protein kinase I I  (CAM- 

KII) and PKC make it a good candidate protein for this role.

1.3 Effectors used to trigger exocytosis in this study

1.3.1 Intact cells - Compound 48/80

In addition to their activation by IgE mast cells can also be triggered to secrete through a 

peptidergic pathway. This pathway is activated by polycationic peptides, including substance P, 

bradykinin, and by various amines such as the synthetic compound 48/80 and naturally occurring 

polyamines (basic secretagogues). The findings of Mousli et al (1990) revealed that compound 

48/80 stimulates GDP -> GTP exchange and the intrinsic GTPase activity of a heterotrimeric G- 

protein. Structural studies suggest that it is the positive charges of these compounds I peptides, 

which are responsible for activation of Ga (Eisenberg. 1999). These findings in conjunction with 

others have established that compound 48/80 and other basic secretagogues activate mast cells 

in a receptor-independent manner by directly activating the G a . Spectroscopic studies by Ortner 

and Chignell (1981) indicate that compound 48/80 penetrates the membrane up to a point where 

its is no longer exposed tp the external aqueous environment. These observations suggest that 

the hydrophobic moiety of the basic secretagogues inserts into the membrane, enabling its 

positively charge domain to activate the G-protein.

Nakamura and Ui (1985) showed that pre-treatment of mast cells with pertussis toxin inhibited 

PLC and PLA2 activation and histamine release induced compound 48/80. Dose-response 

studies revealed that compound 48/80 evokes exocytosis at concentrations which do not activate
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PLC (Eisenberg et al 1999). Moreover basic secretagogues were found to induce exocytosis in 

the presence of internally applied neomycin, suggesting that they also directly activate a late 

acting Ptx sensitive G-protein(s) (Aridor et al. 1993). Two Ptx sensitive G-proteins have been 

identified in mast cells -  Gi2 and Gia (Eisenberg. 1999). Synthetic peptides, which specifically 

prevented coupling of either Gai2 or Gaia with their respective receptor, were used to determine 

which of these two alpha-subunits compound 48/80 activates. Introduction of these synthetic 

peptides into ATR^ permeabilised mast cells showed that only the peptide corresponding to the 

C-terminal sequence of Gia blocked compound 48/80 mediated secretion (Aridor et al. 1993). 

Aridor et al also showed that the Gia antibody blocked Ca^+-dependent and GTPyS-activated 

secretion from SLO-permeabilised mast cells. The intracellular target(s) of Gia have yet to be 

defined. A number of groups have put forward PLA2 as a possible candidate, as it is activated in a 

Ptx sensitive manner. Moreover inhibitors of PLA2 have been shown to inhibit both arachadonic 

acid and histamine secretion (Eisenberg. 1999). Thus compound 48/80 appears to directly 

activate a Ptx senstive G-protein at the plasma membrane and Gis which modulates the late 

steps of regulated exocytosis.

1.3.2 The differences between Antigenic (igE-FccRi) and compound 48/80 mediated 

activation of mast ceiis

Neither antigen induced exocytosis, nor phospholipase activation, is Ptx senstive (Eisenberg. 

1999). The rate of antigen induced exocytosis is relatively slow (~2 min) and is dependent on 

external Câ +. Compound 48/80 mediated secretion is more rapid (-10 sec) and is independent of 

external Ca^ .̂ The rapid onset on secretion is probably due to compound 48/80 directly activating 

Gis. The delay in antigen induced secretion is presumably due to a more complex signalling 

pathway being activated.

1.3.3 Permeabilised ceiis - Calcium, ATP and GTPyS

As discussed above calcium and GTP-binding proteins, phospholipids, and protein 

phosphorylation, have been identified as components of the exocytotic signal transduction 

path way (s). Some of these studies have utilised cell permeabilisation, which allows the 

introduction of nucleotides, proteins and other signalling molecules into the cell (see below)*. This
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technique has proved very useful in primary mast cells, in which many molecular biological 

techniques have proved to be unsuitable. Cell permeabilisation has been used extensively in this 

thesis to study how the signal transduction pathways, that culminate in exocytosis and 

rearrangment of the actin cytoskeleton might be linked. The following section summarises the 

physical properties of actin and how various proteins alter its structure.

* Note - the substance used to permeabilise cells defines the pore size and thus the components 

lost from the cell. In this study RPMC were permeabilised with the bacterial toxin Streptolysin-0 

(SL-0). SL-0 creates pores in the plasma membrane by binding to and removing cholesterol. 

This creates relatively large pores - in excess of 13 nm in diameter, which allows the leakage of 

molecules such as lactate dehydrogenase (140 kDa). These pores permit the addition of proteins 

into the cell interior, which is not possible using some other permeabilisation techniques. As 

cholesterol is only present in the plasma membrane the internal membranes remain intact 

(Lindau and Gomperts, 1991).

1.4 Actin

Actin, a ~43kDa protein, is one of the most highly conserved and abundant eukaryotic proteins, 

accounting for 5-20% of total cellular protein (Korn. 1982). The actin supergene family encodes a 

number of structurally related isoforms, with the sites of heterogeneity lying predominantly in the 

amino terminus -  i.e. in subdomain 1 (Herman et al, 1993). In mammalian cells these isoforms 

have be subdivided into three types a-, p- and y-actin. p- and y-actin are found in non-muscle (P 

and y), and smooth muscle (SM) cells (y). Distinct a-isoforms are found in skeletal muscle, 

cardiac SM and vascular SM (Herman et al. 1993). Investigations using gene replacement, 

transfectional analysis, antibody and mRNA localisation suggest that the a-, p- and y-actin 

isoforms may have functionally distinct roles.

Actin exists as both a monomer - referred to as globular actin (G-actin), and a polymer -  referred 

to as filamentous (F-actin). The actin monomer, which consists of 4 subdomains, contains a high 

affinity divalent-cation and nucleotide-binding site. Under physiological conditions it is predicted 

that one molecule of Mg^+ and one of ATP bind to their respective high affinity sites. In this state
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any free actin monomer is then capable of rapidly polymerising when it rises above a certain 

concentration - referred to as the critical concentration for actin polymerization (Cc). Surprisingly 

actin is predominantly found in its monomeric form within the cellular cytoplasmic compartment, 

at a concentration significantly above the Cc. With regard to rat peritoneal mast cells -70-80% of 

its actin is triton soluble (Koffer et al. 1990). The monomer is prevented from spontaneously 

polymerising by its association with specific actin binding proteins. Polymerisation is initiated by 

the formation of actin “nuclei” which contain 2 to 3 actin monomers. These can form 

spontaneously although nucleating proteins significantly enhance their formation. Upon 

association with the filament end, the monomer will at some point undergo ATP hydrolysis 

(Carlier et al. 1984). This acts as a chemical switch, which is thought to weaken the bonds in the 

polymer and thereby promote depolymerisation.

The monomers associate with the filament ends in a specific orientation, which results in the 

filament having two structurally different ends. For this reason the association rate at each end of 

the filament is different, with a fast growing “barbed” end and slow growing “pointed” end. The 

rate of association has been shown to be up to 20 fold faster at the barbed end. This leads to the 

effective shuttling of actin monomers assembled at the barbed end as ATP monomers, towards 

the pointed end, to be eventually released as ADP-bound monomers. This process is called 

“treadmilling”. The ADP monomers that dissociate from filaments do not significantly reassemble 

until the ADP has been exchanged for ATP since ATP monomers have a higher affinity for the 

filament ends.

1.4.1 Microfilament regulation

The location, extent, polarity and rate of assembly are regulated by a large number of actin 

binding proteins. Varied signal transduction pathways, such as discussed in section 1.2.6.2 

regulate the activity of these actin-binding proteins. Filaments in turn are organised into different 

conformations by a group of actin-binding proteins that cross-link, cap and bundle actin filaments 

(see Sheterline et al. 1998 for a review). A plethora of actin-binding proteins have been identified 

that mediate these effects. The activities of a small selection of these proteins are discussed in 

section 1.4.2. This complex regulation of the actin cytoskeleton creates a highly dynamic
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microfilamentous structures, which are vital for a number cellular functions including cell motility, 

cell attachment, organelle transport, endocytosis and exocytosis (see Sheterline et al. 1998 for a 

review).

1.4.2 Actin binding proteins

As mentioned above a substantial proportion of the actin cytoskeleton is maintained in its 

monomeric form due to its association with actin binding proteins. The three main actin monomer 

binding proteins are profilin, p-thymosin and ADF/cofilin.

1.4.2.1 p-Thymosin

Members of the p-thymosin family, ~5kDa in size, exhibit actin-binding properties which make 

them excellent for storing G-actin. Ihymosin-p4 (TP4) binds specifically to G-actin in a 1.1 ratio 

with a binding affinity close to the Cc at the pointed end of the filament (see Sun et al. 1995 for a 

review, also refer to section 1.4). Below this Cc i p 4 dissociates relatively quickly from the actin 

monomer (2 s )̂. Moreover IP 4 has over a 100 fold higher affinity for ATP actin as compared to 

ADP actin (Carlier et al. 1993). When the Cc falls e.g. in barbed end uncapping, Tp4 rapidly 

releases the actin monomer which is in ATP bound form i.e. in the form required for 

polymerization (refer to section 1.4). The p-thymosin’s do not appear to be regulated by some of 

the common regulators of actin-binding proteins i.e. calcium, and PIP2. (Cassimeris et al. 1992). 

In vivo the p-thymosin’s are purely actin sequestering proteins, present throughout the cytoplasm, 

and possibly enriched at the leading edge (see Sun et al. 1995 for a review). Interestingly 

Muallem et al (1995) showed that introduction of p-thymosin’s into SL-0 permeabilised (refer to 

section 1.3.3) pancreatic acinar cells induced actin depolymerisation and exocytosis. Moreover 

this effect was blocked by the actin stabilising drug phalloidin and by addition of actin monomers, 

which compete with the endogenous monomers for binding to p-thymosin (Muallem et al. 1995). 

It should be noted however, that the F-actin cortex of the acinar cells was signifcantly more 

resistant to the effects of p-thymosin in comparison to stress fibres.
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1.4.2.2 Profilin

Profilin, a 12-15kDa, protein was originally identified for its monomer sequestering activity (See 

Sun et al. 1995 for a review). Its effects fiowever cannot be simply attributed to monomer 

sequestration. Profilin has been shown in a number of studies to both promote and prevent actin 

polymerization. For example the bacterium Listeria monocytogenes -  which moves through its 

host cell by nucleating an actin tail, loses this tail upon depletion of profilin. This tail is restored 

upon readdition of profilin-actin complexes, but inhibited addition of excess profilin-actin 

complexes (Theriot et al. 1994).

Profilin has been found to enhance nucleotide exchange on the actin monomer, by over 1000 fold 

(Carlier et al. 1993). However profilin preferentially binds to ATP-G-actin, and because ATP is not 

usually limiting in the cell, this effect of profilin is not expected to have a significant effect upon 

steady state actin dynamics. Pantaloni et al (1993) showed that profilin reduces the Cc at the 

barbed end of the filament from 0.1 |iM to 0.007 îM - thereby promoting polymerization. It is 

suggested that this substantial reduction in Cc may be due to the profilin-ATP-G-actin complexes, 

in addition to the ATP-G-actin complexes, associating with the barbed end of the filament 

Pantaloni et al (1993). Profilin driven actin polymerization is augmented by its ability to compete 

with p-thymosin for the same actin pool Pantaloni et al (1993). It appears that proteins that 

express the formin homology (FH) domains can interact with profilin. The products of the 

Drosophila genes diaphanous and cappuccino were found to contain FH domains, with two- 

hybrid analysis revealing that profilin interacts with cappuccino (see Ayscough et al. 1998 for a 

review). Moreover Watanabe et al (1997) found that a mammalian homologue of Diaphanous -  

pp140mDia, co-localises with both Rho A and profilin in the lamellae of spreading fibroblasts 

(refer to section 1.2.6.3). Profilin has also been shown to be regulated by PIP2, whereby its 

binding to PIP2 inhibits its association with actin (Lassing and Lindberg, 1985). As both antigen 

and compound 48/80 activate PLC (refer to sections 1.2.2 and 1.3.1) profilin may also be 

regulated during cell activation by PIP2 concentration and or availability.

1.4.2.3 ADP/Cofilin

Cofilin/ADF unlike p-thymosin and profilin afso binds to actin filaments and preferentially 

associate with ADP-G-actin (Maciver and Weeds, 1994). It appears that the biological function of
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ADF is to enhance the rate of treadmilling (refer to section 1.4), with ADF increasing the rate of 

actin depolymerisation from the pointed end of the filament by -25 fold. This induces an increase 

in steady-state barbed end assembly, to balance out the high rate of disassembly from the 

pointed end (Didry et al. 1998). Using mutant cofilin alleles Lappalainen et al. (1997) has been 

able to demonstrate cofilin’s ability to increase the rate of treadmilling in vivo'. In non-muscle cells 

ADF/cofilin have been found to localise to membrane ruffles which are areas of high filament 

turnover (Bamburg and Bray, 1987). With regards its regulation - pH, phosphorylation and 

phosphoinositides have all been shown to modulate the activity of cofilin/ADF (see Sun et al. 

1995 for a review). However unlike profilin its activity is also inhibited by PI, which raises 

concerns as to whether its regulation by PIP2 is physiologically relevant. Recently the activity of 

cofilin has also been shown to be regulated by the small GTP-binding proteins Rac and Rho 

which have been implicated in exocytosis (refer to section 1.2.6.1). Its regulation by both 

phosphorylation and Rac / Rho is discussed in sections 5.8.3 and 5.^.5 respectively.

1.4.2.4 Capping and Severing proteins

There are two main classes of capping/severing proteins -  those which only cap filaments e.g. 

CapZ and radixin, and those which both cap and sever filaments e.g. gelsolin, villin, severin and 

fragmin. Gelsolin is the most highly characterised of these actin severing/capping proteins. It is 

composed of six domains named 81 to 6. Truncations of its structure has revealed three actin- 

binding sites in; one in 81 - which contains a high affinity monomer binding site, one in 82 which 

contains a calcium independent binding site and one in 84 which contains a calcium dependent 

binding site (Pope et al. 1995). Both 81 and 82-3 are required for efficient severing and capping 

activity (barbed end), with 81-3 capable of mediating these effects in the absence of calcium. 

Full-length gelsolin (81-6) however, requires calcium to associate with the filament end. The 

binding of gelsolin to actin, as with profilin, is inhibited by PIP2 (Janmey and 8tossel, 1987). This 

is probably due to either steric interactions or overlapping of the PIP2 1 actin binding sites. This is 

given credence by the observation that the second PIP2 binding site lies within the region of the 

81 actin-association site (Yu et al. 1992). Gelsolin-mediated actin remodelling in vivo has been 

shown to be associated with PLC activation (8un et al. 1997). This is in line with gelsolin being 

regulated by PIP2 and calcium, whose levels are altered by PLC (1.2.2). Interestingly, activation
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of mast cells by GTPyS induces the loss of both F-actin and gelsolin from the cortex (refer to 

section 1.2.6.2). Calcium also induces cortical F-actin depletion in permeabilised mast cells. 

However an anti-gelsolin antibody, which inhibits gelsolin’s severing activity, had no effect on this 

response. Further investigation has shown that calcium depletes cortical F-actin through a 

calmodulin MLCK dependent signalling pathway (Sullivan et al. awaiting publication). 

Moreover Sullivan et al also found that this calcium-mediated loss of cortical F-actin was not 

required for calcium mediated secretion.

1.4.2.5 The actin cytoskeleton of the rat peritoneal mast cell

As noted above (section 1.4) most of the mast cell actin is triton soluble i.e. monomeric or short 

filaments (Koffer et al. 1990). In the work in this thesis SL-0 is used to permeabilise the cells 

which creates sufficient large pores to allow the loss of the soluble actin pool. Staining these SL- 

0  permeabilised mast cells with rhodamine phalloidin reveals the presence of an intense cortical 

ring of F-actin, with minimal F-actin present elsewhere in the cell (Koffer et al. 1990 and Fig 3.1). 

Nielsen et al (1990) showed using electron microscopy that this cortical actin consisted of a tightly 

knit, dense and irregular filamentous network, which excludes most of the secretory granules 

from the plasma membrane. This cortical actin network appears to be relatively stable with its 

presence observed following SL-0 permeabilisation and during maintenance of the cells for 

prolonged periods in buffer (personal observation).

1.5 Actin-binding toxins

The potential links between the cytoskeletal and exocytotic pathways have been of great interest 

to many research groups. One of the aims of this thesis was to investigate the link between the 

cytoskeletal and exocytotic signalling pathways of RPMC. One of the techniques utilised in this 

field of research has been to study the effects of cytoskeletal manipulation on secretion. The 

cytoskeleton can be easily manipulated using actin-binding toxins. These toxins include the 

classical fungal toxins, phalloidin and the cytochalasins, the recently isolated marine toxins and 

the microbial toxin Clostridium botulinum 02 toxin.
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1.5.1 Phallotoxins: Phalloidin

The phallotoxins are a group of bicyclic heptapeptides isolated from the mushroom Amanita 

phalloïdes. The major representative of this group is phalloidin (refer to Fig 1.1). Phalloidin binds 

to actin filaments with much greater avidity than to actin monomers. This association is strong 

and stabilises the filaments (Cooper et al. 1987). This stabilisation lowers the rate constant for 

disassociation of actin monomers from their filament ends, which results in the lowering of the 

critical concentration (Cc) for polymerisation- favouring filament formation (Cooper et al. 1987). 

Unexpectedly, the association rate at the barbed end decreases (-20%). The stoichiometry for 

phalloidin binding is 1 phalloidin to 1 actin protomer (Steinmetz et al.1998), although other reports 

find slightly different ratio’s. The association rate constant of phalliodin binding is -6x10^ M-̂

(De La Cruz et al.1996). This is much slower than the association between peptide to 

macromolecule. This maybe due to the phalliodin binding sites on the filament being difficult to 

access. A model has been put forward, which suggests that thermal fluctuations in the filaments 

may uncover these binding site(s) (De La Cruz et al. 1994, 1996). A number of methods 

including. X-ray fibre diffraction (Lorenz et al 1993), chemical cross-linking, EM reconstruction’s of 

actin filaments tagged associated with gold tagged phalloidin (Steinmetz et al. 1998) and yeast 

actin mutants (Drubin et al 1993, Belmont et al.1999), have been used to define the phalloidin 

binding site. Although some of this data (especially the chemical cross linking data) shows the 

phalloidin binding site to be in different positions, the use yeast actin mutants by provides 

convincing evidence as to its binding site. This work found that although an actin antibody could 

stain all of the mutated yeast actins, mutations at R177A, D179A and G158A prevented the 

binding of rhodamine phalloidin. This suggests that these residues - which localise to a discrete 

area in subdomain 3/4, close to the nucleotide binding- site, constitute the binding site of 

phalloidin (Belmont et al. 1999). The slight discrepancies between the Lorenz et al (1993) and 

Belmont et al (1999) models may result from Lorenz being unable to determine the orientation of 

phalloidin.
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The ability of phalloidin to selectively bind to filaments has been utilised extensively as a tool to 

localise F-actin both in vitro and vivo, via its conjugation to a fluorophore such as rhodamine. 

Although rhodamine reduces phalloidin’s affinity for F-actin by -6 fold (De La Cruz and Pollard,

1996), only sub micromolar concentrations of rhodamine phalliodin (RP) are required localise F- 

actin. Fluorescently tagged phalloidin has proved particularly useful when used at saturating 

concentrations, as the fluorescence intensity is proportional to the F-actin concentration. 

Furthermore the effects of phalloidin, unlike the cytochalasins, are very easy to interpret as it only 

stabilises F-actin - shifting the F- and G-actin equilibrium towards filament formation. The 

phallotoxins however do not permeate cell membranes, which means that they have to be 

introduced into live cells using techniques such as electroporation and mircoinjection. Using these 

techniques phalloidin mediates an increase in cortical F-actin, which is line with its ability to shift 

the monomer I filament equilibrium. Phalloidin however induces a variety of toxic effects, which 

are often fatal to the cells. While this toxcity could be mediated by actin stabilisation, 

jasplakinolide - a marine toxin which also stabilises filaments (refer to section 1.5.4) does not 

appear to be toxic to cells (Posey et al. 1999). The use of phalloidin is further limited by the 

observation that the actin binding protein cofilin, prevents phalloidin binding to F-actin (Yonezawa 

et al. 1988). The ability of cofilin to prevent the binding of phalloidin to actin is surprising since a 

distance of 15 to 20Â exists between their binding sites, suggesting that steric effects are not 

responsible for this phenomenon McGough et al (1997). Through the use of both electron 

cyromicroscopy and computer generated density maps McGough et al (1997) found that cofilin 

altered the twist of actin filaments, reducing the crossover length to 269Â, which represents a 

-70% reduction. It is therefore proposed that the change in filament twist mediated by cofilin 

distorts the phalloidin binding site thereby preventing its binding.

1.5.2 Cytochalasins

Cytochalasins are a group of fungal metabolites that have been used extensively to manipulate 

the cytoskeleton (refer to Fig 1.1). In addition to binding actin, cytochalasins A and B also inhibit 

monosaccharide transport across the plasma membrane: the other members of the cytochalasin 

family - C, D, E, H, do not effect this transport system. The effects of the cytochalasins on the 

actin cytoskeleton are complex.
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Cytochalasins bind to the barbed end of actin filaments, inhibiting both the association and 

dissociation of actin subunits at this site - thereby resembling a capping protein. The 

stoichiometry of this association is approximately one cytochalasin per actin filament (Cooper et 

al. 1987). The data suggests that CD localises to a single site between subdomains I  and II, 

similar to that of gelsolin segment 1 (Suzuki et al. 1991). The dissociation rate constant (Kd) for 

cytochalasin D (CD) is ~2 |iM. It is reported that cytochalasin shortens actin filaments, although 

electron microscopy revealed that cytochalasin B does not induce the dramatic shortening of 

filaments characteristic of that mediated by actin sevreing proteins (Bonder and Mooseker, 1983). 

Cytochalasins have also been shown to bind to actin monomers. In the presence of Mg^  ̂the 

stoichiometry of this association is 1 CD to 2 actin monomers. It has been suggested that this 

stoichiometry is due to CD and IVIĝ + inducing dimer formation. These CD -  actin dimers do not 

appear to be good nucleating sites. This may be explained by the instability of the dimers with CD 

catalysing the hydrolysis of ATP-actin (Goddette and Freiden, 1986). A further explanation is that 

with CD capping the barbed end of the dimer, filament growth can only occur at the pointed end. 

These diverse effects of CD make interpretation of its effects in vivo very difficult, which limits its 

use. Reports suggest that the concentration used defines the cellular processes effected by CD 

(Yahara et al.1982). At low concentrations (0.2 pM) CD inhibits membrane ruffling, probably via 

its binding to the barbed end of filaments, which interrupts the normal treadmillling processes. 

Higher concentrations (2 - 20 ^M) of CD are necessary to deplete stress fibres. This is 

hypothesised to be mediated by CD binding actin monomers -  where nucléation of new filaments 

removes actin subunits from stress fibres by mass action. In fibroblasts, cytochalasin does not 

alter the F-actin: G-actin ratio. Cytochalasin does however prevent the increase in F-actin that 

occurs in response to stimulation of mast cells (Koffer et al. 1990), although it does not deplete 

the filamentous actin in resting cells.

1.5.3 Marine toxins

In 1980 the marine toxin Latrunculin was isolated from the red sea sponge Latmnculia magnifica 

(Kashman et al. 1980). Subsequent investigations have found latrunculin to be mediating its toxic 

effects by disrupting the actin cytoskeleton (Spector et al. 1983). Since then, several bioactive 

compounds from sea sponges have been identified as actin depolymerising agents. These
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compounds have been grouped into three classes based on their structure (Refer to fig 1.1). The 

first group is represented by latrunculin, which consists of a 2-thiazolidinone macrolide with no 

long side chains. The second class of compounds has a macrolide structure with a single side 

chain. The side chains of this class are very similar, while the macrolide rings vary in structure. 

This class includes - Tolytoxin, mycalolide B, kabiramide D and aplyronin A. The third class is 

composed of toxins, which have symmetric structures contisting of a macrolide ring with two 

diametrically opposed side chains. Examples of this class include swinholide A and misakinolide 

A (also named bistheonellide A). The compounds in these three groups all inhibit actin 

polymerisation, although they exhibit some differences in their F-actin dirupting activity. These 

agents are up to 100x times more potent than the cytochalasins at disrupting the stress fibres of 

cultured cells (Yahara et al. 1982). Their apparent specificity in targeting actin alone (excluding 

mycalolide B) and their ability to pass across the plasma membrane has made them a very 

attractive tool for a wide range of actin-related cellular research.

1.5.3.1 Class I: Latrunculin

Purification of this toxin showed that latrunculin consist of two isoforms, Latrunculin A and B 

(Kashman et al. 1980). Investigations into their biological activity in both neuroblastoma and 

fibroblast mouse cells found submicromolar concentrations of both isoforms disrupted the 

microfilament structures of cultured cells, while leaving microtuble structures unaltered (Spector 

et al. 1983).

Rapidly cycling microfilamentous structures such as stress fibres were found to be particularly 

susceptible. These effects of Latrunculin were found to be fully reversible. Comparative studies 

have shown that both isoforms appear to induce similar cellular effects, although latrunculin A is 

slightly more potent than latrunculin B (Spector et al. 1989). The more widely used alpha isoform 

has been used at concentrations ranging from -0.1 to 400 |iM (Lappalainen and Drubin, 1997). 

Pyrene actin assays revealed the stochiometry of latrunculin binding to G-actin was 1:1, with a kd 

of between 0.18 and 0.22|iM (Çoué et al. 1987). Subsequent kinetic studies show that latrunculin 

slowly depletes F-actin filaments (Ayscough et al. 1997). It thus appears that latrunculin induces 

actin deploymerisation by sequestering monorrler, released from the filaments, preventing their its 

re-incorporation into filaments (Ayscough et al. 1997). Thus over a period of time cellular F-actin
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becomes depleted by latrunculin. The rate of latrunculin-mediated filament depletion should 

therefore reflect the rate of actin depolymerisation in vivo (Belmont et al. 1999). This accounts for 

the susceptibility of stress fibres - which rapidly turnover, to the effects of latrunculin. Its binding 

site on G-actin was defined using a set of congenic charged-to-alanine mutated yeast actins, - 

used to locate phalloidin’s binding site on actin. Four of these yeast mutants were completely 

resistant to the effects latrunculin. As these resistant strains exhibited no defects in their general 

uptake mechanisms, the interaction between latrunculin and actin appears to be highly specific. 

The residues mutated in these resistant alleles were either directly associated, through salt 

bridges or hydrogen bonds, with the nucleotide itself, or formed salt bridges to position other 

residues that associated with the nucleotide. The close proximity of the latrunculin binding-site to 

the ATP-binding pocket results in latrunculin inhibiting nucleotide exchange (Ayscough et al.

1997). Thus actin monomers associated with latrunculin will be predominenty in their ADP bound 

form. With this apparent specificity, latrunculin has provided and excellent tool to investigate such 

actin dependent process as endocytosis (Lamaze et al. 1997), cell polarity (Ayscough et al. 1997) 

and the activity of the actin-binding protein cofilin (Lappalainen and Drubin, 1997).

1.5.3.2 Class II:  mycalolide B and kabiramide D

Mycalolide B is isolated from the Mycale sp sea sponge. Mycalolide B (5 |im) and kabiramide D 

(5 ixm) like latrunculin both induce depolymerisation of filamentous actin (refer to Fig 1.1). 

However in 3Y1 cells mycalolide B also binds covalently to proteins other than actin. This non

specific binding is thought to occur via its a-p-unsaturated ketone moiety, which is highly reactive 

with the thiol groups in cysteine residues (Wada et al. 1998a). kabiramide D - an analogue of 

mycalolide B, but lacking the ability to react with thiol groups, binds non-covalently and 

specifically to actin. Preliminary findings suggest that kabiramide D in addition to sequestering 

actin monomers, also severs filaments. It appears that marine actin-depolymerising toxins with 

long side chains, including mycalolide B, kabiramide D and misakinolide A bind to a common site 

on actin, which differs from that of latrunculin and cytochalasin D (Wada et al. 1998a). These 

findings favour the use of kabiramide D, rather than mycalolide B, as a tool to manipulate the 

cytoskeleton.
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1.5.3.3 Class I I I :  swinholide A, misakinolide A

Swinholide A and misakinolide A were isolated from the sea sponges Theonella sp and Theonella 

swinhoei respectively (refer to figure 1.1). These are extremely potent agents with 10-50 nM 

inducing substantial F-actin depletion after only 60min. The structures of these two compounds 

are very similar, differing only in the macrolide ring, where Swinholide A has two additional 

double-bonded carbons (Terry et al. 1997). In spite of this similarity in structure, the two 

compounds have surprisingly different effects on actin filament dynamics in vitro. Both 

compounds bind with high affinity to two actin monomers in a configuration, which prevents the 

actin monomers from participating in either filament elongation, or nucléation reactions. However 

swinholide A severs actin filaments while misakinolide A caps the barbed end of filaments. 

Swinholide A binds to two actin subunits (Ka = 9 x 1 0 ^̂  ^ -2) jp the presence of 2 mM MgCl2 (Bubb 

et al. 1995). It then rapidly severs F-actin in a highly co-operative manner; for efficient severing 

swinholide A needs to be used at a concentration that approaches the cellular actin 

concentration. Misakinolide A prevents elongation of actin filaments consistent with misakinolide- 

actin complexes capping the barbed end of filaments (Kd 50 nM), but as mentioned it does not 

exhibit any detectable severing activity (Terry et al. 1997). Surprisingly misakinolide A does not 

appear to prevent actin disassembly. This is unexpected as it binds to the barbed end with a 

higher affinity than actin itself. To explain this phenomenon it has been suggested that 

dissociation of misakinolide A from the barbed end is accompanied by the loss of more than one 

actin subunit.

The differences in activity between Swinholide A and misakinolide A are reflected in their effects 

in living cells, with swinholide A being significantly more potent in depleting F-actin. However 

swinholide A is cytotoxic except when the exposure is very brief. The effects of misakinolide A on 

the other hand are fully reversible and thus provide a more useful tool in studies of a longer 

duration.

1.5.3.4 Summary of “actin depleting” marine toxins

The marine toxins kabiramide D, swinholide A (short applications), misakinolide A and latrunculin 

therefore provide powerful and inexpensive tools for the quantitative and specific removal of the 

actin cytoskeleton of living cells.
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1.5.4 Jasplakinolide

Jasplakinolide, like the above toxins, is isolated from a marine sponge -  Jaspis Johnstoni. It 

consists of a 15-carbon macrocyclic ring with no long side chains (refer to Fig 1.1). With regards 

to its structure it is most like class I  actin-depleting marine toxins. However unlike these toxins it 

induces F-actin polymerisation in vitro. Jasplakinolide (Kd -15 nM) and phalloidin compete for 

binding to F-actin (Bubb et al 1994). These two toxins have similar affinities for F-actin, although 

jasplakinolide appears to stabilise filaments more effectively. Structurally these two toxins bear 

little resemblance. Jasplakinolide unlike phalloidin is membrane permeaent and therefore can be 

used in living cells. Exposing living cells to jasplakinolide induces a marked alteration in the 

distribution of filamentous actin (Posey and Bierer, 1999). These alterations are characterised by 

the formation of protrusions of the cell surface, which result in cortical F-actin becoming patchy in 

appearance.

With phalloidin’s use normally limited to permeabilised and fixed cells, jasplakinolide provides an 

excellent tool to stabilise F-actin in living cells. A further usefulness of jasplakinolide is the 

existence of analogue - jasplakinolide B, which lacks actin-modulating activity (Posey and Bierer, 

1999) thereby providing an excellent control.

1.5.5 Clostridium Botulinum 02 toxin -  02 toxin

C2 toxin is a bacterial toxin isolated from C- botulinum, which like the marine toxins discussed 

above, induces substantial F-actin depletion. It mode of action however is very different (Aktories 

et al. 1992). This toxin acts via ADP-ribosylating actin - specifically cytoplasmic p and y-actin and 

y -smooth muscle actin (Aktories et al. 1996). This is a binary toxin which consists of two 

components: subunit I  (-45 kDa) and subunit I I  (-100 kDa), which associate through neither 

covalent nor non-covalent bonds. Subunit I I  binds to the plasma membrane to mediate the entry 

of subunit I  into the cell - probably via endocytosis. Subunit I  possess the ADP-ribosyltransferase 

activity. On entry to the cell it specifically catalyses ADP-ribosylation of the residue Argi^ of G- 

actin, located on domain III. The bulky ADP-ribose group prevents incorporation of the actin 

monomer into filaments, due to steric hindrance. F-actin is only marginally ADP-ribosylated, if at 

all. It is thought that this is due to the Arg^^ -  the acceptor residue for ADP-ribose, becoming 

buried upon incorporation into a filament. The ADP-ribosylated G-actin does however associates

43



with the barbed end of filaments, which prevents further polymérisation. However it does not 

appear to associate with the pointed end of the filament, which results in filament 

depolymerisation (Wegner and Aktories, 1988). ADP-ribosylated-G-actin also associates with 

gelsolin-actin complexes. Gelsolin has two actin-binding sites - a calcium sensitive and a calcium 

insensitive site. Only when the ADP-ribosylated-G-actin binds to the calcium sensitive binding site 

is the nucleating activity of gelsolin blocked.

These actions of C2 toxin are responsible for its ability to substantially deplete F-actin - for 

example incubation of rat peritoneal mast cells with 0.5 iig/ml of subunit I  and 1 \iglm\ of subunit 

n  for 2 h, induces the complete loss of cortical F-actin (Wex et al. 1997). In addition its effects on 

the actin cytoskeleton, C2 toxin also induces redistribution of intermediate filaments, and 

marginally effects the microtubule system (Aktories 1994). These effects of C2 toxin however 

appear to secondary to its affects on the actin cytoskeleton.

This toxin having been characterised in the 1980’s has, unlike the more recent marine toxins, 

been extensively used to investigate the role of the F-actin cytoskeleton in cellular functions, such 

as exocytosis (Prepens et al. 1998).
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1.6 Aims

A link between the actin cytoskeleton and mast cell secretion, as discussed in section 1.2.6.2, 

has proved controversial. This study aimed to clarify this link by utilising the relatively new actin 

binding toxin - latrunculin.

During this work, latrunculin was discovered to have a novel effect on the actin cytoskeleton. An 

investigation was undertaken to study this effect. It was hoped that this might provide further 

insight into the regulation of mast cell actin.

GTPyS has been shown to induce both secretion and actin polymerization in mast cells depleted 

of their soluble actin (section 1.2.6.2). This finding suggested that mast cells contained a pool of 

membrane bound actin monomer, which was released and polymerised in response to GTPyS. 

This study aimed to localise this pool and to investigate its regulation.

A number of studies have shown that phosphoinositides modulate both secretion and the actin 

cytoskeleton (section 1.2.4/5, and 1.4). The protein phosphoinositol-transfer-protein (PI-TP) has 

been shown promote PIP2 production and enhance secretion. As this study is interested in the 

link between the actin cytoskeleton and secretion the effects of this protein in mast cells was 

investigated.
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CHAPTER 2

Materials and Methods
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2.1 Mast cell preparation

Mast cells were obtained by peritoneal lavage of male and female Sprague-Dawley rats (> 300g) 

using CB. The cell suspension was filtered (to remove hair etc), centrifufuged (296g) over a 

cushion of Percoll, washed, and resuspended in CB (0.5mM CaCb) as previously described 

(Cockctoft 1987). The cells were then used immediately in suspension, or attached for Ihr on 8- 

well Mutitest glass slides: wells 6 mm in diameter, -25000 cells/well (ION: labware).

2.2 Cell permeabilisation

2.2.1 Suspended cells

Cells were permeabilised using Streptolysin-0 (0.41.U./ml) in GB containing EGTA (3 mM), for 2 

minutes at 30*C. The cells were then washed, by addition of GB (-10 ml) and centrifuged (5 min 

at 296g), to remove Streptolysin-0 (SL-0) and any freely soluble cell components. The pellet was 

then resuspended to the required volume in GB, containing 50 |iM EGTA.

2.2.2 Attached cells

Attached cells (see section 2.1) were permeabilised using Streptolysin-0 (0.4 I.U./ml) in GB 

containing EGTA (3 mM), for 8 minutes at RT. The cells were then washed twice with GB, 

containing 50 ^iM EGTA.

2.3 Secretion Assay

2.3.1 Suspended cells: standard protocol for both Intact and permeabilised RPMC.

Cells (30 \x\ per well) were pipetted to a 96 well microtitre plate (see section 2.3.2). Cells were 

then either pre-treated with the relevant solution (30 \i\ per well) or directly triggered. Intact cells 

were triggered using compound 48/80 (30 |il per well), or maintained at rest in buffer, for 20 min 

at 30**C. Permeabilised cells were triggered (30 |il per well) using various combinations of 

calcium (pCa5- unless otherwise indicated: see section 2.8.5), GTPyS (50 |iM) and MgATP (3 

mM with one exception ) for 20min at 30*C. ATP was used at 1 mM in cells triggered with 

GTPyS and calcium (G/C/A). Basal cells (un-triggered) were maintained in EGTA (3 mM) / ATP 

(3 mM) (E/A). Secretion was terminated after 20 minutes, by the addition of GB (100 |il).
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containing EGTA (3 mM) at 4"C. The cells were then pelleted by centrifugation (4"C), and the 

hexosaminidase content of the supernatant quantified (see section 2.3.5).

2.3.2 Cells treated using LB “Protocol 6” (LB ->  SL-0 ->  Trigger)

Cells were treated as follows, prior to being added to the 96-well micotitre plate (see section 

2.3.1). The cell suspension was divided equally between test tubes, into which had already been 

pipetted LB or control buffer at the required concentrations. The cells were then pre-incubated for 

Ihr at RT. CB (~10mls) was then added to each tube and the cells pelleted to remove LB. The 

cells were then permeabilised (see section 2.2.1), washed, and pipetted into a 96-well micotitre 

plate and treated as described in chapter 4 Table 4.1 and in section 2.3.1.

2.3.3 Attached cells: standard protocol for both intact and permeabilised RPMC.

*lntact cells (30 |il per well) attached cells (see section 2.1) were either maintained intact in CB, 

or permeabilised (see section 2.2.2). Cells were then either pre-treated with the relevant solutions 

(15 jxl per well), or directly triggered (30 p.1) as described in 2.3.1. Pre-treated cells were 

triggered by addition of 15 |il of trigger to the pre-treatment solution. Secretion was terminated 

after 20 minutes, by placing the Multitest glass slides on a block of ice. 15 1̂ of supernatant from 

each well was then transferred into a 96 well microtitre plate. To each well was then added GB 

(100 [i\), containing EGTA (3 mM). Any cells present in the supernatents were then removed by 

centrifugation of the 96 well plate (4“C). The hexosaminidase content of the supernatent was 

then quantified as discussed in section 2.3.5.

2.3.4 Cells treated using the LB protocols

Prior to the above procedure (section 2.3.3)* cells were pre-treated as follows. Intact cells were 

exposed to either LB (2 ,3 ,4 ,6 ,7  Table 4.1) or control buffer (1,5 Table 4.1) for 1 hr at RT.

The cells were then treated as decribed in section 2.3.3 and Table 4.1.
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2.3.5 Hexosaminidase determination

The extent of hexosaminidase release was determined by utilising its enzymatic activity as 

previously described by Howell and Gomperts (1987). 50 |il of cell supernatant (per well) 

obtained in section 2.3.3 was transferred to a clean opaque microtitre plate, which already 

contained 50 [i\ (per well) of the hexosaminidase substrate - 4-methylumbelliferyl N-acetyl-g-D- 

glucosaminide (4-MU-AG). The cells are then incubated for 2 hr at 37*C during which, 

hexosaminidase cleaves 4-MU-AG to release 4-MU. The amount of 4-MU in each well was 

determined by addition of Tris(hydroxymethyl)methylamine (tris), which via alkalinisatiqn, creates 

a fluorescent form of 4-MU. This fluorescence was measured on a Titertek Fluoroscan II 

fluorimeter at 405nm, and the data was processed using an excel spreadsheet (Microsoft). Each 

condition was replicated (at least in duplicate), and the resultant fluorescence these samples 

averaged.

2.3.5.1 Calculation of % hexosaminidase release

Background fluorescence (i.e. 0% secretion): buffer was added to six empty wells in the 96-well 

microtiter plate and the average fluorescence quantified (see section 2.3.5). This figure was 

subtracted from all fluorescence values.

The total cellular hexosaminidase content (i.e. 100% secretion): Triton X-100 was added to six 

wells in the 96-well mictotiter plate, which already contained cells (30 |il). This treatment lysed 

the granule membrane, to release their contents into the supernatant. Average hexosaminidase 

content from the six wells was quantified and this valuse taken as 100% secretion (see section

2.3.5). The calculation below was used to calculate % hexosaminidase released.

% hexosaminidase released = Average fluorescence treated cells________  x 100

Average fluorescence of Triton X-100 treated cells
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2.4 Cell staining and Immunolocallsatlon

2.4.1 Basic protocol

The cells, after various treatments, (all cells visualised using confocal microcroscopy were 

attached) were fixed in 3% paraformaldehye for 20min at RT*. The multitest slides were then 

immersed in a beaker of GB, containing EGTA (100 pM), for 20min at RT. This removed any 

remaining paraformaldehyde and contaminating cells (ie neutrophils). Note, that in chapter 4 and 

7 this last step was omitted, except where indicated. The slides were then removed from the 

beaker and the cells exposed to lysophosphatidylcholine (LPC), 80 jjg/ml)) for 20 min at RT. LPC 

is a mild detergent which solublises membranes -  allowing antibodies greater access to their 

epiptopes. Rhodamine phalliodin (RP: 0.3 [iM to 0.5 |iM) was added with LPC, except when the 

cells were also immunolabelled with a-p-actin.

2.4.1.1 Cells labelled with RP alone

Cells labelled with RP alone (i.e. not double labelled) were then washed and a resin like 

substance (mowiol) added to each well (~3 ^il/well). A coverslip was then placed over wells and 

the slides kept at RT over-night (in the absence of light) to allow the mowiol to set. The mowiol 

provides an inert environment in which the cells remain in a stable form for over a year.

( * ) indicates that the cells were washed following treatment.

2.4.1.2 Immunolocalisation

After LPC treatment, goat serum (5%) was added to the cells for 30 min at RT, to reduce non

specific interactions*. Cells were then incubated with the relevant primary antibody for 45 min at 

RT (see section 2.8.1)*. Goat serum was again added to the cells (5%) for 20min at RT*. The 

cells were then exposed to the secondary Ab for 45 min at RT*. In double labelled cells, RP and 

ethidium bromide (EB: 0.5 |iM) were added with the secondary Ab*. The cells were then finally 

exposed to the tertiary layer for 45 min at RT*. The cells were then visualised as in section 2.4.2

Note: Cells were also exposed to the only the primary and tertiary, or the secondary and tertiary 

layers, to study the binding specificity of the antibodies.
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2.5 Confocal Microscopy

2.5.1 Equipment

Attached cells were visualised using either the Ultraview (chapters 3,5 & 6), or a Leica confocal 

imaging system (chapters 3,4 & 7).

2.5.1.1 Leica (Heidelberg)

The confocal laser-scanning microscope was equipped with an argon-ion laser, attached to a 

Leitz Fluovert-FU microscope. CY2 was visualised by exciting it at 488nm, with emission 

collected using a 530 nm (transmitting between 520 and 540 nm) band pass filter. Rhodamine 

phalloidin was visualised by exciting it at 514 nm, with emission collected using a 590 nm long 

pass filter. Digital images were displayed using the 'glowovun' colour lookup table from Leica.

2.5.1.2 Ultraview (LSR Cambridge)

The confocal imaging system contained a Nipkow dual-disk scanner attached to an 1X70 

Olympus microscope. TRITC (rhodamine) and EB were visualised by exciting them at 514 nm, 

with emission collected using a >600 nm barrier filter. CY2 was visualised by exciting it at 488 

nm, with emission collected using a 540 nm band-pass filter (transmitting between 525 and 555 

nm). Images were collected using a digital, 12 bit interline cooled, CCD camera (LSR Astrocam, 

Ultrapix 2000 Fastscan). The images were displayed using either a black and white scale, or a 

colour scale provided by the spatial module of the LSR software.

Both these systems were used to acquire images, which were mainly taken from the equatorial 

plane of the cells. In some cases stacks of confocal slices (taken 0.2 |im apart) that 

encompassed the whole cell or just the nucleus were also recorded. Fig 2.1 describes the 

numbering scheme used to denote the position of each slice in the cell (Fig 2.1).
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Figure 2.1. Confocal slices through a mast cell

The images were acquired at various Z planes throughout the cell. The adhesion plane was 

designated as plane 0 and a slice made at 2.5 |im above the adhesion plane has 2.5 - written on 

the image, etc.

2.5.2 Image analysis (software)

2.5.2.1 Quantification of the relative adhesion area

Confocal images were analysed using the Global Image Analysis Software (Data Translation Inc). 

The relative adhesion area was quantified by firstly delineating the perimeter of the adhesion 

plane: -50 cells per condition. The software package then calculated the area within the 

perimeter, via integration. The mean cell adhesion area (MSI) was calculated for each condition 

and converted into a % of the control MSI.

2.5 2.2 Quantification of F-actin fluorescence

Confocal images were analysed using the Global Image Analysis Software (Data Translation Inc). 

The relative F-actin content was quantified, by firstly delineating the perimeter of the equatorial 

plane: -50 cells per condition. The software package calculated the average pixel fluorescence 

intensity (APFI) within the cell perimeter. The mean APFI was calculated for each condition and 

converted into a percentage of the APFI of control cells.
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2.5.2 3 3-Dimensional Reconstruction

Stacks of confocal slices were collected and converted into 3-dimensional images, using Volume 

Wizard software (LSR, Cambridge, UK). This software allows the reconstruction to be observed 

from any angle, and any plane on the x, y, and z-axes.

2.6 Flow cytometry

2.6.1 Equipment

An EPICS Elite flow cytometer (Coulter Electronics Inc., Hialeah, FL), equipped with an argon-ion 

laser was used in all the flow cytometry experiments.

2.6.1.1 Basic procedure

Flow cytometry was used to measure the fluorescence intensity of single cells. Owing to the 

speed of analysis, large populations of cells can be analysed. In this process cells are drawn from 

the sample tube into a highly regulated stream of buffer, which directs the cells in single file 

through the path a 488 nm laser-line. Emission was recorded at 525 nm, for analysis of FITC 

(Annexin V) fluorescence, and 575 nm for rhodamine (RP) fluorescence. Cells were stained with 

single or multiple fluorescent labels. The data recorded from each cell was then plotted on one or 

two parameter histograms.

2.6.1.1.1 Quantification of F-actin content

Permeabilised cells, treated with the various LB treatment protocols, were exposed to EGTA 

(3mM) ATP (3 mM) for 20 minutes at 30°C. The cells were then sedimented, stained with 0.5 |iM 

RP (10 min on ice), washed and fixed in 3% paraformaldehyde (containing no BSA). Cell 

fluorescence was then quantified using flow cytometry (see section 2.6.1.1). Approximately 

10,000 to 15,000 cells were analysed per condition, with each condition duplicated.

2.6.1.1.2 Apoptosis Assay

Cells were treated as described (chapter 5, Fig 5.8), pelleted (-5x10^ per sample) and 

resuspended in 100 p.1 of annexin buffer per cell sample. To each sample of cells was then added 

* Annexin V-FITC (1/100 of stock) and *propridium iodide (2 \iglm\). The cells were then
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incubated at RT for 5min, in the absence of light. 300 [l\ of GB, containing calcium (5 mM) - to 

maintain annexin binding, and PI (6 lag/ml)- to compensate for disassociation of PI on addition of 

GB, was then added to each aliquot. Cell fluorescence was then quantified using flow cytometry 

(see section 2.6.1.1).

* Annexin V binds with high avidity to phosphatidyl serine

* Propridium iodide and ethidium bromide (section 2.4) are planar molecules which, in their 

native state are non fluorescent. These compounds bind to DNA by intercalating between the 

helices, this configuration causes them to adopt a homodimer configuration. Ethidium and 

propidium homodimers have strong fluorescent properties, accepting excitation photons over a 

broad band (green excitation being the peak) and re-emitting them in the red end of the spectrum.

2.7 Western blot analysis

2.7.1 Leakage of proteins from suspended cells

Suspended mast cells were exposed to diisopropylphosphofluoridate (2 mM, DFP) for 5 min at 

RT to inhibit proteases. DFP was then diluted to a negligible concentration, by the addition of 

buffer (-10 mis). The cells suspension was then centrifuged and the pellet resuspended in a 

cocktail of protease inhibitors (see section 2.8.5). The cells were then permeabilised, and treated 

as described in the figure legends.

*An appropriate volume of 4x sample buffer (see section 2.8.3), containing a cocktail of protease 

inhibitors, was added to the resultant total cell, supernatant and pellet, samples. The aliquots 

were then boiled for 5 min to denature the proteins.

2.7.1.2 Leakage of proteins from attached cells

Attached cells were permeabilised (see section 2.2.2) in the presence of a cocktail of protease 

inhibitors (see section 2.8.5). The supernatant, into which proteins etc were released, was 

transferred into a tube and centrifuged to remove cell debris. The samples were then treated as 

described in the second half of section 2.7.1 : indicated by ( * ).

54



2.7.1.3 Gel electrophoresis

SDS-polyacrylamide gels were prepared using the protocol described by Laemmli (1970). A 10% 

acrylamide resolving gel and a 4% acrylamide stacking gel were used (see section 2.8.5). 30|il of 

supernatants, pellets and totals (see section 2.7.2 & .3) -5x10^ cells per lane, or equivalent in the 

case of the supernatents, were loaded onto the gel. Each gel was also loaded with a set of pre

labelled broad range molecular weight markers (Bio-rad). The gels were run using a Mini- 

PROTEAN II electrophoresis cell (Bio-Rad) at 50 V, to bring the proteins down to the stacking I 

resolving gel interface. The voltage was then increased to 150 V to separate the proteins. Two 

gels were run: one was transferred onto nitrocellulose (see section 2.7.5), the other sliver stained 

according to J.H Morrissey (1981) with omission of the glutaraldehyde step (see section 2.7.1.4).

2.7.1.4 Sliver stain

Gels were immersed in the solutions below, in the following sequence

Duration of treatment Solution
At least 15min (preferably o/n) Methanol (50%) + acetic acid (10%)
15min (or until re-hydrated) Methanol (25%) + acetic acid (10%)
15 min DTT (40kiM)
15min AgNOa (0.1%)
Wash quickly ddH20
Rinse Na2C03 (3%) + (0.02%) formaldehyde (freshly made)
Add fresh Na2C03 (3%) + (0.02%) formaldehyde
Stop reaction Glacial acetic acid
Wash & mount on a drying frame Wash with Na2C03 (0.03%) and then with ddH20 for 

mounting

2.7.1.5 Transfer of proteins onto nitrocellulose

After protein separation, the gel was equilibrated in transfer buffer (see section 2.8.3) for 5mins. A 

blotting sandwich was then assembled, with the gel in full contact with the nitrocellulose 

membrane (0.45 |im). The proteins were then transferred (-25 min) onto nitrocellulose using a 

Biometra dry blot, set at 135 mA.
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2.7.1.6 Antigen detection

The nitrocellulose membrane, containing the transferred proteins, was submerged in blocking 

buffer for 2hrs. The membrane was then washed in Tris-buffered-saline/Tween (see section 

2.8.3) and probed overnight at 4*C with the relevant primary Ab (see section 2.8.2). The 

membrane was then thoroughly washed in TBST, and exposed to blocking buffer containing the 

secondary Ab (see section 2.8.2) for 2hrs at RT. After extensive washing, the proteins were 

visualised via a chemiluminesent reaction (ECL).

2.7.1.7 ECL detection system

A mixture, containing an equal volume of ECL solution one and two, was prepared (section

2.8.5). The nitrocellulose membranes were soaked in this mixture for 5min and then exposed to 

photo-sensitive film.
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2.8 Materials

2.8.1 Immunostaining

2.8.1.1 Staining for p-actin

Layer Antibody Dilution Ab information Supplier
Primary a-p-actin lgG1 1/200 Monoclonal (clone AC-15) 

Affinity purified. 
Recognises an epitope 
located at the N-terminal 
of p-actin

Sigma
(immunochemicals)

Second
ary

Goat-a-mouse 
IgG -  Biotin

1/50 Whole molecule, antibody 
absorbed with rat serum 
proteins

Sigma
(immunochemicals)

Tertiary Cy2-
Streptavidin

1/50 Gy 2
Excitation 489nm 
Emission 506nm

Amersham 
(molecular biology)

2.8.1.1. Staining for a-cofiiin

Layer Antibody Dilution Ab information Supplier
Primary a-cofilin 1/50 Affinity purified - 

polyclonal Ab
Kindly donated by 
Dr A Weeds

Secondary goat-a-rabbit 
IgG -  Biotin

1/50 Whole molecule Sigma
(immunochemicals)

Tertiary As for p-actin 
(directly above)

2.8.1.3 Staining for a-Pi-TP

Layer Antibody Dilution Ab information Supplier
Primary PI-TPa(lgG) 1/20 5F12 clone: at least part of Kindly

its epitope lies in the first donated by
pentapeptide (C-terminus) Prof. S
ofPI-TP Cockcroft

Undil 5B2 clone
Undil 3A7 clone

Primary PI-TPP (IgG) 1/20 1B11 clone Kindly
Undil 4A7 clone donated by
Undil ICI clone Prof. S
Undil 8B8 clone Cockcroft

Secondary As for p-actin
& Tertiary (above)
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Note: All a-PI-TP clones were monoclonal and affinity purified using a protein G column. Protein 

G is a bacterial protein that binds to the Fc portion of IgG’s. The name of the clone encodes the 

plate and well (96 well plate) number, in which the antibody was first made by the hybridoma.

2.8.2 Western Blots

2.8.2.1 Staining for p-actin

Layer Antibody Dilution Ab information Supplier
Primary a-p-actin

(igGi)
1/2000 See p-actin 

(immunostaining)
Sigma
(immunochemicals)

Secondary Goat-a-mouse
IgG-HRP

1/2000 Affinity purified 
absorbed with human 
IgG

Bio-Rad

ECL - Chemiluminescence
detection

Recipe (section 
2.8.5)

2.8.2.1 Staining for Pi-TP

Layer Antibody Dilution Ab information Supplier
Primary PI-TPa (IgG) 1/1000 PI-TPa (clone 5F12) 

(see immunostaining)
Kindly donated by 
Prof. S Cockcroft

Primary PI-TPP (IgG) 1/1000 PI-TPp (1811 clone) 
(see immunostaining)

Kindly donated by 
Prof. S Cockcroft

Secondary
&ECL

As for p-actin 
(directly above)

2.8.3 Buffers

Chloride buffer (GB), used for intact ceils: 137 mM NaCI, 2.7 mM KOI, 1 mM CaCl2 , 20 mM

NaPipes, 5.6 mM glucose, 1 mg mM BSA, pH 7.2. Glucose was omitted in during metabolic 

inhibition (chapter 6 Fig 6.8 and 6.9).

Glutamate buffer (GB), used for permeabilised cells: 137 mM Na-glutamate, 2 mM MgCl2 , 20 

mM NaPipes, 1 mg ml-i BSA, pH 6.8.

Annexin buffer: 140 mM NaCI, 10 mM Hepes (pH 7.4), 5 mM CaCb.
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Sample Buffer: 62.5 mM Tris pH6.8,10% Glycerol (v/v), 2% SDS (w/v), 0.00125% bromophenol 

blue (w/v) and 5% |5-metcaptoethanol

Transfer buffer: 193 mM glycine, 25 mM Tris pH 8.3,20% Methanol (v/v)

Tris-buffered-saline/Tween 20 (TBST): (20 mM Tris-HCI, 137 mM NaCI) - pH 7.6, +0.1% Tween 

20

Blocking buffer: TBST + 2% dried milk (marvel)

2.8.4 Compounds etc

Name Abbreviation Supplier
FITC-Annexin V - NeXin Research
(Apoptest-FITC) Netherlands

Antimycin
(www.nexins.com)
Sigma

Compound 48/80 - Sigma
Cyclohexamide C (i.e. S C ) Sigma
Cytochalasin E CE Sigma
Deoxyglucose - Sigma
Ethidium Bromide EB Sigma
Goat Serum - Sigma
Latrunculin B LB Calbiochem
Lysophosphatidylcholine* LPC Sigma
4-Methylumbelliferyl N-acetyl-p-D- Hex substrate Sigma
glucosaminide* 
Mowiol 40-88* Harco (Harlow Chemical

Nucleotides ATP* and GTP
Company Ltd) 
Boehringer Mannheim

Paraformaldehyde* Sigma
Percol* * Pharmacia
Propridium Iodide PI Sigma
Staurosporine S(i.e. S C ) Sigma
Streptolysin-0 SL-0 Murex Diagnostics Ltd
TRITC Phalliodin RP Sigma
Recipes given directly below
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2.8.4.1 Recombinant Pi-TP

Recombinant PI-TPa and PI-TPp were kindly donated by Prof. S Cockcroft. The preparation and 

purification of these proteins is described in Hara et a! (1997)

2.8.5 Recipes for compounds etc 

MgATP

ATP is dissolved in ddH20 in the presence of 100 mM MgCb and 200 mM Tris.

Calcium Buffers

Calcium buffers were prepared according to a method previously described Tatham and Gomperts 

(1990). The buffers are EGTA based, which strictly controls the levels of free.calcium in each 

experiment. Two solutions were used: 100 iiM EGTA, 20 mM PIPES at pH 6.8 and 100 |iM Ca^+- 

EGTA 20 mM PIPES at pH6.8. These two solutions were combined in varying proportions to make 

a range of stock solutions containing the required [calcium]. These stocks were used at a final 

concentration of 3 mM EGTA. The number given after pCa represents the negative log of the free 

[Ca2 ĵ: i.e. pCa7 equates to lOOnM.

ECL

Solution 1 : luminol (0.45 mg/ml) + p-coumaric acid (65 pg/ml) in Tris (0.1 M) pH 8.5 

Solution 2: H2O2 (0.02%) in Tris (0.1 M) pH 8.5

4-Methylumbelliferyl N-acetyl-p-D-glucosaminide (HEX substrate)

Dissolve 4-Methylumbelliferyl-N-acetyl-li-D-glucosaminide (Final 1 mM) in 0.1% DMSO: add to 

ddH20 containing citrate (0.2 M) + Triton X-100 (0.01%), pH 4.5, to make a 1 mM solution

Mowiol 40-88

Mowiol 40-88 dissolved and buffered using the following method:

Glycerol (6 g) + Mowiol (2.4 g) + H2O (6 ml) - stir o/n at RT. Add Tris-HCI (12 ml of 0.2 M: pH 8.5) 

and EGTA (200ul of 100 mM) to this solution, stir occasionally for 10 min at 50°C. Particulates 

removed by centrifugation.
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Paraformaldehye (3%)

Paraformaldehyde (3%), EGTA (3 mM) + polyethylene glycol (4%).

Stir at 40°C o/n in a fume cupboard: adjust pH to 6.8 (KOH). Particulates removed by centrifugation. 

Percol!

To buffer percoll (sterile)

Percol - 88% (v/v), (NaCI (1.5 M) + Na2HP04(100 mM)) -10% (v/v), ddH20 - 2.2% (v/v)

Protease inhibitor cocktail

Leupeptin (1 mg/ml) -inhibits thiol & serine proteases, Pepstatin A (1 |ig/ml), -inhibits acid 

proteases, phenyl-methylsulphonyl fluoride (PMSF, 0,1 mM) -  inhibits serine proteases, EGTA (1 

mM) and EDTA (1 mM) -  both inhibit metalloproteases (i.e. those which depend upon either Câ + or 

Zn2+ for their activity).

Stacking and resolving gel

Stacking: To Acrylamide (4%), SDS (0.1%), Tris-HCL (250 mM, pH 6.8), add Ammonium 

persulphate (0.04%), TEMED (0.1%)

Resolving: To Acrylamide (10%), SDS (0.1%), Tris-HCL (375 mM, pH 8.8), add Ammonium 
persulphate (0.08%), TEMED (0.01%)
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CHAPTER THREE

Experimental Systems
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3.1 Introduction

The main focus of this thesis is to clarify the link between the actin cytoskeleton and exocytosis in 

RPMC. The cytoskeletal and secretory responses of these cells to specific stimuli have been 

previously characterised, (Koffer et al. 1990, Norman et al. 1994,1996). These previous studies 

investigated two main systems: (1) intact cells triggered with compound 48/80 and (2) 

permeabilised cells triggered by a combination of calcium, GTPyS and ATP. The results of their 

investigations are summarised in table 1. The possible signalling pathways are discussed in 

chapter 1.

Trigger Secretion F-actin morphology and content
INTACT CELLS
Basal - Intense F-actin cortex,

Negligible F-actin within the cell interior
48/80 60-80% -1 0  % reduction in cortical F-actin,

appearance of F-actin within the cell interior (-30% increase)
PERMEABILSED CELLS
E/A (Basal) -5% Very similar to intact basal cells
C/A -30-45% Significant reduction in cortical F-actin 

(-30% decrease in F-actin)
G/E -15-20% -10% reduction in cortical F-actin, appearance of F-actin within 

the cell interior ( -30% increase)
Only a proportion of the cells exhibited alterations in their actin 
cytoskeleton

G/E/A -20-30% Similar to G/E 
All cells responding

G/C/A -60-80% No data

Table 3.1: The effect of various triggers on hexosaminidase release and F-actin content and 
morphology
Intact cells were triggered with compound 48/80 (5ug/ml) for 2min at 30*C, permeabilised cells with 

calcium/ATP (C/A), GTPyS/EGTA/ATP (G/E/A) or GTPyS/calcium/ATP (G/C/A) for 30min at 30°C. Basal 

cells were treated with EGTA /ATP (E/A) (2min at 30°C). Hexosaminidase release was quantified and 

expressed as a percentage of total cellular hexosaminidase. F-actin content of basal cells was taken as 

100%.

This work provided an excellent system that could be manipulated to investigate how the 

secretory and cytoskeletal pathways maybe linked. However before this system could be used.
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the findings of this work needed to be confirmed. Furthermore this work had been limited to 

studying alterations in the F-actin cytoskeleton. One of the aims of this thesis (chapter 6) was to 

visualise and study a theorised pool of G-actin, thought to be regulated by GTPyS. A G-actin 

labelling technique had to be designed as no G-actin specific antibody was available at the time 

of this study.

3.1.1 Chapter synopsis

The first part of this chapter presents the results of experiments undertaken to confirm the 

previous findings. Data is then presented that corroborates the previously reported effects of 

GTPyS on the actin cytoskeleton. The remaining part of the chapter documents the experiments 

undertaken to develop a protocol to localise G-actin in RPMC.

3.2 Reproducing previous findings

The secretory and cytoskeletal responses of both intact and permeabilised RPMC were 

investigated, to confirm the previous observations of (Koffer et al. 1990, Norman et al.1994,

1996). Intact cells were triggered with compound 48/80, while permeabilised cells were triggered 

with C/A, G/E/A and G/C/A. After 20min, secretion was quantified and the cells fixed and stained 

with RP to visualise their F-actin morphology (Fig 3.1 A and B).

Basal intact cells exhibited intense cortical RP staining (Fig 3.1 A) which mirrors that previously 

observed. Addition of 48/80 induced an increase in filamentous actin at both the equatorial and 

adhesion plane. 48/80 did not however appreciably increase in F-actin within the cell interior, 

which appears to contradict earlier findings (Table 3.1). The increase in filamentous actin at the 

adhesion plane was paralleled by cell spreading (refer to chapter 4 Fig 4.3B): an effect of 48/80 

not previously reported. These cells secreted -50-70% of their total hexosaminidase content, 

which is within the range previously reported.
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Figure 3.1. The filamentous cytoskeleton of intact and permeabilised mast cells

(A) Intact cells were exposed to control buffer (Basal) or to compound 48/80 (3 pg/ml) for 20 min at 30°C. (B) Permeabilised cells were triggered with calcium/ATP 

(C/A), GTPyS/EGTA/ATP (G/E/A), or GTPyS/calcium/ATP (G/C/A) for 20 min at 30°C. Basal cells were treated with EGTA/ATP (E/A). Intact and permeabilised cells 

were then fixed and stained with RP (0.3 pM). The confocal micrographs show (A) equatorial and adhesion plane slices of intact cells and (B) equatorial slices of 

permeabilised cells. Fluorescence intensities of (A) and (B) cannot be compared, as they are the results of separate experiments.



The secretory responses of permeabilised cells to the various triggers were in close agreement 

with previous findings. The cytoskeletal responses were also similar to those previously 

observed. The F-actin morphology of G/C/A trigger cells, which had not been previously reported, 

was similar to that induced by GTPyS alone (G/E/A), with the appearance of actin within the cell 

interior. The presence of calcium with GTPyS however, appeared to reduce F-actin at both the 

cortex and within the cell interior. Quantification of these changes in F-actin content is presented 

in chapter 4 - Fig 4.8B.

3.3 Actin leakage from basal and triggered permeabilised cells

The confocal images (Fig 4.1 B) confirmed that GTPyS induces the formation of F-actin within the 

cell interior of permeabilised cells. RPMC contain negligible amounts of soluble actin following 

permeabilisation (Norman et al.1994). This increase in F-actin, as theorised by Norman et al 

(1994), is most likely to be the result of de novo polymerisation of a membrane bound G-actin 

pool. Before attempting to visualise this pool (chapter 6) it was important to try and confirm its 

existence. We assumed that actin leakage from permeabilised cells would increase after 

exposure to GTPyS in the presence of actin depolymerising drugs (Latrunculin B and 

cytochalasin E): GTPyS was expected to release the membrane-bound pool of monomeric actin 

and the toxins were used to prevent its polymerisation. The actin was probed using an a-p-actin 

Ab (refer to Fig 3.2).

The Western blot (Fig 3.2A) of these samples, revealed that GTPyS decreased actin leakage, 

irrespective of the presence of LB or CE. Densiometic analysis showed that GTPyS reduced p- 

actin leakage from control, LB and CE treated cells by, 38%, 52% and 30% respectively. This 

retention of actin does not appear to be from the cortex, as GTPyS does alter the intensity of 

cortical F-actin (Fig 3.1 B). This reduction in leakage is therefore most likely to be due to the 

retention, i.e. polymerisation, of the membrane bound monomer pool. This greater leakage in E/A 

treated cells suggest that this membrane bound pool must be gradually lost from the cells under 

these (E/A) conditions. This is corroborated in chapter 6, where ATP is shown to have a novel 

role in the actin dynamics of mast cells.
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LB significantly increased p-actin leakage (-70-80%), in both basal (from 100% to 182%) and 

GTPyS (from 62% to 130%) triggered cells (Fig 3.2A). This suggests that latrunculin depletes 

mast cell F-actin. As GTPyS was still able to reduce actin leakage in the presence of LB, 

polymerisation of the membrane bound monomer seems to be induced by GTPyS even irr the 

presence of latrunculin. This suggests that the monomer pool is rapidly released and polymerised 

in response to GTPyS, and is mostly unavailable to LB. The cells were exposed to 1 jiM 

cytochalasin E, a concentration that would be expected to disrupt actin filaments (Cooper 1987). 

This toxin had no significant effect on p-actin leakage (Fig 3.2A). This suggests that cytochalasin 

(1 fiM) does not significantly increase the concentration of free G-actin. This finding corroborates 

previous reports that show that cytochalasin and latrunculin act via different mechanisms (refer to 

section 1.5).

Silver stained gel, loaded with the same samples, is shown in (Fig 3.2B). GTPyS induced the 

release of an ~20kDa protein. The release of this protein was unaffected by either LB or CE. Note 

that the loading was approximately equal per lane. This protein might be an actin monomer 

binding protein, which GTPyS releases when it induces actin polymerisation. ADF/cofilin and 

profilin are good candidates being 15-19kDa in size. Blotting for these proteins however proved 

unsuccessful. With regards to profilin the profilin antibody proved to bind non-specifically, while 

the cofilin antibody was not sensitive enough to recognise the small amounts of cofilin present in 

the mast cell samples.

3.4 Localisation of G-actin: protocoi design

Figures 3.1 and 3.2A and the work of Norman et al (1994) suggest that GTPyS polymerises a 

pool of membrane bound G-actin. An aim of this thesis was to localise and study this monomer 

pool. The method chosen was to double label cells with an a-actin Ab (labels both G- and F- 

actin) and low concentrations of RP (labels F-actin only), the implication being that those 

structures labelled by the a-actin Ab alone would be G-actin. Potential problems with this 

technique included non-specific binding of the a-actin Ab and competition between RP and the 

a-actin Ab for binding to actin. These issues were therefore assessed.
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Ctrl LB CE Ctrl LB CE

G/E/A

B

0 5
OO

Control Latrunculin B Cytochalasin E

E/A 100% 182% 85%

G/E/A 62% 130% 54%
G/E/A

Figure 3.2. Actin leakage from basal and activated permeabilised cells

(A) Suspended cells were permeabilised for 2 min at 30°C, washed, centrifuged and the pellet resuspended and divided into six aliquots. These were exposed to the 

following solutions: (1) E/A Ctrl = EGTA/ATP, (2) E/A LB = EGTA/ATP + LB, (3) E/A CE = EGTA/ATP + cytochalasin E, (4) G/E/A Ctrl = GTPyS/EGTA/ATP, (5) 

G/E/A LB = GTPyS/EGTA/ATP + LB, (6) G/E/A CE = GTPyS/EGTA/ATP + cytochalasin E. The concentrations of the added agents were as follows: cytochalasin E (1 

pM), LB (20 pg/ml), control buffer contained DMSO (0.0025%). After 20 min at 30°C, the aliquots were spun, the supernatants collected and re-centrifuged to ensure 

removal of any cells. These samples were then separated by gel electrophoresis, transferred onto nitrocellulose, and probed with a-(3-actin. The table shows 

densitometric evaluation of the blot. Actin leakage from control cells (Ctrl) was taken as 100 %. (B) Gels obtained using the above protocol, were silver-stained. The 

two arrows point to (a) actin and (b) an unidentified protein of ~20kDa released in response to GTPyS. These results are representative of 3 separate experiments.



After trying a number of different a-actin antibodies a monoclonal antibody raised against p-actin 

proved the most suitable for immunostaining (refer to section 2.8.1.1). However, for this to be of 

use, most if not all of mast cell actin needed p-actin. The proportion p-isoform actin in RPMC was 

therefore ascertained using western blot analysis (Fig 3.3). The extent of p-actin leakage during 

permeabilisation was also quantified in this experiment. From densitometry readings the 

concentration of p-actin in mast cells was calculated to be -2.3ng per 10® cells. Koffer et al 

(1990) reported the total actin concentration of RPMC to be ~2.6ng per 10® cells. This suggests 

that most of the actin in mast cells is p-actin. Permeabilisation resulted in the loss of -70% of 

total cellular p-actin, which as expected, is in close agreement with that previously calculated for 

total actin. These findings make the p-actin antibody suitable for localisation of mast cell actin.

The method used to localise G-actin depends upon there being no competition between the p- 

actin antibody and RP for binding to actin. The following protocols were therefore designed to 

investigate the possibility of competition between these two actin probes (Fig 3.4). (1) RP 

staining after a-p-actin: cells were exposed to a-p-actin, washed and exposed to RP, without 

applying a secondary antibody to label a-p-actin. This was used to test whether a-p-actin 

prevents phalloidin binding to F-actin. (2) a-p-actin staining after phalloidin: cells were exposed 

to unlabelled phalloidin, washed and exposed to a-p-actin Ab - which subsequently labelled 

using a secondary and tertiary layer (refer to section 2.8.1.1). This was used to test whether 

phalloidin interferes with the antibody binding to actin.

The confocal micrographs of a-p-actin mAb and RP single labelled cells (Fig 3.4A) were similar, 

although a-p-actin in basal cells, localised to structures not recognised by RP. a-p-actin did not 

appear to alter RP binding (RP after a-p-actin. Fig 3.4B), as RP localisation in these cells was 

practically identical to that seen in Fig 3.4A. However, cells exposed to unlabelled phalloidin, 

prior to a-p-actin (a-p-actin staining after phalloidin. Fig 3.4B), exhibited staining that was much 

dimmer and less distinct than that seen in Fig 3.4A. RP therefore appears to mask a-p-actin 

binding sites while the antibody does not seem to affect the binding of phalloidin.

69



Experimental Systems

P 8  44 88 212 ng

Beta-actin Standards

Figure 3.3. Leakage of p-actin during cell permeabilisation

Cells were permeabilised for 10 min at 30°C using streptolysin-0. Samples of total cells (T), 

supernatant (S) and pellet (P) were prepared and separated by gel electrophoresis together with 

the indicated amounts of p-actin standard (from human erythrocytes). The proteins were then 

transferred onto nitrocellulose and probed with a-p-actin. The western shown is representative of 

3 independent experiments.
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Figure 3.4. RP and the p-actin antibody compete for binding to actin

(A) Attached, permeabilised mast cells, were exposed to EGTA/ATP (E/A) or GTPyS/EGTA/ATP (G/E/A) for 20 min at 30°C. The cells were then fixed and stained 

using RP (0.4 |iM) or a-p-actin (1: 200). (B) To investigate competition between these two actin probes the following protocols were used: (1) RP after a-p-actin - 

cells were exposed to a-p-actin (1: 200) for 45 min, washed and stained with RP: a-p-actin was not labelled. (2) a-p-actin after RP -  cells were exposed to 

unlabelled phalloidin for 45 min, washed and labelled with a-p-actin as described in material and methods. Equatorial slices were obtained using confocal microscopy. 

Bar represents 10 ^m.



Thus in the following investigations G-actin was immunolocalised by exposing the cells to a-p- 

actin mAb prior to RP.

3.4.1 Identification of two actin pools not recognised by RP

The images from Fig 3.4 also revealed that differences existed between a-p-actin and RP 

staining of basal cells. Cells were therefore double labelled with a-p-actin and RP (Ab added 

prior to RP) and visualised at high magnification (Fig 3.5). Both a-p-actin (green) and RP (red) 

localised to the cell cortex. Superimposing these images (right) showed near perfect 

colocalisation (yelllow) of these two probes at the cortex. However a large central structure 

(present in -40-60% of cells) and smaller punctate structures within the cell interior were labelled 

by a-p-actin, but not recognized by RP. The potential of these structures to be the pool of G-actin 

regulated by GTPyS is the subject of chapter 6.
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Figure 3.5. Comparison of RP and a-p-actin staining: additional actin structures revealed by 

a-p-actin

Permeabilised cells were exposed to EGTA/ATP for 20 min at 30°C. The cells were then fixed and 

incubated with a-p-actin. The antibody was then removed and the cells exposed to RP (0.3 pM) 

together with the secondary Ab. The cells were then washed and exposed to CY2-Streptavidin. 

RP is shown in red, a-p-actin in green, and colocalisation of the two labels in yellow. Note that a- 

p-actin recognised two structures, indicated by the white arrows, which were not recognised by 

RP. Equatorial slices were obtained using confocal microscopy. Bar represents 10 pm.
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3.5 Summary

•  The secretory responses of both intact and permeabilised mast cells agreed with previous 

observations

•  Comound 48/80 did not appear to induce an increase in F-actin within the cell interior and 

induced cell spreading which -had not been previously reported

•  GTPyS reduced actin leakage from permeabilised mast cells: most probably via inducing actin 

polymerization

•  GTPyS induces the leakage of a ~20kDa protein -  its leakage appeared unaffected by LB or 

CE

•  The majority of mast cell actin is p-actin

•  RP partially masks of the a-p-actin epitope on F-actin

•  a-p-actin labelled a large central structure and smaller punctate structures within the cell 

interior which were not recognized by RP
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3.6 Discussion

This chapter can be divided into three main sections. The first being to confirm the previous 

findings of Koffer et al (1990) and Norman et a! (1994/1996) regarding the cytoskeletal and 

secretory responses of intact and permeabiiised mast cells. This was undertaken as these 

systems were to be used in the following chapters, to investigate the link between the actin 

cytoskeleton and secretion in RPMC. The second part of this chapter was to provide evidence to 

confirm or dispute the existence of a monomer pool regulated by GTPyS. This was investigated 

by studying how this nucleotide alters actin leakage from permeabiiised mast cells. Finally a 

method needed to be developed to visualise G-actin, as one of the aims of this thesis was to 

visualise and study a theorised pool of G-actin regulated by GTPyS. A few points regarding this 

method conclude the discussion.

3.6.1 The secretory and cytoskeletal responses of intact RPMC

The secretory responses of intact mast cells agreed with previous observations Koffer et al 

(1990) and Norman et al (1994/1996). However a few notable differences were observed 

regarding the effects of these triggers on the actin cytoskeleton. With regard to intact cells, 

Norman et al (1994) had reported that compound 48/80 induced the formation of F-actin within 

the cell interior, forming a similar cytoskeletal structure induced by GTPyS. In this study 

compound 48/80 induced both an increase in cortical F-actin and cell spreading: inducing no 

relocalisation/polymerisation of actin within the cell interior (Fig 3.1A). The reason for this 

apparent difference was discovered to be due to differences in the duration of incubation with 

compound 48/80. In this study the cells were exposed to compound 48/80 for 20mins, in 

comparison to 2min used by Norman et al. A study undertaken by Dr M Holt showed that 48/80 

initially induced the formation of F-actin within the cell interior which relocalised to the cell cortex 

and adhesion plane over a period of -10-20min (personal communication). It is possible that, in 

permeabiiised cells, GTPyS is inducing this first stage of actin polymerisation but is incapable of 

relocalising actin to the cell cortex: possibly due to the loss of cell components during 

permeabilisation. This relocalisation of F-actin from the cell interior to the cortex and adhesion 

plane may be mediated through an actomyosin contractile mechanism.
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3.6.2 The secretory and cytoskeletal responses of permeabiiised RPMC

The secretory responses of permeabiiised mast cells observed in this study are in agreement with 

those previously reported by Koffer et al (1990) and Norman et al (1994/1996). The cytoskeletal 

responses were also similar to those previously observed by Norman et al (1994). This study 

confirmed that GTPyS does indeed increase the amount of F-actin within the cell interior of 

washed permeabiiised cells. Quantification of the F-actin content of both basal and G/E/A 

triggered cells (refer to Fig 4.8B) showed that G/E/A increases the relative F-actin content of 

RPMC by 410% .

Furthermore confocal images in chapter 6 (Fig 6.4) confirmed the earlier finding that ATP 

increases the proportion of cells that respond to GTPyS i.e. exocytose and exhibit and increase in 

F-actin (Norman et al. 1994). Norman et al did not investigate this role of ATP. Chapter 6 

presents data to show how ATP is thought to amplify actin polymerisation mediated GTPyS.

Actin polymerisation induced by GTPyS/ATP (G/E/A) was altered by calcium (G/C/A). 

Quantification showed that calcium reduced this increase in relative F-actin content by -30%. As 

calcium alone (C/A) reduced the relative F-actin content by -30%, this finding suggests that 

calcium/ATP is depleting cortical F-actin via a signalling pathway that is G-protein independent. 

These two triggers certainly induce different effects on the actin cytoskeleton (Fig 4.7), which 

correlates with theory that they are acting via different signalling pathways. The findings of 

Sullivan et al (awaiting publication) are partially in agreement with these findings. Their work 

showed that calcium depletes cortical F-actin via calmodulin (CaM) signalling to MLCK, in a Rho- 

independent manner. However they also found that Rho induces a small enhancement C/A 

mediated cortical F-actin depletion.

3.6.3 GTPyS: The existence of a monomeric actin pooi reguiated by GTPyS

The ability of GTPyS to induce de novo actin polymerisation in cells containing negligible 

amounts of soluble actin suggests that permeabiiised mast cells contain a pool of actin monomer. 

One of the aims in this thesis was to visualise and study the regulation of this pool (chapter 6). 

This study found that GTPyS (G/E/A) significantly reduced actin leakage from permeabiiised cells 

(-30%) (Fig 3.2A). This is unlikely to be due to retention of cortical F-actin as the cortical RP
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staining in GTPyS (G/E/A) treated cells is no brighter than seen in control (E/A) cells (Fig 3.1 B). 

Thus the source of actin retained by GTPyS is most likely to be unpolymerised at the time of 

triggering. This monomeric pool must be associated with internal structures as permeabilisation 

and washing results in the loss of soluble actin (-70-80%). However the possibility that this actin 

represents stabilisation of the F-actin cortex cannot be ruled out. The results presented in chapter 

6 however favour the first hypothesis.

3.6.4 The localisation of G-actin in RPMC

The finding that mast cell actin is predominantly if not solely g-actin is not unexpected, as this is 

the prevailing isoform in non-muscle cells: erythrocytes containing only g-actin. The observation 

that phalloidin partially masks the a-g-actin epitope was surprising as their binding sites on actin 

do not overlap. Phalloidin binding to G158, D179, R177 which lie close to the nucleotide binding 

cleft (Belmont et al. 1999), while a-g-actin binds to the N-terminal (refer to chapter 2). Thus 

prevention of binding must arise from some steric effect, although as phalloidin is a small 

molecule this is slightly unexpected.
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CHAPTER FOUR 

Exocytosis and the actin cytoskeleton
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4.1 Introduction

A number of research groups have presented evidence to suggest that the cytoskeletal and 

secretory pathways are linked. An aim of this thesis was to clarify the nature of this link in mast 

cells: a model secretory cell. This chapter presents the findings of this research. A summary of 

the most recent findings in this research field is given below.

4.1.1 Recent findings

The most recent studies in this field which have used mast cells, have utilised botulinum C2 toxin 

(Aktories et al. 1992, 1994) and latrunculin -  a newly available marine toxin, (Ayscough et al.

1997) to investigate interdependence of the cytoskeletal and secretory pathways. Both these 

toxins were used for their ability to disassemble mast cell F-actin: the activities of these and other 

toxins are reviewed section 1.5. Using these toxins, actin has been shown to play both a positive 

and a negative role in exocytosis. Thus F-actin loss appears to both inhibit secretion (Bottinger et 

al. 1987) and promote secretion (Prepens et al. 1996). These experiments used either suspended 

or attached cells. Wex et al used C2 toxin to investigate the effects of cell attachment on the 

involvement of the actin cytoskeleton in secretion (Wex et al. 1997). In suspended RPMC, 02 

toxin inhibited antigen, compound 48/80 and PMA stimulated exocytosis by >80%, -50% and 

-70-90% respectively. This toxin however, did not affect secretion induced by calcium ionophore 

(A23187). In attached cells, 02 toxin increased compound 48/80, antigen and calcium ionophore 

(A23187) induced secretion by -40%, -65% and -100% respectively. Initially, this apparent 

difference between attached and suspended cells appeared to be mirrored in the mast cell line 

RBL-2H3 cells (Prepens et a l l 996, 1998, Wex et al. 1997). Wex et al suggested these 

apparently conflicting results arose because cell adhesion had a major impact on regulated 

exocytosis, thereby changing effects of 02 toxin on secretion. However this theory did not hold for 

the findings of other groups. Frigeri and Apgar (1999) observed that F-actin depletion, mediated 

by LB, promoted both the rate and the extent of Ag-induced degranulation from suspended RBL 

cells. Thus the link between the cytoskeleton and secretion appears confused.
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4.1.2 Chapter synopsis

The aim of this study was to clarify the role actin played in the exocytotic signalling pathways of 

tx)th suspended and attached primary mast cells. The F-actin depleting toxin, latrunculin, which 

had recently become available, provided the perfect tool for this investigation. At the time of this 

study, the effects of this toxin on both the cytoskeleton and secretion from RBL cells had not been 

reported. The results, described in this chapter, show both the cytoskeletal and secretory effects 

of this toxin. The results, concerning the effects of this toxin are presented in four main sections:

(1) secretion from intact cells (2) F-actin in intact cells (3) secretion from permeabiiised cells (4) 

F-actin in permeabiiised cells. A description of the experimental protocols used in this chapter is 

provided below, these summarised in table 4.1. The known effects of latrunculin have been 

discussed in the introduction (section 1.5.3.1) and therefore will not be discussed here.

4.1.3 Experimental system

The beta isoform of latrunculin was used in this study (at concentrations up to 100 |iM). The F- 

actin depleting effect of this toxin was studied in parallel with its effect on the secretory 

competence of both intact and permeabiiised cells. Intact cells were triggered using compound 

48/80, a positively charged secretagogue that is thought to directly activate two heterotrimeric, 

PTX sensitive, G proteins: one signalling through PLC -> IPs, and the second via PLC 

independent signalling pathway (Eisenberg. 1999). Intact cells were used to investigate whether 

the cytoskeleton modulated any steps in the signalling pathway culminating in secretion, i.e. 

between G-protein(s), activated by compound 48/80, and the final steps of exocytosis (i.e. 

docking and fusion of the granular and plasma membranes). The use of permeabiiised cells 

allows control of the intracellular environment, permitting upstream events to be bypassed. This 

allowed investigation of the role of the cytoskeleton in the final steps of exocytosis. Permeabiiised 

cells were triggered using various combinations of calcium, GTPyS and ATP.

The cytoskeletal and secretory responses of both intact and permeabiiised cells to these triggers 

are discussed in the previous chapter (Fig 3.1A & B). Confocal micrographs showed: (1) 

filamentous actin is predominantly cortical in basal mast cells and (2) actin polymerisation occurs 

upon cell stimulation (excluding C/A treated cells). In this study latrunculin was used distinguish
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between the roles played by the existing cortical actin and the newly polymerised actin in the 

secretory competence of mast cells. This was achieved using the following protocols, a summary 

of which is given in Table 4.1.

4.1.4 Protocols used for Intact cells

(1) Trigger + LB: Intact cells were exposed to LB only at the time of triggering with compound 

48/80. In this case, LB prevents an increase in F-actin following cell activation by binding to any 

free actin monomers, while there is insufficient time for LB to deplete the existing filaments.

(2) LB -> Trigger: Intact cells were treated with LB before triggering, washed to remove any 

unbound toxin and then triggered. This treatment depletes existing filaments in resting cells.

Upon triggering however, any monomer released in response to cell activation would be expected 

to polymerise as LB (unbound) has been removed. The extent F-actin depletion depends upon 

the length of exposure to LB: the cells were exposed to LB for 10 or 60 min.

(3) LB -> Trigger + LB: Intact cells were treated with LB both before and after exposure to 

compound 48/80. This depletes existing filaments and prevents actin polymerisation in response 

to cell activation.

(4) LB -> recovery -> Trigger: This protocol was used to investigate whether cells could 

recover from the effect(s) of LB treatment. Cells were exposed to LB for 1 hr, washed several 

times in chloride buffer, and then left to recover for 1 hour before triggering.

Note: The word “Trigger” indicates stimulation with compound 48/80 (3 |ig/ml). In those 

experiments where the all the cells were maintained at rest (i.e. untriggered, in OB), the word 

“Basal” is used instead of “Trigger” in the abbreviated protocols, i.e. LB ^  Basal + LB

4.1.5 Protocols used for permeabiiised cells

Cells were permeabiiised with streptolysin-0 (SL-0) in the presence of EGTA, washed to remove 

excess SL-0 and any freely soluble components, and then triggered.

(5) SL-0 ->  Trigger + LB: Cells were exposed to LB only after permeabilisation and subsequent 

washing. As with to protocol (1) above, no increase in F-actin should occur after cell activation. In
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this protocol permeabiiised cells were exposed to LB for 10min, prior to triggering, to allow 

equilibration of this toxin with the cell interior.

(6) LB -> SL-0 -> Trigger: Intact cells were treated with LB before permeabilisation to deplete 

cortical F-actin. The cells were then washed, permeabiiised with SL-0, and triggered in the 

absence of the toxin (similar to protocol (2) above).

(7) LB -> SL-0 -> Trigger + LB: Cells were treated with LB both before and after 

permeabilisation (similar to protocol (3)).

Note: The word “Trigger” indicates stimulation with various combinations of calcium, GTPyS and 

ATP. Again, in those experiments where cells were maintained at rest (i.e. in 3mM EGTA 13mM 

ATP) the word “Basal” is used instead of “Trigger” in the abbreviated protocols.
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N" Protocols Abbreviated form of the protocols 
(Predicted effect)

INTACT CELLS

1 Cells pre-incubated with control buffer (for 10 or 
60min at RT) washed ->  triggered in the presence of 
LB (20min at30“C)

Trigger + LB
(inhibition of actin polymerisation in 
response to triggering)

2 Cells pre-incubated with LB (for 10 or 60min at RT) 
washed-^ triggered in the presence of Control 

buffer (20min at 30“C)

LB Trigger
(depletion of F-actin cortex)

3 Cells pre-incubated with LB (for 10 or 60 min at RT) 
-> triggered in the presence of LB (20min at 30“C)

LB-> Trigger + LB
(depletion of F-actin cortex and 
inhibition of actin polymerisation in 
response to triggering)

4 Cells pre-incubated with LB (for 10 or 60 min at RT) 
washed allowed to recover in buffer for * 1hr 

->  triggered in the presence of Control buffer (20min 
at30“C)

LB -> recovery -> Trigger
(depletion of F-actin cortex and 
recovery of normal cytoskeletal 
structures)

PERMEABILISED CELLS

5 Cells pre-incubated with control buffer (for 60min at 
RT) -> permeabiiised (SL-0)^ washed-^ pre
treated with LB (10min) triggered in the presence 
of LB (20min at30°C)

SL-0 Trigger + LB
(inhibition of actin polymerisation in 
response to triggering)

6 Cells pre-incubated with LB (for 60min at RT) 
permeabiiised (SL-0)-> washed pre-treated with 
control buffer (lOmin) triggered in the presence of 
Control buffer (20min at 30”C)

LB SL-0 ->  Trigger
(depletion of F-actin cortex)

7 Cells pre-incubated with LB (for 60min at RT) 
permeabiiised (8L-0)“> washed pre-treated with 
LB (10min) -> triggered in the presence of LB (20min 
at30“C)

LB ->  SL-0 Trigger + LB
(depletion of F-actin cortex and 
inhibition of actin polymerisation in 
response to triggering)

Table 4.1. Summary of LB protocols used

The table describes the protocols used to treat intact and permeabiiised cells with LB. The arrows in the 

abbreviated versions of the protocol indicate the next step in the protocol. Control buffer contained the 

appropriate concentration of DMSO (usually 0.0025%) to control for DMSO being used as a vehicle for LB. 

To make the four protocols for intact cells comparable, protocol (1) included a 10 or 60 min period of pre

incubation with control buffer. Similarly to match the protocols used for permeabiiised cells, cells were 

treated with control buffer before permeabilisation (protocol 5) and after permeabilisation (protocol 6). 

Cells were triggered as indicated in the text above. * The 1 hour recovery period in protocol (4) included 

additional two washes in CB after 30 min of recovery.
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4.2 Effects of latrunculin on secretion from intact ceiis

Figure 4.1 A and 4.1 B shows the effects of increasing concentrations of LB on hexosaminidase 

release from attached mast cells activated with compound 48/80. Intact cells were treated using 

the following protocols: ‘Trigger + LB” (not shown), “LB -> Trigger” ( • ) ,  “LB -> Trigger + LB” 

(A). Cells were exposed to LB for 10 or 60 min prior to triggering, Fig 1A and IB, respectively. 

Note that in this and the following chapter, exposure to LB prior to triggering is referred to as “pre

treatment”. Results obtained using the LB protocol Trigger + LB” are not shown since this 

treatment did not alter hexosaminidase release. LB pre-treatment for lOmin or 60 minutes prior to 

triggering (LB -> Trigger) inhibited secretion by only ~ 20 and 30 %, respectively (Fig. 1 A and B 

(#)). More pronounced effects were observed when LB was present both before and during cell 

activation “LB -> Trigger + LB”. In this case the duration of the pre-treatment influenced the 

effects of LB on secretion. At the highest concentration of LB (40 ixg/ml), a 60 min pre-treatment 

inhibited secretion by 83% (Fig 4.1 B (A)), while the lOmin pre-treatment inhibited secretion by 

only 40% (Fig 4.1 A (A)). Longer times and/or higher concentrations of LB (up to 80^ig/ml) did 

not induce any further inhibition (not shown).

The results show that the LB pre-treatment (expected to depolymerise existing actin filaments) 

together with LB presence during cell activation (to prevent any de novo actin polymerisation) are 

necessary for secretion to be strongly inhibited. Plateau of inhibition was reached at 40^gml LB, 

i.e. ~ 100 |iM LB. Interestingly, this concentration parallels closely that of the estimated total actin 

in mast cells - 1 1 0  p-M/IO® cells, Koffer et al. (1990). Assuming that most of the actin is 

depolymerised by the LB, the ratio of actin to LB would be -  1:1 at this point. Cells treated using 

this protocol, but maintained at rest “LB -> Basal + LB”, did not spontaneously secrete.

The ability of LB to inhibit secretion from suspended (non-adherent) cells was investigated using 

the most effective protocol “LB Trigger + LB” (Fig 4.1 C). As in attached cells, secretion was 

substantially inhibited by LB. Suspended cells appear to be more sensitive to the inhibitory 

effects of LB: In this case plateau inhibition was reached at -10|ig/ml LB. At this concentration 

the ratio of actin to LB would be -  4:1.
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Secretion and the actin cytoskeleton

Figure 4.1. The effect of Latrunculin B on secretion from intact mast cells

(A) and (B) attached intact cells were pre-treated with the indicated concentrations of LB or 

control buffer using the protocols: (■) “LB -> recovery -> Trigger”, ( • )  “LB Trigger”, (A) 

“LB Trigger + LB”. In (A) cells were incubated with control buffer or LB for 10 min prior to 

triggering. In (B) cells were incubated with LB or control buffer for 60 min prior to triggering.

(C) Suspended intact cells were treated with the indicated concentrations of LB or control buffer 

for 60min using the protocol (A) “LB -> Trigger + LB”.

Cells were triggered with compound 48/80 (3 pg/ml) or maintained in buffer (basal) for 20min at 

30°C. Addition of the trigger I buffer diluted the indicated [LB] by half in (A) and (B) and by a third 

in (0). Hexosaminidase release was determined after 20 min at 30“C. The values represent 

secretion relative to the control cells, which released 55-80 % (A) and (B) and 36-70 % in (C) of 

their total hexosaminidase. LB had no effect on basal release.

In (A) and (B) Bars represent SE, n=3. (C) shows the combined data of seven experiments.

85b



This inhibition of secretion may be mediated through some persistent toxic effect of LB, rather 

than through actin depolymerisation. To eliminate this possibility cells were treated with LB and 

allowed to recover “LB -> recovery -> Trigger”. These cells secreted to the same extent as 

control cells in response to compound 48/80 (Fig. 1 A and B (■)). No adverse effects were 

observed, even after a 60 minute exposure to the highest concentration of LB (40 |ig/ml). Cells 

recovered from lower concentrations of LB (5 and 20 ^ig/ml) exhibited a small but reproducible 

increase in secretion (Fig 4.1 B). These findings indicate that LB does not induce any irreversible 

toxic effects.

4.3 Effects of latrunculin on F-actin content and morphology of intact cells

To correlate the above results with the effects of LB on F-actin morphology, cells exposed to the 

different LB protocols were fixed and stained with rhodamine-phalloidin (RP). Figure 4.2A shows 

confocal micrographs of equatorial and adhesion plane slices, obtained from intact cells that have 

been treated using the protocol “LB (GOmin)^ Basal” (top two rows) and “LB (GOmin)^ Trigger” 

(bottom two rows).

4.3.1 LB pre-treatment: “LB ->  Basal”

Control basal cells exhibited the typical cortical F-actin staining (top left panel). This cortical RP 

staining became less intense and more discontinuous the greater the [LB] used during pre

incubation. The loss of cortical F-actin was proportional to [LB], with depletion already apparent at 

5 |ig LB /ml. A dose dependent reduction in F-actin was also observed at the adhesion plane of 

these cells. LB also induced the appearance of RP staining within cell nuclei. This effect of LB 

had not been previously reported. The relative F-actin content of these cells was quantified by 

calculating the average pixel fluorescence intensity of -50 cells per condition (Fig 4.3A): the 

content of control basal cells was taken as 100%. Quantification showed that pre-treatment 

(GOmin) of intact cells with 5,20 and 40 [ig/ml LB reduced the total F-actin content of basal cells 

by 5% ± 1, G1%±0.5%, and 75% ± 0.5%, respectively (open bars).
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Secretion and the actin cytoskeleton

B
20 40

LB ->  Trigger + LB

Basal 48/80

LB recovery ->  Trigger

Figure 4.2. Effect of LB on the F-actin morphology of attached Intact RPMC

Attached cells were treated with the indicated concentrations of LB using the protocols: (A) “LB 

(60 min) Trigger” (basal cells, top two rows, triggered cells bottomw two rows), (B) “LB (60 

min) Trigger +LB" and (C) “LB recovery Trigger”. Cells were triggered with 

compound 48/80 (3 |ig/ml) or maintained in buffer (basal) for 20min at 30°C. Addition of the 

trigger or buffer diluted the indicated [LB] by half. The cells were then fixed, stained with RP (0.3 

piM) and visualised using confocal microscopy. Only equatorial planes are shown in (B), since in 

this case no significant RP staining was visible at the adhesion plane of the LB-treated cells. 

Small bright cells visible at the adhesion plane are contaminating neutrophils.
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Figure 4.3. Effect of LB on A) the total F-actin content and B) adhesion area of intact cells

(A) Confocal micrographs of cells (equatorial slices), treated using the protocol “LB 

(60min)^Trigger”, were analysed for relative F-actin content. The relative F-actin content is a 

measure of the average pixel fluorescence intensity of -50 cells per condition: where the F-actin 

content of basal control cells was taken as 100 %. Error bars represent SE, n=50.

(B) Confocal micrographs of cells (adhesion plane slices), treated with LB (40 i^g/ml) for 60min 

using the protocol “LB ^  Trigger”, were analysed for relative adhesion area. The last two 

columns refer to cells treated using the protocol “LB ->  recovery ^  Trigger”. The average 

adhesion area was calculated and expressed as a percentage of the adhesion area of basal 

control cells, treated with the appropriate control buffer. Error bars represent SE, n=50. Open and 

filled columns in (A) and (B) refer to basal and compound 48/80 treated cells, respectively.
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After a shorter (10 min) duration of LB pre-treatment, these values were much smaller at 5% ± 

1.5%, 20% ± 0.5%, and 29% ± 0.5%, respectively (not shown). These figures underestimate the 

extent of cortical F-actin depletion as a significant proportion of the total RP staining in these cells 

was nuclear (top row of Fig 4.2A).

4.3.2 “LB -> Trigger”

Triggering of control cells with compound 48/80, in the absence of LB (Fig 4.2A: bottom two rows 

- far left panels), induced an increase in RP staining at both the equatorial and adhesion planes of 

these cells. This is in line with the findings of chapter 3 Fig 3.1 A. Quantification of this increase 

showed that stimulation by compound 48/80 induced a 33% increase in the total F-actin content, 

which agrees with the findings of Norman et al (1994). This increase F-actin was associated with 

an increase in cell adhesion area (i.e. spreading). The relative adhesion area (RSA) of triggered 

cells (Fig 4.3B) was -30% greater than that of basal cells.

Pre-treatment with LB “LB ^Trigger” induced a dose dependent reduction in RP staining Fig 

4.2A: bottom two rows). This reduction was smaller than that observed in basal cells, indicating 

that compound 48/80 can still induce F-actin polymerisation. Quantification of the relative F-actin 

fluorescence intensity of these cells confirmed this observation (Fig 4.3A). Thus, as predicted, 

this protocol depleted cortical F-actin but did not prevent F-actin polymerisation in response to 

compound 48/80 (refer to Table 4.1). Compound 48/80 mediated spreading response however, 

was completely abolished in these cells (Fig 4.2A and Fig 4.3B, middle two bars cells).

4.3.2.1 Correlation between Secretion and the F-actin cortex

Cells which had undergone the greatest cortical F-actin depletion, losing -75% of the their total 

cellular F-actin (40|ig/ml LB for 60min), still secreted -70% of the hexosaminidase secreted by 

control cells (Fig 4.1 B). Moreover cells maintained at rest after this LB treatment did not 

spontaneously secrete. These findings indicate that the F-actin cortex does not play a major role 

in the exocytotic signalling pathways of intact mast cells, triggered with compound 48/80.
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4.3.3 LB present only during triggering - “Trigger + LB”

Cells treated using the protocol “Trigger + LB” retained significant cortical F-actin during 

compound 48/80 mediated exocytosis, but exhibited no increase in F-actin (not shown) This 

observation agrees with the predicted effect of this protocol on the actin cytoskeleton (refer to 

Table 4.1). Thus as this protocol has no effect on secretion it appears that compound 48/80 

induced actin polymerisation is not required for exocytosis.

4.3.4 LB present both before and during triggering - “LB Trigger + LB”

LB treatment both before and during cell activation “LB -> Trigger + LB” induced the greatest F- 

actin depletion (Fig 4.2B). Cells, treated using this protocol and maintained at rest “LB -> Basal + 

LB”, exhibited a substantially depleted F-actin cortex at 5 |ig/ml LB, and practically no cortical F- 

actin at 40 pg/ml LB (not shown). The most prominent F-actin structure in these cells WAS the 

LB-induced nuclear actin.

These cells exhibited no increase in F-actin in response to compound 48/80 (Fig 4.2B), their F- 

actin morphology being virtually identical to the basal, LB treated cells. This result confirms the 

predicted effect of this protocol on the actin cytoskeleton (refer to Table 4.1).

4.3.4.1 Correlation of Secretion and the actin cytoskeleton

This protocol was the most potent at inhibiting compound 48/80 mediated secretion (Fig 4.1 B and 

4.10). The extent of F-actin depletion was proportional to the extent of inhibition of secretion. This 

protocol did not, however, induce spontaneous secretion in basal cells. This is concordant with 

the findings made using the protocol “LB -> Trigger”.

4.3.5 Recovery from LB treatment - “LB -> Recovery -> Trigger”

Cells were treated using the protocol “LB (40 \iglm\) -> recovery Trigger” to investigate 

whether the cytoskeletal effects of LB were reversible (Fig 4.20). The cytoskeletal and secretory 

(Fig 4.1 A and 4.1 B) responses of these and the control cells to compound 48/80 were very 

similar. This suggests that the effects of LB are indeed fully reversible. One interesting anomaly 

however, was observed in the spreading response of these recovered cells (Fig 4.20). About 

50% of the cells spread significantly more in response to compound 48/80: these cells had a cell
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adhesion area -25% greater than that of the control cells (shown in Fig 4.3B). This increase in 

spreading is possibly due to the increased availability of actin monomer following the recovery 

from LB treatment. This population of highly spread cells is responsible for the increase in the 

relative cell adhesion area seen in Fig 4.3B - last column. The large standard error is due to the 

presence of these two cell sub-populations. Cells recovering from lower concentrations of LB (20 

|ig/ml) exhibited a virtually identical cytoskeletal response to compound 48/80 as present in the 

control cells (not shown).

4.4 Effects of latrunculin on secretion from permeabiiised celis

The following set of experiments investigated the effects of LB on SL-0 permeabiiised mast cells. 

This system by passes the agonist-receptor interactions, allowing the intracellular conditions to be 

manipulated. Here the specific effects of LB on the responses elicited by calcium and the 

nucleotides ATP and GTPyS (a non-hydrolysable form of GTP) were investigated.

The secretory responses of suspended cells treated using the protocols “LB-> SL-0 -> Trigger” 

and “SL-0-> Trigger + LB” are show in Fig 4.4. LB-pre-treatment alone only marginally affected 

mast cell secretion (Fig 4.4A). Used at low concentrations, LB pre-treatment induced a small 

augmentation of both GTPyS/calcium/ATP (G/C/A) (-10-15%) and GTPyS/ATP (G/E/A) (5-10%) 

triggered secretion. Exocytosis was more noticeably affected in cells triggered in the presence of 

LB (Fig 4.4B). Using this protocol, no significant potentiation of secretion was observed at low 

[LB], while the highest [LB] (40 iig/ml) inhibited secretion by 25-35%, relative to control cells. In 

both cases, cells responding to calcium/ATP (C/A) exhibited the greatest sensitivity to LB, 

although this inhibition of C/A stimulated secretion was variable.

The effect of LB on secretory responses of attached permeabiiised mast cells is shown in Fig 4.5. 

Here a comparison is made between cells treated using the protocols “LB-> SL-0 -> Trigger” 

(Fig 4.5A) and “LB-> SL-0 ->  Trigger + LB” (Fig 4.5B). LB pre-treatment alone “L B ^  SL-0 -> 

Trigger”, induced only a small potentiation in G/C/A induced secretion (Fig 4.5A): this parallels the 

effects this toxin in suspended cells (Fig 4.4A). Attached cells appeared slightly more sensitive to 

the effects of LB, especially at lower LB concentrations. Of the two protocols the latter was more

91



Secretion and the actin cytoskeleton

B

•  G/C/A 
G/E/A 

A C /A
LB ^  SL-0 + Trigger

100

o 80 -

SL-0 ^  LB + Trigger
40

0 5 10 15 20

Latrunculin concentration (|^g/ml)

Figure 4.4. Effect of LB on secretion from suspended permeabiiised RPMC

Attached cells were treated with the indicated concentrations of LB using the protocols: (A) “LB 

-> SL-0 ->  Trigger”, or (B) “SL-0 ->  Trigger + LB”. Addition of the trigger or E/A diluted the 

indicated [LB] by a third. The triggers used were (■) EGTA/GTPyS/ATP (G/E/A), ( • )  

GTPyS/calcium/ATP (G/C/A) and (A) calcium/ATP (C/A). Hexosaminidase release was 

determined after 20 min at 30°C. The values represent secretion relative to the control cells, 

treated with control buffer. In (A) control cells secreted 25%, 31% and 65% and in (B) 23%, 28% 

and 71% of their total hexosaminidase, in response to G/E/A, C/A, and G/C/A, respectively. 

Basal cells were exposed to EGTA/ATP. Release from these cells (- 5%) was unaffected by LB 

(not shown). n=4.
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Figure 4.5. Effect of LB on secretion from attached permeabiiised RPMC

Attached cells were treated with the indicated concentrations of LB using the protocol: (A) “LB -> 

SL-0 ->  Trigger”, or (B) “LB ^  SLO ^  Trigger + LB". Addition of the trigger or E/A diluted the 

indicated [LB] by half. The triggers used were ( • )  GTPyS/calcium/ATP (G/C/A), (■) 

GTPyS/EGTA/ATP (G/E/A) and (A) calcium/ATP (C/A). Hexosaminidase release was 

determined after 20 min at 30°C. The values represent secretion relative to the control cells 

treated with control buffer. In (A) control cells secreted 63%, 24% and 29% and in (B) 71%, 23%, 

31% of their total hexosaminidase, in response to G/C/A, G/E/A and C/A respectively. Basal cells 

were exposed to EGTA/ ATP. Release from these cells (- 5%) was unaffected by LB (not 

shown). Bars represent SE, n=3.
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potent in Inhibiting secretion, particularly for Calcium/ATP (C/A) mediated secretion, where 

40|xg/ml LB inhibited by 65% (Fig 4.58). This is in agreement with the findings in intact cells, 

where the comparable protocol “LB Trigger + LB” was also the most potent at inhibiting 

secretion (Fig 4.1 B). Exposing cells to LB only after permeabilisation, “SL-0 Trigger LB” (not 

shown), inhibited secretion to approximately same extent as in those cells exposed to LB both 

before and after permeabilisation “LB-^ SL-0 -> Trigger + LB” (Fig 4.5B). This indicates that the 

presence of LB during triggering, rather than F-actin depletion prior to permeabilisation, is 

responsible for inhibitory effects of LB. However the secretory responsiveness of cells, treated 

with the protocol “SL-0 -> Trigger + LB”, maybe influenced by the 10 min pre-incubation. The 

effect of this 10 min pre-incubation step on exocytosis needs to be investigated to ratify or 

question this conclusion.

4.5 Effects of latrunculin on F-actin content and morphoiogy of suspended permeabiiised 

ceiis

Flow cytometry was used to establish how the various LB protocols affect the F-actin content of 

permeabiiised suspended cells (Fig 4.6A). LB was used at 10 iig/ml in these protocols. The cells 

were fixed and stained with RP and -10,000 to 15,000 cells analysed per condition. LB pre

treatment alone “LB-> SL-0 ->  Trigger” induced only a -10 % decrease in the F-actin content, 

relative to control cells. The extent of F-actin depletion was significantly greater when the cells 

were exposed to LB after permeabilisation (“SL-0 Trigger + LB”). Using this protocol the 

relative F-actin content of these cells decreased by -  30%. The greatest F-actin depletion was 

seen in cells exposed to LB both before and after permeabilisation “LB -> SL-0 Trigger + LB”. 

In this case a heterogeneous population of cells was obtained: 32 % of cells almost devoid of F- 

actin, 15 % of cells weakly stained, with the remaining cells containing -70 % of the total F-actin 

seen in control cells (* see below).

94



Secretion and the actin cytoskeleton

B

oo

m
T
3
CO

'Vm

I
+

'T

:
DO

m

3
CO

00

g 4% 7% 87%

$

o

7% 6% 85%

S

g

6 4o

4%

g 32%

o
1 10 100 

Relative fluorescence intensity

Figure 4.6. The effect of LB on the F-actin 

content of suspended permeabiiised 

RPMC

Suspended cells were treated with the 

indicated concentrations of LB (10 pg/ml) 

using the protocols “LB ^  SL-0 Basal”, 

“SL-0 -> Basal + LB”, “LB ^  SL-0 

Basal + LB”. Control cells were treated with 

control buffer both before (60min at RT) and 

after permeabilisation. After exposure to 

EGTA/ATP for 20 min at 30°C, cells were 

stained with 0.5 jiM RP (10 min on ice), 

washed and fixed in 3% paraformaldehyde. 

Cell fluorescence was then analysed using 

flow cytometry. The modal RP intensities 

are shown in red.

(B) Immunoblot of actin leakage. 

Suspended washed permeabiiised cells 

were exposed for 20min at 30°C to 

EGTA/ATP in the presence of; (1) control 

buffer, (2) LB (20 pg/ml) or (3) cytochalasin 

E (1 |iM). Cells were then centrifuged and 

the supernatants separated by 

electrophoresis, transferred onto 

nitrocellulose and probed with a-p-actin. 

Each lane corresponds to 6x 10"̂  cells.
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4.6 Secretion and the actin cytoskeieton in permeabiiised suspended RPMC

The extent of F-actin depletion induced by these two protocols positively correlated with loss of 

secretory competence (Fig 4.4). The protocol “LB (10 jag/ml)^ SL-0 -> Trigger” had little effect 

on either the F-actin content (Fig 6A: top) or secretory competence (Fig 4A), while the protocol 

“SL-0 Trigger + LB” moderately depleted F-actin (-30%) and partially inhibited secretion (25% 

- 35%). The effect of the protocol “LB ^  SL-0 -> Trigger” on secretory competence was only 

investigated in attached cells (Fig 4.7 and 4.8).

The flow cytometry data shown above quantified the relative F-actin content of cells exposed to 

various LB treatments. To investigate these findings further, the extent of actin leakage from cells 

treated using the protocol “SL-0 -> Trigger + LB” was determined via western blotting. The 

results of this analysis are shown in Fig 4.6B. Densitometric analysis of the resultant bands 

showed that LB induced a two-fold increase in actin leakage from permeabiiised cells (Fig 4.6B: 

compare lanes 1 and 2). In contrast, cytochalasin did not significantly alter actin leakage from 

permeabiiised cells (lane 3).

4.7 Effects of latrunculin on F-actin content and morphoiogy of attached permeabiiised 
celis

4.7.1 LB Pre-treatment alone - “LB -> SLO -> Trigger”

The F-actin morphology of attached permeabiiised cells, exposed to the various LB protocols and 

triggered are shown in Fig 4.7. These cells were triggered using combinations of calcium, ATP 

and GTPyS. Control cells (exposed to EGTA/ATP) are shown in the top row. These cells 

exhibited the typical F-actin morphologies described in chapter 3 Fig 3.1 B. Cells treated with LB 

(5 and 40 iig/ml) are shown in the 2"^ and 3 ^̂  rows respectively. Basal cells exposed to 5 [ig/ml 

LB exhibited reduced cortical staining and prominent nuclear actin. The extent of cortical F-actin 

depletion in these cells appears only moderate, however these images show the amount of 

cortical F-actin after 20min incubation with the trigger, not the amount of cortical F-actin at the 

point of triggering. During this 20 minute incubation (and during permeabilisation) partial recovery 

of the F-actin cortex can occur, as LB has been removed.
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Secretion and the actin cytoskeleton

Figure 4.?. Effect of LB on the F-actin morphology and content of attached permeabiiised 

RPMC

Attached cells were treated with LB (5 and 40 ng/ml) using the protocols “LB ->  SL-0 ->  Trigger” 

and “LB ->  SL-0 Trigger + LB”. Addition of the trigger diluted the indicated [LB] by half. Cells 

were triggered with calcium/ATP (C/A), GTPyS/EGTA/ATP (G/E/A) and GTPyS/calcium/ATP 

(G/C/A) for 20min at 30°C. Basal cells were exposed to EGTA/ATP. The cells were then fixed and 

stained with RP (0.5 pIVI). Confocal microscopy was used to visualise the equatorial plane of 

these cells.
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However at the point of triggering, these cells would be expected to have substantially depleted 

F-actin cortices. In spite of this cortical F-actin depletion, cells exposed to even the highest 

concentrations of LB (40 ^g/ml) were still capable of polymerising actin in response to triggering 

with GTPyS (Fig 4.7).

The intense nuclear actin staining induced by LB treatment, shown in the 2"^ and 3̂  ̂ rows, 

represents a significant proportion of the total cell fluorescence. As the flow cytometry data in Fig 

4.6, measures total cell fluorescence, this nuclear actin will have masked the true extent of 

cortical F-actin depletion.

LB pre-treatment “LB -> SLO -> Trigger”, even at the highest concentration of LB used (40 

ng/ml), appeared to deplete cortical F-actin only moderately. This depletion, as mentioned above, 

is likely to be much greater at the time of triggering. At this concentration of LB inhibited 

exocytosis, induced by all three triggers, by only -30% (compare Fig 4.7 row) and Fig 4.5A). 

It thus appears that the F-actin cortex plays only small positive role in the exocytotic pathways 

activated by calcium/ATP, GTPyS/EGTA/ATP and GTPyS/ATP/calcium.

4.7.2 LB present both before and after permeabilisation - “LB SL-0-> Trigger + LB”

Images of RP stained of cells, treated with LB (5 |ig/ml and 40 pig/ml) both before and after 

permeabilisation “L B ^  SL-0 -> Trigger + LB”, are shown in the bottom two panels of Fig 4.7. 

The extent of F-actin depletion in cells exposed to 5 |ig/ml LB was heterogeneous: some cells 

possessing minimal F-actin while others retained significant amounts of cortical and or, nuclear F- 

actin. These different actin morphologies account for three cell populations revealed by the flow 

cytometry data (Fig 4.6). At the higher concentration of LB (40 ng/ml) both basal (E/A) and 

triggered cells contained minimal cortical actin. Quantification of the relative F-actin content of 

these cells confirmed that LB treatment induces a dose dependent loss of F-actin - basal cells 

exposed to LB (40 iig/ml) containing only -  20% of the F-actin present in control cells (Fig 4.8A 

and C). Fig 4.8C confirms the observation that LB (20 ^ig/ml), present both before and after
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permeabilisation, completely abolishes the ability of GTPyS (G/E/A and G/C/A) to increase F- 

actin (Fig 4.8B): this was observed at even the lowest [LB] used (5 ^ig/ml).

These findings agree with the predicted effect of this protocol on the F-actin cytoskeleton (see 

Table 4.1) i.e. depletion of the F-actin cortex and inhibition of F-actin polymerisation.

Depletion of cortical F-actin together with the prevention of actin polymerisation, (protocol “ LB 

(40 |ig/ml) -> SL-0 -> Trigger + LB”), inhibited G/E/A and G/C/A induced secretion by only 

-30%. F-actin depletion alone using the protocol “LB (40 |ig/ml) SL-0 Trigger” inhibited 

G/E/A and G/C/A to a similar extent. Thus F-actin polymerisation appears to play only a minor 

role in GTPyS/EGTA/ATP and GTPyS/calcium /ATP mediated secretion.

Calcium/ATP induced secretion however, was inhibited by -65 % when LB was present both 

before and after permeabilisation “ LB SL-0 Trigger + LB”, (as compared to only -35% 

when LB was present only prior to permeabilisation “ LB SL-0 -> Trigger” (Fig 4.5). This 

suggests that the actin cytoskeleton plays a signficant modulatory role in C/A mediated secretion.

4.7.3 LB present only after permeabilisation • “SL-0 -> Trigger + LB”

Cells treated using this protocol exhibited: (1) no increase in F-actin upon cell activation, (2) 

cortical F-actin depletion and (3) no nuclear F-actin (not shown - refer to chapter 5 Fig 5.2). This 

protocol was expected to only prevent actin polymerisation induced by cell activation (refer to 

table 4,1). The depletion of cortical F-actin may have arisen as a consequence of 

permeabilisation: the released monomers are able to leak out from the cells, shifting the 

equilibrium towards depolymerisation. Moreover permeabiiised cells were exposed to LB for 

lOmin prior to triggering which may have been sufficient time to deplete cortical F-actin. This 

depletion of cortical F-actin has thus to be considered when interpreting the effects of this 

protocol.
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Figure 4.8: Effect of LB on the total F-actin content of (A) resting and (C) activated attached 

cells

Confocal micrographs of equatorial slices from attached cells, treated using the protocol “LB ->  

SL-0 ->  Trigger + LB”, were analysed for relative F-actin content using the same method as used 

in Fig 4.3. (A) Effect of LB (0-40 pg/ml) on the relative F-actin content basal cells. (B) The effects 

of calcium/ATP (C/A), GTPyS/EGTA/ ATP (G/E/A) and GTPyS/calcium/ATP (G/C/A) on the 

relative F-actin content of mast cells. (C) The effect of LB (20 |ug/ml) on the cytoskeletal 

responses induced by these triggers. F-actin content of basal control cells (E/A) was taken as 100 

%. Error bars represent SE, n=50.
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4.8 Summary

Intact cells

•  LB -> Trigger (attached cells): This protocol as predicted depleted cortical F-actin without 

preventing compound 48/80 mediated actin polymerisation. Cortical F-actin depletion 

maximally inhibited compound 48/80 mediated secretion by only -30%. (Fig 4.1 B)

•  Trigger + LB (attached cells): This protocol as predicted prevented compound 48/80 mediated 

actin polymerisation while maintaining cortical actin during exocytosis. Prevention of actin 

polymerisation had no effect on the secretory response to compound 48/80.

•  LB -> Trigger + LB (attached and suspended cells): This protocol as predicted depleted 

cortical F-actin and prevented compound 48/80 mediated actin polymerisation. The virtual loss

of F-actin had profound inhibitory effects (-80% inhibition) on secretion 

from both attached and suspended cells. Suspended cells were more sensitive to the inhibitory 

effects of LB.

•  All the LB protocols prevented compound 48/80 induced cell spreading

•  The protocols LB SL-0 -> Trigger and LB SL-0 -> Trigger + LB induced the formation 

of substantial amounts of RP stained nuclear F-actin. This effect of LB had not been previously 

reported. (Fig 4.2) RP stained nuclear F-actin did not however form in response to the protocol 

“SL-0 ^  Trigger + LB”.

Permeabiiised ceils

•  LB SL-0 -> Trigger (suspended and attached cells): This protocol depleted cortical actin, 

but only at high concentrations, without preventing GTPyS mediated actin polymerisation (Fig 

4.7). A small reduction in RP staining was also observed in flow cytometry (Fig 4.6). This 

apparent lack of cortical F-actin depletion however is misleading, as it represents the amount 

of F-actin following cell stimulation -  the cells partially recovering from LB treatment during 

stimulation, not the amount of F-actin present at the point of triggering. Secretion in these cells 

was maximally inhibited by 25% to 35% in attached and suspended cells. However at lower
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concentrations, LB promoted G/E/A and G/C/A mediated secretion in suspended cells and to a 

lesser extent in attached cells.

•  SL-0 Trigger + LB (suspended cells): This protocol as predicted inhibited actin 

polymerisation in response to triggering. However, cortical F-actin was also depleted, which 

may partly result from the 10min pre-incubation with LB. Secretion was more potently inhibited 

in these cells as compared to those treated using the protocol “LB SL-0 -> Trigger”, in 

which only the F-actin cortex had been depleted. This greater potency was especially apparent 

at low concentrations of the toxin. (Fig 4.4)

•  LB ^  SL-0 -> Trigger + LB (attached cells): This protocol as predicted depleted cortical F- 

actin and prevented GTPyS mediated actin polymerisation (Fig 4.7 and 4.8A and 80).

•  This virtual loss of F-actin maximally inhibited G/E/A and G/C/A mediated secretion, by 

approximately the same extent as that induced by cortical F-actin depletion alone (Fig 4.5). 

Secretion induced by C/A was inhibited to a much greater extent (-65% inhibition) when both 

the F-cortex is depleted and actin polymerisation is prevented.

•  C/A stimulated secretion was the most sensitive to the inhibitory effects of LB, irrespective of 

the protocol used.

•  The protocols LB ^  SL-0 Trigger and LB -> SL-0 -> Trigger + LB induced the formation 

of substantial amounts of nuclear F-actin. In comparison only marginal amounts of RP stained 

nuclear actin formed using the protocol “SL-0 ->  Trigger + LB”. Moreover this small amount of 

nuclear actin was present in only a small proportion of the cell population. This phenomenon is 

investigated in chapter 5 (refer to Fig 5.2).
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4.9 Discussion

The aim of this study was to clarify the role actin played in the exocytotic signalling pathways of 

primary mast cells. It also aimed to ascertain whether cell attachment significantly alters the cell 

behaviour. This investigation studied used intact and permeabiiised cells to study the role of the 

actin cytoskeleton at both the early/mid and late stages of the exocytotic signalling pathway. The 

discussion of the results is thus split up into two main sections: “Intact cells” and “Permeabiiised 

cells”

4.9.1 Intact ceils

Depletion of cortical actin: its role in compound 48/80 mediated secretion from intact RPMC 

The findings shown in Fig 4.1 indicate that the maximal depletion of the F-actin cortex of intact 

attached RPMC (“LB -> Trigger”), inhibits compound 48/80-induced secretion by only 30 %. (Fig 

4.1A). Moreover this depletion of the F-actin cortex did not induce spontaneous degranulation. 

Thus, cortical F-actin appears to play only a small facilatory role in the exocytotic signalling 

pathway of attached intact RPMC. This finding contradicts the “Barrier” theory originally put 

forward by Orci et al (1972). This theory suggested that the submembranous microfilament 

network acts as a barrier to granule fusion with the plasma membrane. This theory was initially 

supported by the experimental findings in chromaffin, parotid acinar cells (Valentijn et al. 1999) 

and mast cells (Koffer et al. 1990). Cheek et al (1986) showed that cortical actin disassembly 

correlated with nicotine-induced secretion in chromaffin cells. Moreover that elevation of cAMP 

inhibited both the nicotine-induced actin disassembly and catecholamine secretion (Cheek et al. 

1987). However, as observed in RPMC, the loss of cortical F-actin from chromaffin cells did not 

induce spontaneous secretion (Matter et al. 1989). This suggests that the F-actin cortex cannot 

be acting simply as a impediment to granule fusion, as suggested by the “Barriei' theory. 

Furthermore the notion of interdependence between the cytoskeletal and secretory pathways 

does not hold for chromaffin cells stimulated via activation of muscarine receptors, where no 

cortical F-actin rearrangement is apparent (Burgoyne et al. 1986). Thus one possibility is that 

compound 48/80 activates a secretory pathway that is only slightly modulated by cortical F-actin 

disassembly in RPMC. The slight facilatory role of the actin cortex may arise from directing the 

granules to the plasma membrane or promoting docking and fusion events (Vaughan et al. 1998)
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This study, unlike previous studies, has been able to investigate the effects of specifically 

depleting the F-actin cortex. Previous studies, such as those mentioned above, have either 

shown only correlation's between these two signalling pathways, or manipulated the actin 

cytoskeletal in a non specific manner (i.e. not the actin cortex alone) using toxins such as 

cytochalasin Koffer et al (1990).

Using this specific technique the findings of this study indicate that compound 48/80 mediated 

changes in cortical F-actin and secretion are two parallel independent events. It would be 

interesting to investigate the effects of this protocol on nicotinic induced secretion from chromaffin 

cells to clarify whether this signalling pathway is truly dependent on disruption of the actin cortex.

4.9.2 Prevention of actin poiymerisation induced by compound 48/80

Prevention compound 48/80 mediated actin polymerization, using the protocol Trigger + LB”, did 

not alter the secretory response of mast cells to this secretagogue. This indicates that actin 

polymerisation by itself plays no role in the exocytotic signalling pathways activated by compound 

48/80.

This observation is in agreement with the findings of Koffer et al, who showed that disruption of 

mast cell F-actin, using cytochalasin E, did not effect their secretory response to compound 48/80 

(Koffer et al. 1990). The role of this actin polymerisation is not known. One possibility is that this 

actin polymerisation is part of the endocytic-signalling pathway, rather than the exocytic pathway. 

Lamaze et al (1997) using perforated A431 cells showed that actin is required for clathrin coated 

vesicle formation. Moreover the findings indicated that actin filaments are required for the final 

events in the secretory signalling pathways i.e. either for coated pit constriction or coated vesicle 

detachment or both.

4.9.3 Depletion of the F-actin cortex together with prevention of de novo polymerisation

The role F-actin per se i.e. both cortical F-actin and actin polymerised in response to compound 

48/80, was studied using the protocol “LB Trigger + LB”. This protocol induced a dose 

dependent depletion of cortical F-actin and prevented actin polymerisation in response to 

compound 48/80 (Fig 4.2B). This progressive depletion of F-actin positively correlated with a 

dose dependent inhibition of compound 48/80 stimulated secretion, from both attached and
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suspended RPMC. LB (100 |iM) virtually abolished compound 48/80 induced exocytosis (Fig

4.1 B). Cells allowed to recover from the F-actin depleting effects of LB (Fig 4.2C) also recovered 

their secretory responsiveness to compound 48/80 (Fig 4.1 A and IB). These findings suggest 

that some form of actin cytoskeleton is essential for cells to exocytose. The results showed that 

suspended cells were more sensitive to the inhibitory effects of LB (Fig 4.1 B and 1C). Plateau 

inhibition reached at 10 |ig/ml in permeabiiised cells, as opposed to -40 jag/ml LB in attached 

cells. As many cytoskeletal changes occur during cell attachment, such as the formation of focal 

adhesions and integrin signalling, such a difference is not unexpected. The precise role of 

filamentous actin in compound 48/80 mediated secretion can only be hypothesised. One very 

likely possibility is that actin is part of an actomyosin contractile system that extrudes the granule 

contents into the extracellular medium. As mast cells undergo compound exocytosis (i.e. the 

fusion of granule membranes to allow the contents of granules, present deep within the cell, to be 

released) such an event is likely to be required. This theory is corroborated by the observation 

that inhibition of myosin ATPase by BDM reversibly inhibits compound 48/80 mediated secretion 

from RPMC (personal communication Dr M Holt). Moreover Valentijn et al (1999) showed that 

cytochalasin D prevented amylase secretion from pancreatic acinar cells, with the secretory 

granules fusing internally to form large vacuolar structures. On removal of cytochalasin D and the 

secretagogue, large amounts of amylase were released into the medium. This again suggests 

that the sub-apical actin network provides contractile forces that expel the luminal contents.

The positive role played by actin in compound 48/80 mediated secretion from suspended RPMC 

is in agreement with the findings of Bôttinger et al (1987) and Wex et al (1997). However, it 

contradicts the findings of Wex et al (1997), cell attachment did not drastically alter the effects LB 

on compound 48/80 mediated secretion from RPMC (refer to chapter introduction). Frigeri et al 

(1999) showed that the effects of latruncuiin on antigen induced exocytosis from RBL cells were 

unaffected by cell attachment. Moreover Frigeri et al found that LB enhanced rather than inhibited 

antigen induced secretion from suspended RBL cells. Again this finding directly contradicts the 

observations made by Wex et al (1997- refer to seçtion 4.1.1). This discovery also initially 

appeared to contradict the findings in this chapter. However, the observations made by Frigeri et 

al suggested that the negative effect of the F-actin cytoskeleton on antigen induced secretion was
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mediated at the level of the receptor: microfilaments possibly shutting down the early signalling 

steps by uncoupling the tyrosine kinase lyn from the cross-linked receptor. As compound 48/80 

directly activates G-proteins in RPMC, this negative effect of the cytoskeleton is by-passed in the 

system used in this chapter. This suggestion is supported by an observation made by Frigeri et 

al, in which they showed that latruncuiin had little or no effect on secretory responses of RBL cells 

triggered using agents that bypass receptor crosslinking.

In a study by Matter et al (1989) 02 toxin had a biphasic effect on secretion from PC-12 cells 

stimulated with nicotine. Short incubations (~15min) with C2 toxin promoted secretion while 

longer incubations (2-8hr) inhibited secretion. The length of incubation with C2 toxin correlated 

with extent of ADP-ribosylated actin. In the Frigeri study only a very low concentration of 

latruncuiin was used (500 nM). This depleted total cell F-actin by only -25%. Thus Frigeri et al 

may have been studying the first phase, while the study in this chapter (using up to 100 ^M LB) 

maybe studying the latter phase. Such a biphasic response was seen in suspended 

permeabiiised cells treated with LB only prior to permeabilisation. This effect is discussed below.

4.9.4 Latruncuiin Inhibits compound 48/80 induced spreading response

Latruncuiin prevented compound 48/80 mediated mast cell spreading, which is associated the 

formation of F-actin (Fig 4.2A and 4.2C). Thus inhibition of spreading by latruncuiin was not 

unexpected. Oliveria et al (1996) found that latruncuiin A, added to the solution in which the cells 

were bathed, only prevented spreading of resting attached macrophages. Upon cell activation 

macrophage spreading was unaffected by latruncuiin. The ability of latruncuiin to inhibit spreading 

in resting but not activated macrophages maybe due to cytoskeletal differences between these 

two cell-types. An equally probable reason is that the macrophages were exposed to only 60nM 

latruncuiin, in this study the attached RPMC were exposed to 12.5 |iM -  100 ^M. These higher 

concentrations of LB may prevent spreading of activated macrophages.

The spreading in response to compound 48/80 was also altered in approximately half of the cell 

population recovered from LB treatment. These cells spread -25% more than control cells in 

response to compound 48/80 (Fig 4.3B). LB treatment increases the pool of G-actin. Thus when
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LB is washed away and the cells allowed to recover, a greater proportion of G-actin will be 

available for polymerisation and cell spreading. An alternative explanation is that these -50% of 

cells have not fully recovered their normal cytoskeletal structures which possibly results in these 

cells being more floppy. Therefore upon triggering with compound 48/80 there is less surface 

tension to overcome in order for these cells to spread.

4.9.5 Permeabiiised ceils - Depletion of cortical Fractin

The protocol “LB ->  SL-0 + Trigger” appeared to induce only small to moderate amounts of 

cortical F-actin depletion (Fig 4.7). This small loss of F-actin initially appeared to contradict the 

observations made in intact cells, where the comparable protocol “LB Trigger” significantly 

depleted F-actin. The reason for this apparent lack of effect on cortical F-actin is probably due to 

the cells partially recovering their cytoskeletal structures through the additional washes etc that 

permeabiiised cells undergo. However, at the time of triggering these cells should exhibit 

substantially depleted cortical F-actin. As GTPyS induces secretion within 60 seconds the actin 

cortex should still be substantially depleted during triggering. Cells triggered with calcium 

however, where secretion occurs over -15 min, may indeed contain significantly more cortical F- 

actin during the exocytosis. This LB treatment, as observed in intact cells (triggered with 

compound 48/80), had only a marginal effect on GTPyS induced secretion. Interestingly at low 

concentrations (0-10 jiM), latruncuiin induced a small enhancement (max -20%) of G/E/A and 

G/C/A mediated secretion from suspended permeabiiised RPMC. Higher concentrations of LB 

(20-40 \M ) conversely inhibited secretion. This biphasic response has also been reported by 

Matter et al (1989) in PC-12 cells. These opposing effects of the cytoskeleton in permeabiiised 

mast cell exocytosis suggest that there are at least two actin pools that modulate the exocytotic 

pathway- one playing a negative role in secretion, and a second pool playing a positive role in 

secretion.

4.9.6 F-actin polymerisation induced by ceil activation

The protocol SLO -> Trigger + LB, used to investigate the role of F-actin polymérisation in 

permeabiiised mast cells, was also found to deplete some cortical F-actin. However this depletion 

of F-actin is unlikely to be substantial at the time of triggering. Thus, this cortical F-actin depletion
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is likely to only significantly influence the C/A mediated secretion that occurs over -15 min: 

although an effect on GTPyS stimulated secretion cannot t>e ruled out. This treatment only 

marginally affected secretion induced by either G/E/A, or G/C/A (Fig 4.4). C/A triggered secretion 

was effected to a slightly greater extent. This greater sensitivity might be due to the loss of 

cortical F-actin while these cells are still secreting. Thus it appears that prevention of F-actin 

polymerisation plays only a marginal role in the exocytotic signalling pathways. This finding 

corroborates the findings of Norman et al (1996) who showed that prevention of de novo 

polymerisation, using cytochalasin E, had no significant effect on either C/A mediated secretion or 

the potentiation of C/A mediated secretion by Rac and Rho. This finding is also in agreement with 

observation that F-actin polymerisation plays no role in secretion from intact cells.

4.9.7 Depletion of cortical F-actin together with the prevention of de novo actin 

polymerisation

Depletion of cortical actin and prevention of actin polymerisation, protocol “LB -> SL-0 

Trigger + LB”, inhibited G/E/A and G/C/A induced secretion by only -30%. This is very similar to 

that induced by cortical F-actin depletion alone, protocol “LB ^  SL-0 ^  Trigger”. In conjunction 

with the observation that intact cells have an absolute requirement for some form of actin 

cytoskeleton to secrete, these findings suggest that the final steps of exocytosis, activated by 

GTPyS, do not significantly involve the actin cytoskeleton. This is in agreement with a previous 

report, which found that cytochalasin E, which prevented Rho mediated actin polymerisation, had 

no effect on either Rac or Rho's ability to promote C/A mediated secretion (Norman et al. 1996). 

Note the cytoskeletal effects of Rac can only be observed following cortical F-actin disassembly. 

This suggests that the effects of Rac and Rho on the actin cytoskeleton and secretion are 

independent: although a common upstream factor must exist. The independence of these two 

pathways is corroborated by Norman et al. (1996), who showed that GDPpS (1 mM) - an inhibitor 

of G-proteins, inhibited GTPyS induced exocytosis but did not prevent GTPyS induced F-actin 

polymerisation.

Calcium/ATP (C/A) induced secretion however, was substantially more sensitive to the effects of 

LB when LB present both before and after permeabilisation - with secretion maximally inhibited by
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65% (Fig 5). Thus, calcium/ATP mediated secretion appears to require some form of actin to 

secrete. This at least part appears to be mediated by the actin cortex. The additional inhibitory 

effects of LB maybe mediated through maintenance of the depleted actin cortex, or via the toxin 

affecting some other actin structure that modulates C/A mediated secretion. This positive role of 

the actin cytoskeleton in C/A induced exocytosis appears to oppose its apparent barrier function 

in chromaffin cells (Zhang etal. 1995).

4.10 Conclusion

Some form of actin cytoskeleton is essential for mast cells to secrete in response to compound 

48/80. Cell attachment does not appear to drastically alter this requirement, in contradiction to 

the findings of Wex et al (1997). The final stages of exocytosis regulated by targets of GTPyS e.g. 

Rho and Rac, do not appear to involve the actin cytoskeleton. Finally the actin cytoskeleton 

appears to play a positive role in calcium/ATP mediated exocytosis.
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CHAPTER FIVE 

Latruncuiin and nuclear actin
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5.1 Introduction

LB had been shown previously to induce F-actin depletion in a number of cell types (Spector et 

al. 1983). In RPMC, LB depleted F-actin and initiated a relocalisation of actin into the cell centre 

(refer to chapter 4,Figs 4.3 and 4.7). This actin appeared to localise to the nucleus. These effects 

of LB were fully reversible. This chapter investigates this previously unreported effect of LB.

Nuclear actin has been identified in a number of cell types (Nakayasu et al. 1983, Kumar et al. 

1984, Sameshima et al. 1994) during interphase (Clubb and Locke, 1998). However, due to 

conflicting results and problems associated with experimental procedures, its existence is still 

controversial. This dispute may be explained by the inaccessibility of nuclear actin to probes 

without prior treatment with endonucleases (Sauman and Berry, 1994). The function of this 

nuclear actin is not clearly understood. A number of groups have suggested that it has a 

structural role (Sauman and Berry, 1994, Karim et al. 1992). Other investigations suggest that it 

also has more complex functions, with Sheer et al (1984) showing that actin may be involved in 

the transcription of the lampbrush chromosomes (Sheer et al. 1984)*. However, this actin may 

simply be required for the positioning and translocation of ribonuclear protein. *Lampbrush 

chromosomes exhibit unusually stiff and extended chromatin loops which are coated in fine 

strands of newly transcribed RNA.

Accumulating evidence also indicates a role for actin in modulation of cation channels in the 

nuclear membrane envelope (Prat and Cantiello 1996), with actin related proteins also present at 

the nuclear pore (Van et al. 1997). Nuclear actin has been shown to form in response to cell 

stress, induced by exposure to DMSO (10%) or heat-shock (43*C for 30-120min) (Sanger et al. 

1980, Welch and Suhan, 1985). These stimuli are however far from physiological, and thus 

appear to have little relevance to the debate regarding whether nuclear actin forms and has a role 

in physiological conditions. The apparently specific cytoskeletal effects of LB (Fig 4.2) indicate 

that the more physiological stimulus of either F-actin depletion, or increase in G-actin, is a 

stimulus for its formation. Significant changes in the F-: G-acjSn ratio occur during physiological 

stimuli, although not to the extent induced by LB. It was thus decided to investigate this LB 

induced “nuclear” actin in more detail, studying its location, morphology, transport and potential
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regulation. It was hoped that this investigation may also provide insight into the GTPyS regulated 

G-actin pool, as preliminary findings (Chapter 3 Fig 3.5) indicated that a pool of a-p-actin labelled 

actin was present within the centre of RPMC. The ability of LB to induce actin translocation into 

the nucleus had not been previously reported.

5.1.1 Chapter synopsis

The main aims of the work described in this chapter were 1) to study the morphology of this LB 

induced nuclear actin and 2) to investigate how it translocates into the nucleus. The chapter firstly 

shows that actin does indeed localise to the nucleus in response to LB. The rate at which it 

translocates into the nucleus is then discussed. This is followed by a detailed investigation into 

the morphology of this nuclear actin, and the reasons for its striking structure.

The second half of this chapter shows how LB may be exporting this actin into the nucleus, and 

investigates whether this constitutes an apoptotic signal. This chapter closes with preliminary 

findings into how GTPyS may modulate this nuclear actin.

5.2 LB induces Nuclear localization of actin

Nomarski images, in which the nuclear membrane was clearly visible, were utilized to confirm that 

actin localises to the nucleus in response LB. Intact cells were treated with LB, fixed and stained 

with RP (protocol: LB Fix). The resultant confocal micrographs and Nomarski images were 

overlain and shown in Fig 5.1 A (left). RP labelled actin lay within the boundaries of the nuclear 

membrane, visible in the Nomarski image. Confirmation of this finding, using the same technique, 

in cells treated with LB both before and after permeabilisation “LB SL-0 Basal + LB” is 

shown in Fig 5.5.

5.2.1 Time course of actin translocation into the nuclei

The time course of actin translocation into the nucleus in response to LB treatment was 

investigated. Intact cells were treated with LB (20|ag/ml) for the indicated times, fixed and stained 

with either RP or a-p-actin to follow the translocation of both filamentous and total actin 

respectively, into the nucleus Fig 5.1 B (right). Control cells (time 0) exhibited the typical cortical F- 

actin and the small amount of a-p-actin staining within a proportion of the cell nuclei.
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Figure 5.1. Nuclear localization of actin: time course of LB induced actin translocation into cell nuclei

Intact mast cells were exposed to LB (20 pg/ml) for (A) 60 min at 30°C or (B) the indicated times. The cells were then fixed and stained with RP (0.3 fiM) or a-p- 

actin. (A) Overlays of Nomarski and fluorescence images. The while arrows indicate the nuclear membrane. (B) Equatorial slices of RP and a-p-actin labeled cells. 

The images shown are representative of two independent experiments. Bar represents 10 pm.



The cortical RP and a-p-actin staining was lost after only 10min exposure to LB. This rapid loss 

of cortical actin indicates that the turnover of actin filaments is relatively fast at 30®C. This loss 

was paralleled by a significant increase in a-p-actin staining within the cell interior and cell nuclei. 

At this time point RP did not recognize any nuclear actin. Increasing the duration of LB exposure 

increased the proportion of cell nuclei exhibiting nuclear actin. This nuclear actin was recognised 

by both RP and a-p-actin.

Quantification showed that 20%, 32% and 47% of a-p-actin stained cells exhibited intense 

nuclear staining after 20,30 and 60min exposure to LB, respectively. The progressive increase in 

the number of cell nuclei stained by RP appeared to lag behind that observed using a-p-actin. a- 

p-actin appeared to stain cell nuclei more intensely than RP, irrespective of exposure time.

5.3 Morphology of nuclear actin

The results presented in chapter 4 (Fig 4.8) have shown that the different LB protocols used in 

permeabiiised cells appeared to induce distinct nuclear F-actin morphologies. This phenomenon 

was investigated further using the following three protocols (refer to Table 4.1). During these LB 

treatments the cells were maintained at rest in EGTA/ATP, then fixed and stained with RP and 

a-p-actin to visualize both F- and total actin, respectively (Fig 5.2). Cells exposed to LB only 

prior to permeabilisation “LB -> SL-0 Basal” exhibited a small reduction in the cortical RP and 

a-p-actin staining and intense staining within their nuclei. A much greater reduction in cortical F- 

actin was induced when cells were exposed to LB after permeabilisation “SL-0 Basal + LB”. 

Intense a-p-actin staining was again present within many of the cell nuclei. This nuclear actin 

was not recognized by RP, with the exception of a few faintly stained cell nuclei. Treatment of 

cells with LB both before and after permeabilisation “LB -> SL-0 ->  Basal + LB” appeared to 

induce similar RP and a-p-actin staining patterns. Again, staining was most prominent within the 

nucleus, as cortical F-actin was substantially depleted and in some cases non-existent. This 

nuclear actin however, was highly structured in comparison to that induced by the other LB 

protocols.
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Figure 5.2. Nuclear actin induced by the various LB protocols

Cells were treated with LB (20 pg/ml) before permeabilisation “LB SL-0 ^  Basal", after permeabilisation “SL-0 Basal + LB” or both before and after 

permeabilisation “LB ^  SL-0 Basal + LB”. After 20 min at 30°C in basal conditions (EGTA/ATP) the cells were fixed and stained with RP (top row) or a-p-actin 

(bottom row). Images of equatorial slices are shown. These are representative of three independent experiments. Bar represents 10 pm.



A difference was often observed between RP and a-p-actin stained images, with regard to the 

proportion of cells exhibiting nuclear staining. It appeared that a greater proportion of a-p-actin 

stained cells exhibited nuclear actin in comparison to those staining with RP. This observation 

was investigated by double labelling LB treated cells “LB SL-0 -> Basal + LB“ with RP and a- 

P-actin (Fig 5.3). RP and a-p-actin staining are shown in red and green, respectively. An overlay 

of these images is shown in the far-right panel. Co-localization of the two labels is shown in 

yellow. Approximately 20-25% of the cell nuclei stained a-p-actin were not stained by RP. This 

a-p-actin staining, seen as green in the superimposed image, was usually less structured than 

that recognized by both RP and a-p-actin (yellow).

5.3.1 3D structure

The different nuclear actin morphologies induced by the LB protocols, LB -> SL-0-> Basal + LB 

and SL-0-> Basal + LB (Fig 5.2), were studied in more detail by creating 3D images of these 

actin structures. Confocal stacks (only partial set shown), of cells treated using the protocols “LB 

-> S L -0 ^  Basal + LB” (Fig 5.4A: RP stained) and “S L -0 ^  Basal + LB” (Fig 5.4B: a-p-actin 

stained) were used to create 3D images of the nuclear actin: these shown in (Fig 5.4C and Fig 

5.4D respectively. The nuclear actin formed in response to the protocol “LB -> SL-0 -> Basal + 

LB”, frequently formed as a ring of dots close to the nuclear membrane (Fig 5.4A). The centre of 

this ring was usually devoid of actin (Fig 5.3 and Fig 5.4A). 3D reconstruction of these slices 

showed that these dots were cross sections through actin rods -1-5 |im in length. These rods 

appeared to form a spherical actin cage (Fig 5.4C). The nuclear actin formed in response to the 

protocol, “SL-0-> Basal + LB”, although more intense and less structured, also displayed this 

basic cage configuration: where the centre is devoid of actin (Fig 5.4B and Fig 5.4D).

5.3.2 Why does actin form as spherical cage

This structure may simply result from space restrictions within the nucleus. Intra-nuclear 

structures and the LB-induced nuclear actin were simultaneously visualized to investigate this 

theory.
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Figure 5.3. A proportion of the nuclear actin was not recognized by RP

Cells were treated using the protocol “LB SL-0 Basal + LB” and double labelled with RP (0.3 |iM) and a-p-actin. RP is shown in Red, a-p-actin in green and 

co-localisation of the two labels is shown as yellow in the image overlay. Note that only a proportion of the nuclear actin was accessible to RP (red and yellow). The 

images shown are representative of 3 independent experiments.
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Figure 5.4. 3D reconstruction of LB-induced nuciear actin

Cells treated using the protocols (A) “LB -> SL-0 ^  Basal + LB" and (B) “SL-0 ^  Basal + LB ", were exposed to EGTA/ATP for 20min at 30°C, fixed and stained with 

(A) RP or (B) a-p-actin. (A) and (B) A selection confocal slices: these taken from confocal stacks where the slices were collected 0.2 |im apart. Confocal slices, taken 

at the base of cell nuclei were designated as plane 0. The number on each of the panels indicates distance (pm) above this plane. (0) and (D) A 3D reconstruction of 

the confocal stacks shown in (A) and (B). Red and green indicate regions of high and moderate actin intensity respectively. The blue plane indicates the base of the 

nucleus (plane 0). In (0) and (D) a cut was made through Z-axis 2.4 pm above the base of the nucleus. Scale bars represent 5 pm.
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Cells were exposed to LB both before and after permeatJiiisation “LB SL-0-> Basal + LB”, as 

this treatment induces the most structured nuclear actin morphology. Intra-nuclear structures 

were visualized using both Normarski (Fig 5.5A) and Çthidium bromide (Fig 5.5B), which stains 

RNA and DMA (refer to section 2.6.1.1.2*). A large, centrally placed, intra-nuclear structure was 

discernible in the Normarski image shown in figure 5.5A (left: black arrow). The red arrow points 

to the nuclear membrane. The typical ring of nuclear actin, induced by this LB treatment was 

clearly apparent in the RP stained confocal image of this cell (middle panel). Superimposing 

these images revealed that the large intra-nuclear structure lay in the centre of the actin ring i.e. 

in the area devoid of actin.

Ethidium bromide labelling of cell nuclei exhibited three major morphologies, an example of each 

is shown in Fig 5.5B (left panels). The most common morphology is that displayed in the bottom 

left panel, a-p-actin localization within these nuclei is shown in the middle panels of (Fig 5.5B). 

Overlay of these images (right panels) shows that the intense ethidium bromide and a-p-actin 

labelling lie in mutually exclusive areas. This is in agreement with the finding made by overlaying 

Nomarski and RP stained images in Fig 5.5A. Thus the distribution of nuclei acid defines the 

arrangement of actin within the nucleus.

5.4 LB induces cofllln to translocate Into the nucleus

Actin can pass into the nucleus passively via diffusion or actively via a carrier protein. For actin to 

passively to diffuse into the nucleus, and reach equilibrium with the cytoplasm, takes -  30min 

(Alberts et al. 1994). The presence of actin within the nucleus after only lOmin exposure to LB 

(Fig 5.1 B) indicates that actin may be actively transported into the nucleus. One such carrier 

protein is the actin binding “cofilin” which contains a nuclear localization sequence (NLS). Cofilin 

has been previously shown to transport actin into the nucleus when the cell undergoes stress 

induced by DMSO (10%) or Heat shock (Abe et al 1993, Welch et al. 1985). Thus nuclear actin 

formed in response to LB treatment many also be actively transported into the nucleus by cofilin.
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Figure 5.5. Nuclear actin is localised in areas of low DNA/RNA density

Intact cells were treated using the protocol “LB -> SL-0 -> Basal + LB” where the cells were 

exposed to 20 pg/ml LB. After exposure to EGTA/ATP for 20min at 30X the cells were fixed and 

stained with (A) RP or (B) double labelled with ethidium bromide (EB, 0.5 pIVI) and a-p-actin. 

Images of equatorial slices are shown. Bar represents 5 pm. (A) A Nomarski image of a whole 

cell (left panel), RP staining of this cell (middle) and overlay of these two images (right panel). 

The black and red arrows indicate the intra-nuclear structures and the nuclear membrane, 

respectively. (B) Three separate images of double-labelled, cell nuclei. EB is shown in Red, a-p- 

actin in green and co-localisation of the two labels shown in yellow. The absence of yellow in the 

image overlay (right panel) indicates that the two labels do not colocalise. The images shown are 

representative of 3 independent experiments.
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To explore this possibility, cells were stained for cofilin both before and after LB treatment Both 

intact and permeabilised cells were examined (Fig 5.6A and B respectively). Intact cells were 

treated with LB (20|ig/ml) for 60min, fixed and stained with either a-p-actin or a-cofilin. Staining 

of the control cells with a-cofilin was relatively dim, and predominantly localized to nucleus. LB 

treatment induced a significant increase in both a-p-actin and a-cofilin staining within the cell 

nuclei (Fig 5.6A). This needs to be repeated, as the staining on repetition of this experiment was 

indistinct and thus inconclusive. It should be noted that ~5-10% of both control and LB treated 

cells were very brightly stained by a-cofilin.

To discover if this phenomenon also occurred in following permeabilisation, SL-0 treated cells 

were exposed to LB (20 pig/ml) for 30min, fixed and stained as above. These cells also showed 

a similar increase in both actin and cofilin within cell nuclei after LB treatment “SL-0 ->  Basal + 

LB” (Fig 5.6B).

This finding suggests that cofilin maybe transporting actin into the nucleus. However this co

translocation may represent two unrelated events. A protocol was therefore designed in which a- 

cofilin was used to try and prevent the translocation of cofilin into the nucleus, to clarify cofilin’s 

role. To control for any non-specific effects of the serum, the cells were also exposed to a control 

antibody raised in the same species as the cofilin antibody (Rabbit a-vinculin). Confocal images 

of these cells, stained with a-p-actin, are shown in Fig 5.7. The characteristic cortical actin 

staining was observed in the control cells (Control 1). LB treatment induced translocation of actin 

into the nucleus, (Control 2). This translocation appeared unaffected by the control Ab (Control 

Ab treatment). Cells exposed to cofilin Ab prior to LB treatment however, contained either 

reduced or negligible amounts of nuclear actin (a-Cofilin treatment). The LB mediated cortical F- 

actin depletion was still apparent in these cells.

121



LB and nuclear actin

B

Control

a-cd^in'^ I

Control
a-p-actin

a-cofilin

LB

m m

INTACT

PERMEABILISED

Figure 5.6. Cofilin translocates to the nucleus in response to LB treatment

(A) Intact cells were treated with LB (20 pg/ml) for 60min at RT, fixed and stained with either a- 
cofilin or a-p-actin. (B) Permeabilised cells were exposed to LB (20 pg/ml) for 30min at RT, fixed 

and stained as above. Images of equatorial slices are shown. Bar represents 10 pm. The images 

shown are representative of two experiments.
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Ctrl Buf -> Ctrl Buf E/A + 
Ctrl Buf

Ctrl Buf -> LB ^  E/A + LB Ctrl Ab ^  LB ^  E/A + LB a-cofilin Ab ^  LB ^  E/A + LB

Figure 5.7. Treatment with a-Cofilin prevents the formation of nuclear actin

Permeabilised cells were treated with control buffer (Control 1 and Control 2), control antibody (Control Ab treatment, 1:10), or anti-cofilin (a-cofllln treatment, 

1:10) for lOmin at 30°C. The control Ab was anti-vinculin. Cells were then treated for 10 min with either control buffer (Control 1) or with 20 pg/ml LB (Control 2, 

Control Ab treatment, a-cofilin treatment). The cells were finally exposed to EGTA /ATP for 20 min in the absence (Control 1) or presence of 10 fig/ml LB (Control 2, 

Control Ab treatment, a-cofilin treatment). The cells were then fixed and stained with a-p-actin. Images of equatorial slices are shown. Bar represents 10 pm. The 

images shown are representative of 4 independent experiments. The extent to which a-cofilin prevented the formation of nuclear actin varied between 40% and 

100%.



5.5 LB does not appear to induce apoptosis

Cell stress induced by 10% DMSO, or heat shock initiates not only the formation of nuclear actin 

but also apoptosis: although lower concentrations of DMSO and lower temperatures can protect 

against apoptosis (Marthyn et al. 1998, Buzzard et al 1998). Since prolonged cytochalasin 

treatment also induces apoptosis, there is a possibility that abnormal changes in the actin 

cytoskeleton may be linked to apoptosis (Rubtsova et al. 1998). However, the findings of other 

groups suggests that actin plays no role in programmed cell death (Rice et al. 1998, Song et al. 

1997). The ability of LB to induce apoptosis was thus investigated. Furthermore, if LB does 

induce apoptosis, it has implications for the interpretation of the data in chapter 4.

The induction of apoptosis was assessed after a 2, 4 and 6hr exposure to LB using the 

fluorescentiy tagged (FITC) annexin-V and propridium iodide double labelling technique (refer to 

section 2.6.1.1.2). Annexin V (tagged to FITC) marks the early stage of apoptosis as it binds with 

high affinity to phosphaphatidyl serine (PS), which appears on the outer leaflet of the plasma 

membrane during the early stages of programmed cell death. During the mid-late stages of 

apoptosis membrane integrity is lost allowing propridium iodide to associate with the fragmented 

DNA/RNA, resulting in an increase in PI staining intensity. The extent of binding was quantified 

using flow cytometry, which measures the fluorescence intensity of both FITC and PI in each cell. 

Treating cells with staurosporine and cyclohexamide (S+C), agents known to induce apoptosis, 

(Weil et al. 1996) provided a positive control. Figure 5.8 displays the data collected from cells 

treated for 2hrs with either control buffer, LB, or S+C. On the left are shown three 2D histograms 

in which the relative fluorescence intensity of PI and FITC (annexin V) have been plotted with 

respect to each other. Each point represents one cell. This graph is partitioned into 4 squares. 

The cell populations in the bottom left square are healthy i.e. not apoptotic. As cells enter 

apoptosis and progress through to late stages of this process they move clockwise, from the top 

left square to the bottom right square. This is summarised in the diagram above the figure legend 

(Fig 5.8).
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LB and nuclear actin
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Figure 5.8. LB does not induce apoptosis

Intact suspended cells were incubated with control buffer, LB (20 pg/ml), or staurosporine (2 

|iM) + cyclohexamide (10 pg/ml) for 2 hrs at 37°C. The cells were then washed, resuspended in 

annexin buffer and incubated with FITC-annexin V (1:100) and propridium iodide (2 pg/ml final) 

for Smin at RT, in the absence of light. Cell fluorescence was quantified using flow cytometry. 

Duplicate samples of 10,000 -  15,000 cells were analyzed per condition. The images shown are 

representative of 3 independent experiments. The diagram above this legend explains the 2D 

graphs. Note, the early stages of apoptosis are marked by high FITC-annexin V and low 

propridium iodide staining: i.e. cells in the top left hand square. Mid to Late stages are marked 

by the intense staining of both probes: i.e. cells in the top right hand square. No evidence for 

apoptosis was apparent after 2 hrs treatment with LB. The same was true for longer treatments 

(4 and 6hrs, not shown).
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After 2hrs treatment most of the cells undergoing apoptosis will have only entered the early 

stages of this process, and will thus lie in the top left hand square: cells exhibiting high FITC 

(annexin-V) I low propridium iodide staining. Progression of cells into the early stages of 

apoptosis is displayed in Fig 5.8 (right), where relative FITC fluorescence (annexin V) has been 

plotted against cell count.

As expected most of the negative control cells (80%) lay within the bottom left square (i.e. cells 

with minimal FITC (annexin V) and PI staining) indicating that the majority of control cells were 

non-apototic (top graphs). A small proportion (10.2%) of the control cells exhibited high FITC 

(annexin-V) and PI staining. This maybe the result of cell damage through physical disruption, 

rather than apoptosis. Following LB (20|ig/ml) treatment an greater proportion of cells (90.2%) lay 

within the bottom left square of the 2D graph (middle graph). The positive control cells (S+C 

treated) exhibited staining consistent with these cells undergoing the early to mid stages of 

apoptosis. The 2D graph shows that 40.6% of these cells were significantly stained by FITC 

(annexin-V), as compared to only 15.7% of control cells and 8.9% of LB treated cells (bottom 

graph). A significant percentage of S+C treated cells (22%) exhibited high annexin V-FITC low PI 

staining, indicating that these cells were still in the early phase of apoptosis (see bottom right 

graph). Increasing the duration of LB exposure (up to 6hrs) did not significantly increase the 

percentage of apoptotic cells.

5.6 GTPyS affects the localisation I state of LB-induced nuclear actin and cofilin

One the aims of this thesis was to localize a theorized of pool membrane bound pool of actin 

mobilised by GTPyS (chapter 3 (Fig 3.5) and chapter 6). In chapter 4 it was shown that cells 

treated using protocol “LB (40ng/ml)->SL-O->Trigger + LB” (Fig 4.7) appeared to contain 

significantly more RP stained nuclear actin when exposed to GTPyS: as compared to basal or 

calcium/ATP treated cells. Moreover the findings shown in Fig 5.3 revealed that a proportion of 

the nuclear actin in basal cells is not recognized by RP. Thus GTPyS treated cells may exhibit 

more RP labelled nuclear actin via either retention of nuclear actin by polymerisation, or by 

making more of the nuclear actin accessible to RP (by uncovering or polymerizing) nuclear actin 

invisible to RP in basal (E/A) cells.
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Cells were treated with LB “LB ->  SL-0 ->  Trigger + LB”, triggered and stained with both RP and 

a-p-actin to confirm that cells triggered with GTPyS exhibit more RP stained nuclear actin. The 

images obtained from this experiment are shown in Fig 5.9A: RP staining is shown in red, a-p- 

actin in green and co-localization shown in yellow. Analysis of -250 cells revealed that GTPyS 

did indeed increase the number of cell nuclei stained by RP. However the number of cell nuclei 

exhibiting nuclear actin did not appear to be significantly altered: although statistical analysis is 

required to confirm this. The image overlay (right) revealed that GTPyS reduces the proportion of 

cell nuclei stained by a-p-actin alone (i.e. not recognized by RP) by -50%.

It would thus appear that GTPyS increases nuclear F-actin via either polymerizing or unmasking 

pre-existing nuclear actin. Cofilin, which has been shown to transport the actin into the nucleus in 

response to LB (Fig 5.7), prevents RP binding to F-actin. Moreover the GTP-binding proteins Rac 

and Rho have been recently shown to regulate the acitivty of cofilin (Maekawa et al. 1999, Arber 

et al. 1998). Thus GTPyS may induce the increase in RP stained nuclear actin via its 

(inactivating) effect on cofilin. To test this possibility cells were treated using the “LB ->  SL-0 ->  

Trigger + LB” protocol and labelled with a-p-actin and a-cofilin. Both basal and GTPyS treated 

cells exhibited similar amounts of a-p-actin staining, confirming the findings of Fig 5.9B. Basal 

cells stained with a-cofilin exhibited strong staining within their nuclei. Exposure to GTPyS 

significantly reduced a-cofilin staining within cell nuclei. This indicates that GTPyS stimulates the 

export of cofilin from nucleus. This indicates that the increase in RP labelled nuclear actin 

mediated GTPyS results from uncovering of the RP binding sites, previously masked by cofilin.
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Figure 5.9. Effects of GTPyS on LB-induced nuclear actin and cofilin

(A) Intact cells treated using the protocol “LB SL-0 Trigger + LB” (20 pg/ml) were exposed to EGTA/ATP (E/A), or GTPyS/EGTA/ATP (G/E/A) for 20min at 

30X, fixed and stained with (A) a-p-actin and RP (double labeled), or (B) a-p-actin or a-cofilin. (A) Image overlays of RP and a-p-actin stained cells: a-p-actin is 

shown in green and co-localisation of the two labels in yellow. Images of equatorial slices are shown. Bar represents 10 \im. Note that GTPyS exported cofilin out of 

the nucleus (B). This was paralleled by a conversion of nuclear actin to a form accessible to RP (A). The images shown are representative of 3 independent 

experiments.



5.7 Summary

•  Actin translocates to the nucleus in response to LB treatment

•  Nuclear actin was present after 10min treatment (30®C) with LB: at this time point the nuclear 

actin was only recognised by a-p-actin i.e. not by RP.

•  The proportion of cells containing actin within their nuclei increased during a 60 min exposure 

to LB: this nuclear actin was recognised by both RP and a-p-actin.

•  Treatment with LB after permeabilisation (“SLO Basal + LB”) induced the formation of 

nuclear actin that was recognised by a-p-actin alone i.e. not by RP.

•  Treatment with LB both before and after permeabilisation “LB SLO ->  Basal + LB” induced 

the most structured form of nuclear actin.

•  In a proportion of these cells the nuclear actin (-20%) was recognised by a-p-actin alone i.e. 

not by RP: this nuclear actin was generally less structured than that recognised by both RP 

and a-p-actin*.

•  3D reconstruction of this nuclear actin* showed that it frequently formed as a spherical actin 

cage.

•  This structure is defined by the internal structure of the nucleus with actin forming in areas of 

low nucleic acid density.

•  Cofilin translocates into the nuclei of both intact and permeabilised mast cells in response to 

LB treatment.

•  a-cofilin reduces or prevents the formation of LB induced nuclear actin.

•  LB does not induce apoptosis.

•  GTPyS caused an increase in the amount of RP stained nuclear actin and the export of nuclear 

cofilin.
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5.8 Discussion

5.8.1 Actin translocates to the nucleus in response to LB

The image overlays shown in Fig 5.1 and 5.5 confirm that LB does indeed induce the formation of 

nuclear actin. This actin appears within in the nucleus after only lOmin exposure to LB. This actin 

however is not recognised by RP. This is not unexpected, as actin is most likely to be entering the 

nucleus in its monomeric form. This is corroborated by the findings of Ohta et al (1989) who 

showed, using FITC-labelled actin, that DMSO induces filament depolymerisation and the 

subsequent transport of actin monomers I oligomers into the nucleus. After longer exposures to 

LB this nuclear actin becomes accessible to RP. This suggests that actin enters the nucleus in its 

monomeric form and subsequently polymerises. This actin polymerisation is probably responsible 

for its retention within the nucleus: as in its monomeric form actin would be expected to leave the 

nucleus, as actin contains a Nuclear Export Sequence (Wada et al. 1998b).

The rapid appearance of actin within the nucleus was unexpected for a protein of this size 

(42kDa) would be predicted to take ~30min to passively to diffuse into the nucleus and reach 

equilibrium with the cytoplasm (Alberts et al. 1994). As actin does not contain a nuclear 

localisation sequence (NLS) this rapid appearance within the nucleus suggests that actin maybe 

actively transported. This hypothesis was corroborated by subsequent experiments discussed 

below.

5.8.2 The structure of this nuclear actin is influenced by the LB treatment

Figure 5.2 illustrates how both the morphology of this nuclear actin and its accessibility to RP 

depended upon when the cells were exposed to LB. LB treatment only after permeabilisation 

“SLO -> Basal + LB” induced the formation of intense nuclear actin which was virtually 

inaccessible to RP. Subsequent experiments indicate that this maybe at least in part due to the 

presence of cofilin, which is known to prevent RP binding to F-actin. The nuclear actin formed in 

response to 10% DMSO or heat shock treatment is also inaccessible to RP for the same reason 

(Nishida et al. 1987). RP and cofilin, however, have distinct binding sites. The work of McGough 

et al (1997) beautifully showed that cofilin prevents RP binding by altering the twist of actin 

filaments, thereby removing the RP binding site.
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The nuclear actin induced using the protocol “SLO ^  Basal + LB” appeared relatively 

unstructured in comparison to that present after LB treatment both before and after 

permeabilisation “LB -> SLO Basal + LB”. 3D reconstruction showed that this more structured 

nuclear actin, formed as a spherical cage within the nucleus. This configuration, although less 

well defined, was also present in cells exposed to LB only before “LB SLO -> Basal, or only 

after permeabilisation “SLO ->  Basal + LB”. The greater structural definition seen using the 

protocol “LB SLO -> Basal + LB” could simply be due to this longer LB exposure depleting the 

nuclear actin seen in “LB -> SLO -> Basal” to reveal the underlying structure. This spherical 

cage-like structure may however be an anomally, created by the conofcal microscope; whereby 

nulcear actin forms as discrete foci which apprear as rods due to bleed through into the confocal 

slices above and below the plane of the actin foci. The distribution of nucleic acid may define the 

morphology of this LB induced nuclear actin: with actin specifically polymerising in areas of low 

nucleic acid density. It may however be that as actin polymerises it displaces the nuclei acid 

aound it. The nuclear actin morphology described above differs from that induced by either 10% 

DMSO, or heat shock treatment (Sanger et al. 1980, Welch et al. 1985). These treatments 

induced the formation of relatively long paracrystalline (rod like) actin structures, which lay 

parallel to the adhesion plane. LB has however been found to induce the formation of these rod

like structures in NRK cells (personal communication Dr S Gonsior). NRK cell nuclei are ~4x the 

diameter RPMC nuclei. Thus actin probably forms as a spherical cage in RPMC, rather than 

these long paracrystalline structures, due to space restrictions within the nucleus.

5.8.3 Cofilin imports actin into the nucleus in response to LB treatment

The results indicate that cofilin transports actin into the nucleus in response to LB treatment (Fig 

5.7). This parallels the effects of 10% DMSO and heat shock treatment, w[iich also induce cofilin 

and its close relation ADF to transport actin into the nucleus.

It is surprising however that the a-cofilin Ab was, in a proportion of the experiments, able to 

completely inhibit actin translocation into the nucleus, as ADF has also been reported to induce 

the formation of nuclear actin (Ono et al. 1993). This may simply be due to the fact that the high 

concentrations of the a-cofilin Ab used in this experiment (1/10), result in the antibody also
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binding to ADF. This may indeed be the case as the a-cofilin treatment inhibited LB induced 

nuclear actin by varying degrees.

One significant difference between cell stress and LB induced nuclear actin is its accessibility to 

RP: only the nuclear actin induced by LB (prolonged exposure) treatment was recognised by 

phalloidin. This suggests cofilin dissociates from the LB-induced nuclear actin, while remaining 

bound to the nuclear actin induced by cell stress. The ability of RP to stain nuclear actin was also 

observed in mature dictyostelium under physiological conditions (Sameshima et al. 1994). Thus it 

maybe that nuclear actin, which forms under more physiological conditions, does not remain 

bound to cofilin.

The role of cofilin in transporting actin into the nucleus is not unexpected as it contains a NLS, 

which is not present in actin. The work of lida et al (1992) confirmed that this NLS (KKRKK 

residues 30-34) is indeed required for cofilin, and thus actin, to be transported into the nucleus. 

The signal for cofilin to translocate actin into the nucleus is not clearly understood. Serine 

residues in the vicinity of the NLS's of other proteins are known to contribute the control of these 

signals (Samstag et al. 1994). It has also been shown that the activity of cofilin is regulated 

phosphorylation -  with phosphorylation in-activating cofilin while dephosphorylation activates 

cofilin (Sun et al. 1995). Cofilin has two serine residues (residues 23-24) which lie close to its 

NLS, which may control its nuclear entry. However the work of Nebel et al (1996) found that these 

two serine residues do not appear to control the localisation of cofilin. The observation that both 

DMSO and heat shock treatment induce dephosphorylation of cofilin suggests that maybe 

phosphorylation of a different residue maybe responsible for the relocalisation of cofilin (Ohta et 

al. 1989). Expression of non-phosphorylatable cofilin mutants, showed that déphosphorylation of 

Ser 3 induced its relocalisation to the nucleus Nebel et al (1996). Phosphorylation of this residue 

is also known to regulate cofilin’s interaction with actin. Other groups have presented data to 

suggest that dephosphorylation is not the signal for cofilin to be transported into the nucleus. Abe 

et al (1993) found that the potent phosphatase inhibitor okadaic acid did not inhibit the formation 

of nuclear actin. Moreover Saito et al (1994) showed that thyrotropin induced dephosphorylation 

of cofilin via cAMP, but did not induce the formation of nuclear actin. However the
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phosphorylation sites regulating the localisation of cofilin may not be altered by cAMP production. 

Evidence in chapter 6 indicates that the cellular localisation of cofilin maybe regulated at least in 

part by its phosphorylation state. Recently a signal transduction pathway was identified that 

regulates the phosphorylation state of cofilin. This pathway is discussed in section 5.85 below.

5.8.4 The role nuclear actin

Some of the possible roles for nuclear actin have been discussed in the introduction to this chapter. 

However the role of actin that is actively transported into the nucleus by cofilin is poorly understood. 

Disruption of the actin cytoskeleton by induction of cell stress or cytochalasin treatment induces 

apoptosis Sauman and Berry (1993). This suggested that actin, possibly nuclear actin, is involved in 

the apoptotic cascade. The findings reported in this chapter show that neither F-actin depletion, nor 

a substantial increase in [G-actin] modulate apoptosis (Fig 5.8). In fact this disruption of the actin 

cytoskeleton appeared to protect cells from undergoing apoptosis: -15.7% of control cells and 8.9% 

of LB treated cells were intensely stained with FITC- annexin V. These findings are in agreement 

with those of Meijerman et al (1999) who suggests that the formation of nuclear actin and induction 

of apoptosis are two independent events.

Observations made by Samstag et al (1994) suggest that nuclear actin rather than inducing 

apoptosis might protect cells from undergoing programmed cell death (PCD). They showed that 

activation of T lymphocytes (T cell), via attachment of ligand to the accessory receptor CD2, 

induced partial dephosphorylation of cofilin and its transmigration with actin into the nucleus. 

Activation of CD2 prevents antibody (Apo-1) induced apoptosis. DNase I, which has been shown 

to be involved in apoptotic cascade, is inhibited by monomeric actin. Thus translocation of actin 

into the nucleus may represent a cell survival mechanism. Recently published findings showed 

that stabilisation of actin using jasplakinolide, increased the rate at which a murine IL-2 

dependent T cell line became apoptotic (Posey et al. 1999). This enhancement was found to be 

upstream of the induction of caspase-3-like activity, and may thus represent loss of the protective 

effects of monomeric actin on DMA integrity. Thus the small protective effect of LB may be due to 

the LB-induced nuclear actin protecting DMA from cleavage by DNase I. However it may be an 

artefact of the LB treated cells being more floppy and therefore less likely to be broken. It would
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be interesting therefore to investigate whether the LB modulates the apoptotic response induced 

by staurosporine + cyclohexamide, thereby clarifying whether nuclear actin has any significant 

anti apoptotic action.

5.8.5 The effect of GTPyS on nuclear actin and cofilin

Preliminary data revealed that GTPyS induces cofilin to be exported from the nucleus (Fig 5.9B), 

and a reduction of the proportion of cell nuclei stained by a-p-actin alone (i.e. not recognized by 

RP) by -50%. It is likely that loss of nuclear cofilin is. unmasking nuclear actin previously 

inaccessible to RP thereby explaining this second observation. A role for GTP-binding proteins in 

the regulation of cofilin has recently been published by a number of groups (Maekawa et al. 1999, 

Yang et al. 1998). These groups report that both Rac and Rho act via *LIM-Kinase to 

phosphorylate (Ser 3) and thereby inactivate cofilin. It is thought that Rho acts via ROCK to 

phosphorylate and activate LIM-Kinase. The signaling pathway by which Rac signals to LIM- 

Kinase is as yet unknown. This inactivation of cofilin results in a significant reduction in actin 

filament turnover resulting in the formation of stress fibers etc.

Thus GTPyS may induce cofilin to be exported from the nucleus by inducing its phosphorylation, 

thereby inducing its dissociation from the nuclear actin. This dissociation maybe sufficient for 

cofilin to exit the nucleus or its phosphorylation may control the activation of its NLS. A 

diagrammatic representation of how GTPyS might be regulating cofilins localisation Is given 

below.
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*LIM-Kinase is a serine kinase, which contains LIM and PDZ domains. LIM domains are protein 

binding motifs that are frequently found in cytosolic proteins which interact with the actin 

cytoskeleton.
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CHAPTER SIX 

Actin regulation in permeabilised RPMC
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6.1 introduction

An aim of this thesis was to localize a theorized pool of G-actin present within washed 

permeabilised mast cells. This pool of actin was suggested to exist by Norman et al. A summary 

of their findings is given below.

As mentioned in chapter 3 Norman et al (1994) studied the effects of GTPyS on the actin 

cytoskeleton of washed permeabilised RPMC. Washing removes both SL-0 and any freely 

soluble actin that leaks from the cells during permeabilisation (-"70-80% of the total cellular actin). 

Thus only the insoluble portion of the actin cytoskeleton is present in these cells. Moreover, 

EGTA was also present both during and after permeabilisation, to prevent any calcium-mediated 

signaling. Under these conditions they found that GTPyS induced both a small reduction in 

cortical F-actin (-10%), and the appearance of actin (-30% increase) within the cell interior. The 

actin lost from the cortex was found to re-localize to the cell interior. These effects of GTPyS were 

shown to be independent of ATP, although ATP was found to enhance the increase in F-actin 

within the cell interior. Norman et al showed, using mutants of the small GTP-binding proteins 

Rho (V14RhoA) and Rac (N17Rac), that entrapment of cortical filaments was mediated by Rac, 

while the remaining 20% increase in F-actin within the cell interior was mediated by Rho. This 

Rho mediated increase in F-actin occurred in spite of these cells containing negligible amounts of 

soluble actin. Cytochalasin, which caps the barbed end of filaments (refer to section 1.5.2), 

prevented this increase in F-actin suggesting that Rho does not increase F-actin by uncovering 

actin filaments invisible to RP. Thus, Norman et al hypothesized that Rho induces de novo 

polymerization of a G-actin pool, retained within permeabilised cells. However, they could only 

hypothesize its existence, having used only RP to label the actin cytoskeleton.

6.1.1 Chapter Synopsis

The aim the work presented in this chapter was to investigate both the localisation and the 

regulation of this theorized G-actin pool. The first section of this chapter restates the preliminary 

findings discussed in chapter 3. The chapter then focuses on one of the actin pools identified 

chapter 3: investigating its formation and regulation by GTPyS, ATP and calcium. Evidence is 

then presented which confirms that this pool is not an artifact of the permeabilised cell system.
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The chapter closes with results that provide an insight into the signaling pathways that may 

regulate the localisation of this actin pool.

6.2 Preliminary data from chapter 3

This work confirmed that GTPyS does indeed induce actin polymerisation in washed 

permeabilised mast cells, which only contain negligible amounts of soluble actin. Quantification of 

this effect (Fig 4.8) showed that GTPyS/ATP increases the F-actin content ~ two fold. Thus it 

would appear that GTPyS does indeed polymerise some, as yet unknown, G-actin pool. In light of 

these findings a method was designed to localise G-actin. Using this technique, data from chapter 

3 (Fig 3.5) revealed two discrete pools of “G-actin”. The first pool consisted of punctate foci, 

present throughout the cell, while the second appeared to lie within nucleus. The ability of GTPyS 

to regulate these pools was assessed and the findings presented below.

6.3 The p-actin foci do not appear to be regulated by GTPyS

The ability of GTPyS to induce polymerisation by recruiting one or both monomeric actin pools 

was assessed. The p-actin foci were the first pool to be investigated. Cells were treated with 

EGTA/ATP (E/A: Fig 6.1 A) in the absence or presence of GTPyS (G/E/A: Fig 6.1 B), fixed and 

double labeled with RP and a-p-actin. RP and a-p-actin staining are shown in red and green, 

respectively. Co-localization of these two labels, is shown in yellow in the image overlays on the 

right. Basal (E/A) cells contained the typical cortical F-actin (yellow in the image overlay) and the 

two pools of “G-actin” (green) i.e. the actin foci and the central pool of actin (Fig 3.5). The white 

arrows in these images indicate the pool of p-actin foci. Triggering cells with GTPyS (G/E/A) 

induced the appearance F-actin (yellow) within the cell interior. GTPyS did not however, appear 

to alter either the number, or the size of the p-actin foci. This lack of effect was especially clear at 

higher magnifications (Fig 6.1 C and 6.1 D). Thus the p-actin foci do not appear to be recruited in 

response to GTPyS.
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Figure 6.1. p-actin foci are not incorporated into filamentous structures in response to GTPyS.

Permeabilised cells were exposed to EGTA /ATP (E/A) (A) and (C) or GTPyS /EGTA/ ATP (G/E/A) (B ) and (D) for 20 min at 30°C. The cells were then fixed and 

double labelled with a-p-actin and RP. Confocal microscopy was used to visualize the equatorial plane of these cells. RP staining is shown in red, a-p-actin staining 

in green, and co-localisation of the two labels shown in yellow, in the image overlay (far panel). The white arrows (A ), (C) and (D) indicate the actin foci recognized by 

a-p-actin but not by RP. Bar represents 5 ^m.



6.4 The second actin pool and Its localisation and formation

The second pool of “G-actin”, identified by a-p-actin, was presumed to lie within cell nuclei. 

Images of basal cells (E/A), stained with a-p-actin, were superimposed over their corresponding 

Nomarski images (Fig 6.2A) to confirm the nuclear localisation of this pool of actin. The black 

arrow in the Nomarski image indicates the nuclear membrane. Image overlays, such as the one 

shown in figure 6.2A, revealed that this “G-actin” pool did indeed lie within the nuclear membrane. 

This nuclear actin was found to be present throughout the nucleus, as shown in the confocal 

stacks of these a-p-actin stained cells in figure 6.2B. However, unlike the structured nuclear actin 

formed in response to LB (Fig 5.4), this nuclear actin lacked any recognisible structure.

In chapter 5 (Fig 5.1 B), it was shown that intact cells labelled with a-p-actin, were not 

significantly stained within their nuclei. This finding was confirmed, as shown in figure 6.3A (top). 

This observation suggests that the nuclear actin seen in figure 6.2B must form during 

permeabilisation and, or during the 20 min incubation with EGTA/ATP. Cells were therefore 

permeabilised, treated EGTA (E), or EGTA/ATP (E/A) and then fixed and stained with a-p-actin. 

The confocal images revealed that permeabilised cells, exposed to EGTA alone, contained 

substantially more nuclear actin than those treated with EGTA/ATP. This suggests that a 

proportion of this nuclear actin pool is exported from the nucleus in response to ATP. This actin 

was not retained within the cell interior and is thus presumed to have been lost to the extracellular 

environment. These observations suggest that nuclear actin forms in response to 

permeabilisation and or ATP depletion.

6.4.1 The effect of both ATP and GTPyS on the nuclear actin pool

The results above suggest that ATP has a significant effect on this nuclear actin pool. The effect 

of GTPyS on this nuclear actin pool was also investigated in both the absence and presence of 

ATP. Cells were double labelled with RP and a-p-actin to visualize both F-actin and “G-actin”. 

The findings of this investigation are shown in figure 6.4A and B. The intense nuclear actin, 

present in EGTA (E) treated cells, was depleted by ATP (E/A).
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The nucleus in the lower cell (*) lay between 3.1 pm and 7.2 pm.

Figure 6.2. Basal permeabilised mast cells contain nuclear actin.

Permeabilised cells were exposed to EGTA/ATP for 20 min at 30°C. The cells were then fixed and stained with a-p-actin. Confocal microscopy was used to visualize 

the equatorial plane of these cells. (A) Shows an equatorial slice of a whole cell: stained with a-p-actin  (top), visualized using Nomarski (middle), and an image 

overlay of these two images (bottom). (B) Shows a confocal stack of basal, a-p-actin stained cells. The number in the left-hand corner of each slice indicates distance 

from the adhesion plane, in microns. Bar represents 5 pm.
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Figure 6.3. Actin morphology In Intact and permeabilised mast cells

(A) Intact cells were fixed and stained with a-p-actin. (B) Permeabilised mast cells were exposed 

to EGTA (E), or EGTA + ATP (E/A) for 20 min at 30°C. The cells were then fixed and stained with 

a-p-actin. Confocal microscopy was used to visualize the equatorial plane of these cells. Bar 

represents 10 pm. Note that actin translocates into the nucleus in the absence of ATP.
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Actin regulation in permeabilised RPMC

B

Figure 6.4. Actin is exported from the nucleus in response to both ATP and GTPyS

(A) and (B) Permeabilised mast cells were exposed to EGTA (E), EGTA /ATP (E/A), 

GTPyS/EGTA (G/E) and GTPyS/EGTA/ATP (G/E/A), for 20 min at 30°C. The cells were then 

fixed and double labelled with a-p-actin and RP. Confocal microscopy was used to visualize the 

equatorial plane of these cells. Bar represents 10 pm. (A) Note that the response to 

GTPyS/EGTA (G/E) was heterogeneous: the red arrows indicate examples of responding cells 

(i.e. those exhibiting increased F-actin content, left panels), while the green arrows point to non

responding cells (i.e. those exhibiting no change in F-actin content). Most of the responding cells 

contained minimal or no nuclear actin, while the non-responding cells exhibited nuclear actin 

(right panels). (B) Note that GTPyS acts synergistically with ATP to export actin from the nucleus.
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The cytoskeletal response to GTPyS, in the absence of ATP (G/E), was heterogeneous. In most 

of these experiments GTPyS (G/E) induced an increase in F-actin within only a very small 

proportion (5-10%) of the cell population (3̂  ̂ panel down (lower image). In the remaining 

experiments GTPyS induces F-actin polymerisation in a large proportion of the cell population (3 ^̂ 

panel down (upper image). Cells in which GTPyS induces F-actin polymerisation will be referred 

to as “responding” cells, while those in which GTPyS does not induce F-actin polymerisation (i.e. 

those which exhibit the typical basal cell F-actin morphology) will be referred to as “non 

responding” cells. The majority of “non responding cells” displayed no significant decrease in their 

nuclear -p-actin (green arrows). Conversely most of the “responding” cells exhibited a significant 

reduction in nuclear p-actin (red arrows). These results indicate that GTPyS also regulates the 

localisation of this nuclear actin pool.

G/E/A treated cells exhibited similar actin morphology to “responding” G/E treated cells. 

Comparing E/A and G/E/A treated cells (Fig 6.4B) revealed that the relatively small amounts of 

nuclear actin present in E/A treated cells (indicated by the white arrows) are lost on addition of 

GTPyS (G/E/A). This suggests that ATP and GTP act synergistically to export nuclear actin.

6.4.2 Calcium does not regulate the export I import of nuclear actin

Cells were exposed to a range of calcium concentrations (pCa8 (10 nM) to pCa6 (1 laM) to 

investigate whether calcium contributes to the regulation of nuclear actin pool (Fig 6.5). Calcium 

did not significantly reduce a-p-actin staining within the cell nuclei. However, calcium (pCa6) did 

reduce a-p-actin staining of the cell cortex. This is surprising, as calcium alone (in the absence of 

ATP) had not been previously observed to reduce cortical F-actin (Borovikov et al (1995). 

Calcium (pCa6-8) did not appear to affect the ability of ATP to export actin from the nucleus. 

Calcium in the presence of ATP substantially depleted cortical a-p-actin staining, in line with the 

findings of Borovikov et al (1995).
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Figure 6.5. ATP regulates the export of nuclear actin: the effect various [calcium]

Permeabiiised mast cells were exposed for 20 min at 30°C to EGTA or the indicated 

concentrations of calcium in both the absence (left panels) and presence (right panels) of ATP. 

The cells were then fixed and labeled with a-p-actin. Confocal microscopy was used to visualize 

the equatorial plane of these cells. Bar represents 10 pm.
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Cells were exposed to combinations of calcium in the absence and presence of GTPyS and ATP, 

to investigate whether calcium modulates their effect on the nuclear actin pool. These cells were 

stained and visualized as above and results presented in figure 6.6. Calcium (pCa5) alone as 

previously observed by Borovikov et al (1995) did not reduce cortical RP staining. It did however 

reduce cortical a-p-actin staining: corroborating the observation in figure 6.5. Again in line with 

the findings in figure 6.5, calcium alone only minimally reduced a-p-actin staining within cell 

nuclei. This confirms that calcium alone does not significantly regulate this nuclear actin pool but 

may have an effect on cortical actin (that is not accessible to RP).

In a few experiments, as shown here, depletion of nuclear actin by ATP (E/A) was slightly greater 

in the presence of pCa5 (C/A). Thus, calcium (pCa5) may have a slight modulatory effect on ATP 

mediated nuclear actin export but this will need further investigation.

In this experiment cells exposed to GTPyS and calcium in the absence of ATP (G/C) exhibited an 

increase in RP staining within their interior, although not to the same extent as G/C/A treated 

cells. These cells exhibited a significant reduction in their nuclear actin. The extent of this 

depletion was generally similar to that induced by GTPyS alone (G/E) in responding cells (Fig 

6.4A). However G/C in a number of experiments was unable to induce any in increase F-actin. In 

these cells G/C did not reduce the nuclear actin pool. Thus, calcium does appear to significantly 

modulate the ability of GTPyS to reduce nuclear actin.

6.5 The [ATP] regulates both the Import and export of nuclear actin

The images in figure 6.3 indicate that nuclear actin, absent in intact cells, forms in response to 

permeabilisation in the presence of EGTA. In figures 6.3 to 6.6, it has been shown that ATP 

induces export of this nuclear actin. Thus ATP depletion, which occurs during permeabilisation 

(Koffer. 1993) may also be responsible for the formation of this nuclear actin. These three 

possibilities were investigated in the following experiments.
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Figure 6.6. The effect of calcium on the ATP and GTPyS Induced export of nuclear actin

Permeabiiised mast cells were exposed for 20 min at 30°C to calcium (pCa 5) in the absence (C) 

or presence (CA) of ATP, in the presence of GTPyS (CG) or both (G/C/A). The cells were then 

fixed and double labeled with a-p-actin and RP. Confocal microscopy was used to visualize the 

equatorial plane of these cells. Bar represents 10 pm. Note that calcium does not appear to 

significantly effect the export of nuclear actin mediated by ATP and GTPyS.
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Experiment 1) Cells were permeabiiised and maintained in EGTA - to investigate whether EGTA 

treatment for 20min at 30®C induces the formation of nuclear actin. Experiment 2) Cells were 

permeabiiised in the presence of low [calcium] (pCa7) and fixed - to investigate whether the 

EGTA (3mM) normally present during permeabilisation induces the formation of nuclear actin. 

Experiment 3) Cells were permeabiiised in the presence of ATP and fixed - to investigate 

whether the ATP depletion that occurs during permeabilisation induces the formation of nuclear 

actin. Experiment 4) Cells were permeabiiised in the presence of ATP and low [calcium] and 

fixed - to investigate whether the ATP depletion and EGTA act synergistically during 

permeabilisation to induce the formation of nuclear actin. These cells were then fixed, stained 

with a-p-actin, and the resultant images presented in Fig 6.7.

Cells permeabiiised in EGTA alone (Exp 1) or in pCa7 (Exp 2) contained a-p-actin staining within 

their nuclei. Thus chelation of calcium during, or following permeabilisation is not the stimulus for 

the formation nuclear actin. Cells permeabiiised in the presence of ATP (E/A) contained no 

nuclear actin and minimal cortical actin. This staining pattern was not altered by pCa7 (pCa7/A). 

These findings indicate that ATP depletion, which occurs during permeabilisation, induces the 

formation of nuclear actin. These images also indicate that ATP depletes cortical F-actin when 

present during permeabilisation. This is in line with the finding in (Fig 6.4A).

6.5.1 Nuclear actin in intact celis: its reguiation by ATP

ATP regulated actin transport maybe an artifact of permeabilisation. Figure 6.3A shows that intact 

cells contain negligible amounts of nuclear actin. However an ATP dependent mechanism of 

nuclear actin export I import may exist in intact cells. Intact cells were therefore metabolically 

inhibited (Ml) for between 0 to 80min, fixed and stained with a-p-actin, to investigate the effects 

of progressive ATP depletion, a-p-actin staining was visualized, and the images presented in 

figure 6.8. In this experiment, laser power was set relatively low, as those cells treated with 

metabolic inhibitors for 80 min were intensely stained by a-p-actin. For this reason the cortical a- 

p-actin staining in control cells (0 min) appears artificially dim.
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CO Experiment 1 
SL-0 + (EGTA) ^  Fix

Experiment 2 
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Figure 6.7. Cells permeabiiised in the presence of ATP do not contain nuclear actin

Cells were permeabiiised for 8 min at 30°C in the presence of EGTA (E) or calcium (pCa7), in both the absence and presence of ATP (A). The cells were then fixed 

and stained with a-(3-actin. Confocal microscopy was used to visualize the equatorial plane of these cells. Bar represents 10 îm.
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Figure 6.8. ATP depletion induces translocation of actin into the nuclei of intact ceils

Intact cells were exposed to metabolic inhibitors (6mM deoxyglucose and lOpM antimycin) for the indicated times at 30°C. The cells were then fixed and stained with 

a-p-actin. Confocal microscopy was used to visualize the equatorial plane of these cells. Bar represents 10 pm.



The nuclei of control cells (0 Ml) contained small amounts of p-actin, which is not normally 

observed (Fig 6.3A). This may be due to the levels of ATP in these cells dropping during the 80 

minute period at 30*C. Ml (20min) induced (1) an increase in cortical staining and (2) the 

appearance a-p-actin staining within cell nuclei. The images shown in figure 6.9 indicate that this 

nuclear actin is G-actin, rather than F-actin bound to cofilin. Increasing the duration of Ml (40 and 

SOmin) increased the intensity of a-p-actin staining at the both cortex and within the nucleus. 

These findings indicate that ATP depletion induces translocation of actin into the nuclei of intact 

cells. Thus, the effect of ATP depletion does not appear to be an artifact of permeabilisation. The 

increase in cortical F-actin staining probably results from the cortex undergoing rigor.

6.6 Import and export of nuclear actin: role of cofilin

In the previous chapter, cofilin was shown to transport actin into the nucleus in response to LB 

treatment. In this chapter, ATP depletion has been shown to induce rapid translocation of actin 

into the nucleus: nuclear actin present after only Smin of Ml (Fig 6.7). For actin to passively 

diffuse into the nucleus, and reach equilibrium with the cytoplasm, takes approximately 30min 

(Alberts et al. 1994). This suggests that actin is being activity transported into the nucleus. In 

chapter 5 cofilin was found to actively transport actin into the nuclei of RPMC. Thus ATP 

depletion may be inducing cofilin to transport actin into the nucleus. This suggestion is given 

credence by the findings of Nebel et al (1996), who showed that inhibition of phosphorylation of 

cofilin, on residue Ser 3, induces its relocalisation to the nucleus. However, as discussed in 

chapter 5 (section 5.8.3), the role of phosphorylation in the regulation of cofilin’s localisation is 

controversial.

To investigate whether ATP depletion is inducing cofilin to transport actin into the nucleus, intact 

cells were treated as above and fixed and stained with a-p-actin or a-cofilin (Fig 6.9).
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Figure 6.9. ATP depletion in intact cells does not increase a-cofilin staining within cell 

nuclei

Intact cells were treated as in Fig 6.8, fixed and labelled with a-p-actin or a-cofilin. Confocal 

microscopy was used to visualize the equatorial plane of these cells. Bar represents 10 pim.
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The typical increase in nuclear actin with increasing duration of Ml was observed. This increase, 

however, was not paralleled by the appearance of a-cofilin within the cell nuclei. This suggests 

two possibilities: 1) cofilin does not transport actin into the nucleus, or 2) cofilin rapidly exits the 

nucleus after dissociating from actin.

The nuclear actin induced by Ml was not recognized by RP (not shown). This, in conjunction with 

the finding that Ml does not increase a-cofilin staining within the nucleus, suggests that nuclear 

actin is monomeric rather than filamentous actin coated in cofilin.

6.6.1 Import and export of nuclear actin: role of cofilin in permeabiiised celis

The role of cofilin in transporting actin into nucleus of permeabiiised cells was also investigated. 

Cells were treated with various combinations of triggers, fixed, and stained with a-cofilin or a-p- 

actin (only a-cofilin staining shown, figure 6.10: refer figures 6.4 and 6.6 for a-p-actin staining). 

The staining pattern of a-cofilin and a-p-actin were found to be virtually identical. Cells treated 

with EGTA (E) or calcium (C) alone exhibited intense a-cofilin and a-p-actin staining within their 

nuclei. This intense staining was substantially reduced when cells were additionally exposed to 

ATP (i.e. E/A and C/A). The staining of the nuclei of C/A treated cells was slightly dimmer than 

that observed in E/A treated cells. These findings indicate that cofilin carries actin out of the 

nucleus in response to ATP.

In this set of experiments the cells did not respond to GTPyS (G/E and G/C). GTPyS induced only 

marginal cytoskeletal changes, with cells exhibiting intense nuclear and cortical a-p-actin 

staining. These cells also exhibited intense a-cofilin staining within their nuclei. Thus in non

responding cells, GTPyS is unable to export neither cofilin nor actin from the nucleus. Cells 

exposed to GTPyS and ATP (G/E/A), however, contained no a-cofilin nor a-p-actin staining 

within their nuclei, which compares with a small to moderate amount of nuclear cofilin present in 

E/A treated cells. Taken together, these results suggest that GTPyS does modulate export of 

nuclear cofilin.
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Figure 6.10. Basal permeabiiised mast cells contain nuclear cofilin, which is regulated by 

ATP and GTPyS.

Permeabiiised mast cells were exposed to the indicated triggers for 20 min at 30°C: EGTA (E), 

calcium (C), GTPyS/EGTA (G/E) and GTPyS/calcium (G/C) in the absence or presence of ATP 

(A). The cells were then fixed and labelled with a-cofilin. Confocal microscopy was used to 

visualize the equatorial plane of these cells. Bar represents 10 pm. Note that in this experiment, 

mast cells did not respond (i.e. did not exhibit an increase in F-actin) to GTPyS/EGTA (G/E): 

compare with the images of a-(3-actin stained cells in Fig 6.4A. Thus, nuclear cofilin is still 

present in these cells. The ability of GTPyS to export nuclear cofilin is apparent when E/A and 

G/E/A treated cells are compared: E/A treated cells contain small to moderate amounts of nuclear 

cofilin, while G/E/A treated cells exhibit minimal nuclear cofilin.
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6.7 Summary

•  Mast cells contain two discrete pools of p-actin which are not recognised by RP

1 . Punctate foci present throughout the cell interior

2. A pool of actin which lies within the nucleus

•  The punctate foci do not appear to be incorporated into the filamentous actin polymerised in 

response to GTPyS.

•  Intact cells contain minimal or no nuclear actin

•  Permeabilisation in the presence of EGTA induces the formation of nuclear actin

•  ATP reduces the amount actin exported into the nuleus

•  ATP depletion induces actin to translocate into the nuclei of intact cells

•  Permeabilisation in the presence of ATP prevents the formation of nuclear actin

•  The cytoskeletal response to GTPyS (G/E) is heterogeneous

1 In the majority of experiments GTPyS induced actin polymerisation in only a small proportion of 

the cell population. In the remaining experiments GTPyS induced actin polymerisation in most 

of the cells.

2 The majority “non responding” cells i.e. those in which GTPyS did not induce actin 

polymerisation, contained substantial amounts of nuclear actin

3 The majority “responding” cells i.e. those in which GTPyS induces actin polymerisation, 

contained minimal / no nuclear actin

•  ATP appears to actin in synergy with GTPyS, with the inclusion of ATP increasing both the 

amount of actin exported from the nucleus and the proportion of cells that exhibit an increase in 

F-actin within their interior.

•  Calcium alone (up to pCa6) does not appear to alter the amount of nuclear actin or modulate 

ATP's ability to reduce the amount of actin exported into the nucleus pCa5 did in a few 

experiments did promote ATP’s ability to export actin from the nucleus

•  Calcium appears to increase the number of cells that secrete in response to GTPyS and 

the number of cells which exhibit reduced nuclear actin
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•  Translocation of actin into the nuclei of intact cells is not paralleled by a increase in nuclear 

cofilin

•  Both actin and cofilin are present within the nuclei of basal permeabiiised cells

•  ATP induces transmigration of cofilin and actin out of the nucleus

•  This transmigration does not appear to be significantly affected by calcium alone

•  GTPyS did not export cofilin from the nuclei of “non responding cells” i.e. those which exhibited 

no decrease in nuclear actin and no subsequent increase in F-actin within their interior

•  The small to moderate amounts of nuclear cofilin, present in ATP treated cells, were exported 

from the nucleus when the cells were additionally exposed GTPyS
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6.8 Discussion

This work aimed to localise and study a theorised pool of G-actin regulated by GTPyS in 

permeabiiised washed mast cells, a-p-actin recognised two discrete pools of actin which were 

not recognised by RP. These were punctate foci present throughout the cell interior and a pool of 

actin thought to reside within the nucleus. The confocal images (figure 6.1) have shown that 

these p-actin foci are not incorporated into the filamentous actin, which forms in response to 

GTPyS, which suggests that they do not represent the G-actin of pool recruited by GTPyS.

This study, however, is unable to rule out the possibility that GTPyS alters the localisation of 

these foci. To investigate this further would require time lapse studies of live cells in which the 

actin has been labelled with a fluorescent tag such as CY3 or GPP. These foci are almost 

certainly associated internal membranous structures via actin binding proteins. It would be 

interesting to investigate whether these foci localise to specific mast cell structures, such as 

granule membranes. However as this was not within the remit of this study it was not investigated 

further.

6.8.1 Nuclear actin and its reguiation by ATP, GTPyS and calcium

The second pool of p-actin localised to the nucleus and exhibited no discernible structure (Fig 

6.2). Preliminary data suggested that it may be regulated by ATP (Fig 6.3B). Permeabiiised 

cells, treated with EGTA alone, contained substantial amounts of p-actin within their nuclei. This 

pool appeared large enough to account for the increase in F-actin mediated by GTPyS.

6.8.2 GTPyS

Exposing SL-0 permeabiiised cells to GTPyS in the absence of ATP (G/E) induced a 

heterogeneous response. In the majority of experiments GTPyS induced F-actin polymerisation in 

only a small proportion of the cells. This polymerisation correlated with loss the of nuclear actin. 

Most of the cells that were unable to polymerise their actin in response to GTPyS contained 

substantial amounts of nuclear actin. These observations indicate that GTPyS induces the actin 

pool to be exported from the nucleus into the cytoplasmic space where it then polymerises. These
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findings confirm the hypothesis put forward by Norman et a! (1994), in which it was suggested 

that mast cells contain a pool of membrane bound G-actin that is polymerised in response to 

GTPyS. This group also showed that it was the small GTP-binding protein Rho, which was 

responsible for polymerising actin within the cell interior. Thus an experiment which needs to be 

done is to introduce V I4 RhoA (a constitutively active mutant of Rho) into mast cells to show that 

GTPyS is acting via Rho to export actin from the nucleus. The signalling pathway that may 

mediate these effects of GTPyS is discussed in section 6.8. below and summarised in figure 6.11.

6.8.3 ATP

Addition of exogenous ATP was found to induce actin to be exported from the nucleus(Fig 6.4A). 

Since no increase in the intensity of either RP or a-p-actin staining was observed in the 

cytoplasmic space, it appears that the actin exported from the nucleus in response to ATP (E/A) 

leaks from the cells through the pores created by SL-0. In chapter three, GTPyS was shown to 

reduce the leakage of actin from permeabiiised (E/A treated) mast cells (Fig 3.2A). It was 

hypothesised that this effect of GTPyS represented its ability to polymerise a pool of membrane 

bound actin that would normally be lost from permeabiiised mast cells treated with E/A. This 

hypothesis in light of the above findings appears to be correct. Moreover it also corroborates the 

suggestion that ATP (E/A) induces the nuclear actin pool to leak out of the cells. The signalling 

pathway, which is responsible for this effect of ATP, is discussed in section 6.8. below and 

summarised in figure 6.11.

6.8.4 ATP and GTPyS

ATP increases both the proportion of cells, which exhibit an increase in F-actin in response to 

GTPyS, and the extent of this polymerisation (see Fig 6.4A). This finding agrees within those 

reported by Norman et al (1994). As noted above, cells that do not respond to GTPyS contain 

substantial amounts of nuclear actin. Exposing cells to ATP in addition to GTPyS (G/E/A) results 

in the export of most if not all of the nuclear actin. Thus, it appears ATP increases both the 

number of cells responding to GTPyS and the extent of this response via its ability to export actin 

from the nucleus. This, in conjunction with the observation that GTPyS augments the amount of
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actin exported from the nucleus in response to ATP (Fig 6.4B) suggests that ATP and GTPyS act 

synergistically to export actin from the nucleus.

6.8.5 Calcium

The ability of calcium to alter the localisation of the nuclear actin pool, and its ability to modulate 

the effects of ATP and GTPyS on this pool, was also investigated in this study. The findings 

suggest that calcium alone (C) does not influence the localisation of nuclear actin pool (Fig 6.5). 

Moreover calcium does not prevent either ATP, or GTPyS from exporting actin from the nucleus 

(Fig 6.5 and 6.6). However, in some experiments calcium did augment the amount of nuclear 

actin ATP (C/A) and GTPyS (G/C) exported from the nucleus although this effect was variable. 

These findings suggest that the signalling pathway(s), which lead to the export of actin from the 

nucleus, do not have an absolute requirement for calcium regulated proteins. The possible 

modulatory role of calcium needs further investigation.

6.8.6 The effect of calcium and ATP on cortical F-actIn

Both calcium (pCa5) alone and ATP alone (E/A) had no effect on cortical RP staining, which is in 

agreement with the findings Borovikov (1995). However, a surprising observation was made 

during this study in that both calcium alone (pCa5) and ATP alone (E/A) reduced cortical a-p- 

actin staining. The reason for this difference in staining is not clearly understood.

6.8.7 Transport of actin Into nuclei

The nuclear actin identified in this study was found to be absent in resting intact mast cells. A 

number of lines of evidence, presented in this chapter indicate that nuclear actin forms, not as an 

artefact of permeabilisation, but as a result of ATP depletion. Addition of exogenous ATP (E/A) 

was found to reduce nuclear actin present in permeabiiised mast cells (Fig 6.3B). Further 

investigation revealed that actin translocates into the nucleus during permeabilisation (EGTA + 

SL-0), and that this translocation is prevented by ATP (Fig 6.7). This is supported by the findings 

of Koffer (1993) who showed that permeabilisation (by SL-0) of mast cells for 1.5min at 30®C, 

reduced the total cellular ATP content to -18% of that present in intact cells. As stated 

translocation of actin into nuclei does not appear to arise as an artefact of permeabilisation. This
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is indicated by the observation that ATP depletion in intact cells (via metabolic inhibition) also 

induces actin to translocate into the nucleus (Fig 6.8). Koffer et al (1993) reported that 

metabolically inhibiting (Ml) intact mast cells for lOmin reduces the cellular ATP concentration to 

-5% of its original value, and to an undetectable level after 20min. However the level of 

phosphoprotein was found to have decreased by only 30% after 20 minuets of Ml. This 

decreased by a further 30% when the cells were Ml for an additional 40 minuets. The level of 

phospholipids did not appreciably change during a GOmin period of Ml. The confocal image? in 

Fig 6.8 show that nuclear actin increases progressively over an 80 min period of Ml. This 

suggests that dephosphorylation of protein(s) maybe is responsible for formation of nuclear actin 

(Fig 6.8). This is discussed in the following section.

Actin does not contain a nuclear localisation sequence (NLS) and therefore it needs to associate 

with an actin-binding protein, which contains such a sequence, to be actively transported into the 

nucleus. This study has shown that ATP depletion is the signal, which induces actin to translocate 

into the nucleus, or prevents its export out of nuclei.

A number of groups have shown that dephosphorylation of the actin-binding protein cofilin, 

induces its translocation into the nucleus (refer to section 5.8.3). However, the progressive 

increase in nuclear actin induced by metabolic inhibition was not associated with an increase in 

a-cofilin staining within the nucleus (Fig 6.9). Cofilin may carry actin into the nucleus, where it 

then dissociates and exits the nucleus. Alternatively, cofilin may not be required to transport actin 

into the nucleus under these conditions. Nuclei of basal (EGTA) permeabiiised cells are intensely 

stained by a-cofilin. The intensity of this staining was substantially reduced when the cells were 

exposed to ATP: paralleling the effects of ATP on nuclear actin. This simplest explanation for this 

effect of ATP is that it promotes phosphorylation of cofilin, most probably on residue Ser 3. 

Phosphorylation of this residue results in the dissociation of any bound actin (Sun et al. 1995), 

which is presumably responsible for the loss of both actin and cofilin from the nucleus. This 

hypothesis corroborated by the observation made by NebI et al (1996) who found that expression 

of a non-phosphorylatable form of cofilin results in its accumulation in the nucleus. A good 

candidate for the kinase activated by ATP is LIM-K which, as discussed in section 5.8.5, has 

recently been identified as a kinase, which phosphorylates cofilin (Aber et al. 1998). This group
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found that expression of LIM-K prevented the formation of cofilin-actin rods induced by 

overexpressing a-cardiac actin, most probably through phosphorylation and thereby inactivation 

of cofilin. A representation of these hypothesised signalling events is summarised in figure 6.11. 

Another explanation is that cofilin carries actin into the nucleus, and that export of cofilin out of 

the nucleus may not require ATP, while that of actin does.

The effect of GTPyS on the localisation of cofilin, in both the absence and presence of ATP 

and/or calcium, was also investigated in this study. This showed that GTPyS alone does not 

appear to have any effect on the localisation of nuclear cofilin. However it should be noted that in 

this set of experiments GTPyS did not induce a decrease in the nuclear actin or the associated 

increase in F-actin within the cell interior. The localisation of nuclear cofilin therefore needs to be 

investigated in those cells which respond to GTPyS alone (G/E). This could not investigated 

here, as no more a-cofilin was available. The findings obtained from cells triggered with GTPyS 

in the presence of ATP however indicate that GTPyS may export cofilin from the nucleus. In 

those cells exposed to ATP (E/A) alone only a proportion of the nuclear actin was exported from 

the nucleus. Exposing cells additionally to GTPyS induced most if not all of both cofilin and actin 

to be exported from the nucleus.

The proposed role of ATP in protein phosphorylation can be easily tested by addition of serine 

kinase inhibitors. The use of compound Y-27632 (Yoshitomi Pharmaceutical Industries) which 

inhibits ROCK, and 03 which ADP-ribosylates Rho and N17Rac (a dominant negative Rac) may 

provide insight into whether GTPyS is inducing export of actin and cofilin from the nucleus via the 

Rho -  ROCK and Rac signalling pathway.

The effects of GTPyS on secretion correlate well with its ability to export and polymerise this 

nuclear actin within the cell interior. The findings in chapter 4 and those of Norman et al (1996) 

suggests that polymerisation of actin is not involved in secretion. It may however play a role in the 

endocytocic signalling pathway of RPMC. This could be tested by investigating how depletion of 

this nuclear actin (using E/A) modulates the endocytotic pathway, using such methods as 

fluorescently labelling sphingomyelin which becomes internalised during the endocytosis.
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6.8.8 Actin and the nucleus

Actin; which enters the nucleus in response to metabolic inhibition of intact cells, is probably in 

unpolymerised state, as it is not recognised neither by RP (not shown) nor cofilin (Fig 6.9). Wada 

et al (1998b) showed that actin contains a nuclear export sequence (NES), which allows it to exit 

the nucleus relatively quickly. It remains to be established whether ATP promotes this active, 

NES-dependent export of nuclear actin. As the unpolymerised actin remains within the nucleus, it 

suggests that it is associating with intranuclear structures. De Career et al (1995) reported that 

the actin binding protein, protein 4.1 localises to the nucleus of MDCK cells, indicating that such 

actin binding sites do exist. The retention of actin in the nuclei of permeabiiised might be slightly 

different as cofilin maybe associated with the nuclear actin.

6.8.9 Conclusion

The work in this chapter has shown that SL-0 permeabiiised mast cells contain a G-actin pool 

regulated by GTPyS. A monomeric pool of actin was found to localise to the nucleus. This pool 

forms in response to ATP depletion and is exported from the nucleus in response to both ATP 

and GTPyS. Calcium may have a modulatory role. Actin is most likely to be transported into the 

nucleus by cofilin, which becomes activated upon dephosphorylation. GTPyS and ATP may 

induce the actin to be exported from the nucleus by inducing phosphorylation of cofilin, possibly 

through activation of LIM-K. However, it may be that ATP regulates the NES of actin. The 

function of this nuclear actin is as yet unknown. However with such robust effects of both ATP 

and GTPyS it is likely that this phenomenon does represent a signalling cellular event.
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CHAPTER 7

Phosphatidylinositol transfer protein - Its role 

In exocytosis and cytoskeletal dynamics
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7.1 Introduction

The research described in this chapter is a study the link between the cytoskeletal and secretory 

pathways using phosphatidylinositol transfer protein (PI-TP). The following section introduces the 

known functions of this protein, including a discussion of how this protein could potentially 

modulate the actin cytoskeleton and secretion.

7.1.1 PI-TP

PI-TP was originally so named because of its in vitro activity, transferring phosphatidylinositol 

through an aqueous phase from one membrane compartment to another. Two mammalian 

isoforms have been detected, PI-TPa and PI-TPp (Dickeson et al. 1989), which show a 70% 

identity and 94% similarity. SEC14p however, a yeast analogue, displays no sequence homology 

with these mammalian isoforms (Bankaitis et al. 1990). PI-TP’s contains a single phospholipid 

binding-site, which is specific for PI and PC: although its expresses -16 times greater affinity for 

PI in comparison to PC (van Paridon et al. 1987). PI-TPp additionally expresses a high transfer 

activity for sphingomyelin, which is not possessed by the alpha isoform of PI-TP (De Vries et al

1995).

PI-TP has been shown by a number of groups also to increase phosphatidylinositol 4,5- 

bisphosphate (PIP2) synthesis. There are two theories as to how PI-TP mediates this effect. The 

first is that PI-TP simply supplies the plasma membrane with PI, which then undergoes 

phosphorylation to form PIP2 The second hypothesis suggests that PI-TP acts as a cofactor, 

whereby PI-TP presents PI to the lipid kinases to be sequentially phosphorylated. PIP2 is then 

passed to PLC to be hydrolysed (Cunningham et al. 1995). This theory is supported by the finding 

that abolition of PI-TP’s ability to restore PLC signalling -  through truncation of its C terminal, 

does not affect its PC transfer activity, and decreases its PI transfer activity by only 30% (Hara et 

al. 1997). Moreover PI-TP has a high affinity for PIP2, while being unable to transfer it between 

hiembranes (Helmkamp. 1990)

7.1.2 Secretion and Pi-TP

In yeast, vesicle budding is linked to PI-TP regulating Golgi PC biosynthesis, with the apparent 

purpose of maintaining an optimal PI/PC ratio of the Golgi network. In mammalian cells, vesicle
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flow appears to depend upon PI-TP stimulating PIP2 synthesis (Wirtz. 1997). In cytosol depleted 

HL60 cells, promotion of PIP2 synthesis by addition of PI-TP led to an increase of PLC-p activity 

(regulated by GTP-binding proteins). In these cells PI-TP also restored GTPyS induced secretion 

possibly via this increase in PLC-p activity (Cunningham et al. 1995). As expected, restoration of 

this response was dependent on micromolar concentrations of MgATP. Way (1998), using RBL 

cells, confirmed the findings of Cunningham et al (1995) showing that PI-TP restores antigen- 

induced secretion. In line with these findings Hay et al (1995) showed that PI-TP and 

phosphatidylinositol-4-phosphate 5 kinase (PI4P-5Kinase) act alone, and synergistically to 

support the priming of chromatin cells. Priming defined as a process that involves the MgATP 

dependent accumulation of an intermediate, triggering involves the calcium dependent 

consumption of this intermediate.

The activity of PI-TP is of particular interest due to its ability to stimulate the production of PIP2, 

which has been shown to modulate the interaction between specific actin binding proteins and 

actin. In the case of protilin, ADF/cotilin, gelsolin and CapG, binding to PIP2 precludes their 

association with actin (refer to section 1.4). This provides a possible mechanism by which the 

cytoskeletal and the secretory pathways may be interconnected. The findings of Apgar (1995) 

cells support this suggestion, by showing that increased synthesis of PIP and PIP2, induced by 

PKC, was strongly associated with actin polymerisation in RBL cells. However in antigen 

stimulated cells PIP2 synthesis and actin polymerisation do not correlate. This however may be 

due an inability to measure localised changes in PIP2 synthesis, or rather that there is a change 

in affinity for PIP2 following antigen stinriulation (Sun et al 1997).

7.1.3 Chapter synopsis

The aim of this study was to investigate whether either one of both of the mammalian PI-TP 

isoforms altered the secretory and cytoskeletal responses of RPMC. Initially, localisation of PI-TP 

was compared with that of actin. The antibody clones used in this investigation had not been 

previously used for immunolocalisation. A substantial amount of work was therefore undertaken 

to investigate whether these clones were appropriate for this purpose. Both RBL cells and RPMC 

were included in this study. This is followed by investigation of the involvement of PI-TP (rPI-TPa
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and P) in the secretory and cytoskeletal responses of washed permeabiiised RPMC. This 

chapter concludes by showing how rPI-TPa modulates secretion from metabolically inhibited 

cells.

7.2 The presence of PI-TP in RPMC

The first aim was to ensure that PI-TP was present in mast cells. The extent of PI-TP leakage 

through SL-0 created pores was also investigated. Western blot analysis was used for both these 

investigations and the results are shown in Fig 7.1. This revealed that RPMC expressed PI-TPa 

and that after 15min of permeabilisation most if not all of this protein was present in the 

supernatant sample. This suggests that under these conditions PI-TPa is largely cytosolic, similar 

to results of de Vries et al. (1996). PI-TP appeared as two bands, one ~2-3kDa larger than the 

standards. The effect of cell attachment on PI-TPa leakage was also investigated. Preliminary 

results reveals that cell attachment reduces PI-TPa leakage by -50%, suggesting that PI-TPa 

may associate with cellular structure(s) in response to cell attachment.

The same samples as those used to quantify PI-TPa leakage, were also used to investigate 

whether the beta isoform of PI-TP was expressed in mast cells, and to quantify its leakage during 

permeabilisation. The PI-TP|3 Ab recognised the standards, while only faint indistinct bands 

(present at ~25kDa) were present in the lanes loaded with the total and pellet samples. No band 

was present in those lanes loaded with the supernatant samples. This apparent lack of PI-TPp 

maybe due to proteolytic cleavage, as mast cells contain a plethora of proteases. The alternative 

is that mast cells do not contain this isoform. However this is very unlikely, as this protein is 

expressed in the mast cell line RBL-2H3 (Way. 1998)

7.3 Immunolocalisation of Pi-TPa in RPMC: Investigating the suitability of PI-TPa 

antibodies.

The localisation of PI-TPa in both RPMC and RBL basal cells was investigated using 

immunostaining. Prof. Cockcroft kindly donated three, isoform specific, a-PI-TPa antibodies for 

this study (Ball. 1997). These were called 5F12,5B2 and 3A7.
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PI-TP: exocytosis and the actin cytoskeleton

P/St 12ng 20ng 40ng 

rP I-TPa standards

Figure 7.1. Leakage of PI-TPa during cell permeabilisation

Cells were permeabiiised and samples of total cells (T), supernatant (8) and pellet (P) were 

prepared and separated by gel electrophoresis together with the indicated amounts of 

recombinant PI-TPa (rP I-TPa) standards. The proteins were then transferred onto a 

nitrocellulose and probed for PITPa using the 5F12 Ab clone. A pellet sample was also run with 

an internal standard of lOng of rPI-TPa (P/St) to ensure that PI-TP was not being cleaved by 

mast cell proteases.
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Their suitability for immunolocalsation was investigated here since it had not been studied 

previously (Fig 7.2). Using the 5F12 clone (1/20 dilution), the intensity of staining was found to be 

significantly stronger than that observed with either the 5B2 or 3A7 clone (in an undiluted form) 

(Fig 7.2A). In RPMC, all three clones localised to punctate structures within the cell interior. In a 

proportion of cells, staining was also present at the plasma membrane (Fig 7.2B) and within the 

nuclei.

In RBL cells, these a-PI-TPa clones localised to the plasma membrane and within cell interior. 

No a-PI-TPa staining was present within the cell nuclei: the nucleus encompassing a substantial 

proportion of the cell interior. PI-TPa was present throughout the cell interior of RBL cells, while 

being restricted to punctate structures in RPMC. A reason for this difference in staining maybe 

related to a difference in internal structures. In RPMC only 42% of the intracellular space contains 

cytosol, with the granules accounting for the remaining area (Helander et al. 1974). In 

comparison, RBL cells contain substantially fewer granules, which could explain the less 

restricted localisation of PI-TPa in this cell type.

Cells labelled with the 5F12 clone and the tertiary layer only (i.e. the secondary antibody was 

omitted) did not fluoresce when excited at the required wavelength. This finding suggests that the 

5F12 clone staining pattern does not result from non-specific staining.

Confocal stacks were obtained from a-PI-TPa labelled cells, to reveal the spatial localisation of 

this protein (Fig 7.2B). These images revealed that the punctate structures seen in the equatorial 

slices (Fig 7.2A) were present throughout the cell interior.

This localisation of a-PI-TPa is in broad agreement with the findings of de Vries et al. 1995,

1996) who showed, via indirect immunofluoresence, that the PI-TPa isoform localised to the cell 

interior, nuclei and dimly to the golgi of Swiss 3T3 cells (Fig 7.3B). To provide a direct comparison 

with the findings of de Vries et al, Swiss 3T3 cells were fixed and stained with the 5F12 clone (Fig 

7.3A).
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PI-TP: exocytosis and the actin cytoskeleton

5F12
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Figure 7.2. Immunolocalisation of PI-TPa using different antibody clones

(A) Permeabilised RPMC and RBL cells were fixed and stained using three a -P I-T P a  clones: 

5F12 (1/50), 582 (undiluted) and 3A7 (undiluted). Confocal microscopy was used to visualize the 

equatorial plane of these cells. (B) A confocal stack of RPMC, treated as in (A), and stained 

using the 5F12 clone. The number in the left-hand corner of each slice indicates distance from 

the adhesion plane, in microns.
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Figure 7.3. Localisation of PI-TPa in Swiss 3T3 cells: comparison with previous findings

(A) Intact and permeabilised Swiss 3T3 mouse fibroblasts were fixed, and stained using the 

5F12 clone (1/50) and their equatorial planes visualised using confocal microscopy. (B) PI-TPa 

was immunolocalised in Swiss 3T3 by de Vries et al (1995). Note that the 5F12 clone, unlike the 

antibody used by de Vries, does not significantly stain cell nuclei.
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The staining pattern obtained was similar to that observed by de Vreis et a! (Fig 7.3B). However, 

as in RBL cells, no nuclear staining was discerned using the 5F12 done. This suggests that the 

nuclear staining observed by de Vries et al maybe non-specific. Note permeabilisation did not 

significantly alter the staining intensity of 5F12 clone. This is line with the finding that cell 

attachment substantially reduces PI-TPa leakage from permeabilised pells.

7.3.1 Immunolocalisation of PI-TPp in RPMC: investigating the suitabiiity of Pi-TPp 

antibodies.

The localisation of PI-TPp was also investigated using antibodies kindly donated by Prof. 

Cockcroft. The four antibody clones used (1B11, 4A7,101 and 8B8) were previously shown to be 

isoform specific (Ball. 1997). However, as with the a-PI-TPa clones, their suitability for 

immunostaining had not been tested. Their localisation was thus investigated in both RPMC (Fig 

7.4A) and RBL cells (Fig 7.4B). The intensity of staining using the 1B11 clone (1/20 dilution), was 

significantly greater than that seen using the other clones (undiluted). The staining patterns of the 

four clones exhibited some differences. The IC I and 8B8 clones only dimly stained the cells, 

except for an intense staining of the cell nuclei by IC I. 1B11 and 4A7 clones produced relatively 

similar staining patterns in RPMC: cells exhibiting cortical and nuclear staining at their equatorial 

planes. In RBL cells, staining was mainly perinuclear, while being absent within the cell nuclei. 

The absence of nuclear staining in RBL cells indicates that the intense nuclear staining of the 

1B11 clone in RPMC maybe non-specific.

To test this hypothesis two additional procedures were incorporated into the immunolocalisation 

protocol. The first alteration was to remove the fixative (paraformaldehyde) from the cells more 

thoroughly by immersing the glass Multitest slides (on which the RPMC were attached) in a 

beaker of buffer. The second alteration was to double the concentration of the blocking solution 

to ensure that all non-specific binding sites were fully masked. A confocal stack of images of 

these cells is shown in Fig 7.4C. The first thing of note, was the loss of nuclear staining, which 

suggests that the previously observed nuclear staining was non-specific. The second point of 

note was the staining intensity of 1B11, which was absent at the adhesion plane and 

progressively increased from this plane upwards.
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Figure 7.4. Immunolocalisation of PI-TPp using different antibody clones

Permeabilised (A) RMC and (B) RBL cells were fixed and stained using four a-PI-TPp clones: 

1811 (1/50), 4A7 (1/20), ICI (undiluted) and 888 (undiluted). Confocal microscopy was used to 

visualise the equatorial plane of these cells. (C) A confocal stack of permeabilised RPMC, fixed, 

and stained (1811) as in (A) and (B) with slight modifications.

172a



PI-TP: exocytosis and the actin cytoskeleton

These modifications were to (1) to immerse the slides in a beaker of buffer following fixation (to 

ensure complete removal of the paraformaldehyde), and (2) to double the concentration of 

blocking agent. The number in the left-hand corner of each slice indicates distance from the 

adhesion plane, in microns. Note that the strong nuclear staining in (A) and (B) is lost using the 

slightly modified staining protocol, designed to reduce non-specific staining.
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staining at the equatorial plane was associated with the perimeter of the cell. Above the nucleus 

intense staining was present throughout the cell interior. This intense staining localises to an area 

in which the golgi is normally found in RPMC. This localisation is in agreement with previous 

findings, which showed that PI-TPp preferentially localises to the Golgi (de Vries et al. 1994). 

RPMC were double labelled PI-TPP and TON 38 (to localise the Golgi need ref) to investigate 

whether PI-TPp did indeed localise to the Golgi of RPMC. The staining pattern of TGN-38 

however, was very diffuse and therefore did not provide further insight regarding the localisation 

PI-TPp.

One difference between findings of this study and those of de Vries, was that de Vries was 

unable show that PI-TPp localises to the plasma membrane (PM). This localisation of PI-TP 

would be predicted from the present knowledge, which suggests that this protein shuttles PI to 

the PM.

The above investigations provided a system by which to could be used to investigate how 1) Pl- 

TP's localisation compares with that of actin and, 2) whether and how PI-TP alters its localisation 

upon triggering.

7.3.2 Comparison between actin and PI-TP localisation

The localisation of p-actin and PI-TPa were very similar in RPMC (Fig 7.2B: 5F12). Both proteins 

localised to punctate structures within the cell interior, the cell nuclei and the plasma membrane. 

Double labelling cells with these two probes was attempted. However at the time of this study 

both the software and hardware proved inadequate to provide sufficiently good enough overlays 

to investigate co-localisation of the a-p-actin and PI-TPa co-localise. Thus it is not as yet clear 

whether these two proteins co-localise. The advent of better imaging programmes can now easily 

show whether these two proteins co-localise. The staining pattern of PI-TPp (Fig 7.3C) however, 

was different from that of either a-p-actin and RP.

7.4 Effect of PI-TPa and PI-TPp on exocytosis

Recombinant forms (prefix - r) of both PI-TPa and PI-TPp were used to investigate the role of PI- 

TP in mast cell exocytosis.
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Figure 7.5. The effect of A) rPi-TPa and B) rPI-TPp on RPMC exocytosis

Suspended permeabilised cells were pre-incubated with the indicated concentrations of (A) rPI- 

TPa and (B) rPI-TPp, for 5min. The cells were then triggered with (A) GTPyS/calcium/ATP 

(G/C/A), (■) calcium/ATP (C/A), or maintained at rest in (#) EGTA/ATP (E/A), for 20 min at 

30°C. Addition of the trigger diluted [PI-TP] by a third. Hexosaminidase release was determined 

after 20min. n=3.
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rPI-TP was introduced into suspended permeabilised cells in the presence of ATP (1mM), as the 

response to PI-TP had been previously shown to be ATP dependent (Thomas et al. 1993). The 

cells were pre-incubated with rPI-TP for 5min to allow PI-TP to enter the cells and activate PI-TP 

dependent processes, e.g. PIP and PIP2 production. Cells were then triggered using 

calcium/ATP, PGA 5, (C/A), GTPyS/calcium/ATP (G/C/A), or maintained at rest in EGTA/ATP 

(E/A). The effect of a concentration range of both rPI-TPa and rPI-TPp on RPMC secretion is 

shown in Fig 7.5A and 7.5B respectively. Under these conditions both rPI-TPa and rPI-TPp had 

minimal effects on C/A and G/C/A triggered secretion: only a small increase (max -5-10%) in 

secretion is seen at the highest [rPI-TP] used.

7.5 Effect of PI-TPa and PI-TPp on the F-actin cytoskeleton RPMC

Although PI-TP did not significantly modulate RPMC exocytosis, it may influence the cytoskeletal 

dynamics of basal and triggered cells. To investigate this possibility, attached cells were treated 

as above, fixed and stained with RP (Fig 7.6A and 7.6B). Basal (E/A) cells exposed to rPI-TPa 

(100|ig/ml) exhibited a small decrease in their cortical F-actin. This did not however appear to 

alter the ability of RMPC to undergo their normal cytoskeletal responses to the various triggers. 

Cells treated rPI-TPp (100|ag/ml) exhibited either a small decrease, or increase in cortical F-actin. 

Again like a  isoform, rPI-TPp was incapable of altering the cytoskeletal responses to stimulation. 

Thus it appears that under these conditions rPI-TP is not required for either the cytoskeletal or 

secretory responses of permeabilised RPMC.

7.6 Modifications in the protocol used

The lack of effect of PI-TP on the secretory responsiveness of RPMC may be due to the length of 

pre- incubation with the recombinant protein. The five minute pre-incubation with PI-TP may have 

been (1) insufficient for PI-TP to mediate its effects i.e. increase PIP2 etc, or (2) be too long, 

whereby factors required by PI-TP to mediate its effects are lost during this five minute period. 

Cells were therefore exposed to rPI-TPa at the time of triggering (Time 0) and at 5min and lOmin 

prior to stimulation, to investigate these two possibilities.
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PI-TP: exocytosis and the actin cytoskeleton
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Figure 7.6. The effect of A) rPI-TPa and B) rPI-TPp on the actin cytoskeleton

RPMC were pre-treated in the absence (control) or presence of (A) rPI-TPa (100 pg/m), or (B) 

rPI-TPp (100 pig/ml), for 5min. The cells were then triggered with calcium/ATP (C/A), 

GTPyS/EGTA/ATP (G/E/A), GTPyS/calcium/ATP (G/C/A), or maintained at rest in EGTA/ATP 

(E/A), for 20min at 30°C. Addition of the trigger diluted [PI-TP] by a third. The cells were then 

fixed and stained using RP ( 0.3 pM) and their equatorial planes visualised using confocal 

microscopy.
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Secretion was then measured and the results presented in (Fig 7.7). This showed that the length 

of pre-incubation (within these limits) does not alter the effect of rPI-TPa on the secretory 

responsiveness of RPMC.

The lack of effect of rPI-TP on both exocytosis and the cytoskeleton may be due to RPMC being 

already primed i.e. contain sufficient amounts of PIP2 negating the requirement for PI-TP. To test 

this hypothesis cells were metabolically inhibited, to deplete ATP and thus PIP2 . This assay also 

provided an excellent opportunity to investigate the whether PI-TP is required for the final 

exocytotic events in addition to its proposed role in priming (Hay and Martin, 1993). In this assay, 

metabolically inhibited cells were permeabilised, pre-treated with PI-TPa, washed and either, (1) 

triggered in the absence of PI-TPa - to investigate the role of PI-TP in priming, or (2) triggered in 

the presence of PI-TPa - to investigate the role of PI-TP in both priming and triggering (Fig 

7.8). If PI-TPa is only involved in priming, rPI-TP-induced increase in secretion would be 

expected to be the same in (1) and (2). However, if PI-TP is involved in the final exocytotic 

events, then secretion from cells, exposed to PI-TP both before and during triggering (2), would 

be expected to be greater than that from cells, exposed to PI-TP only prior to triggering (1). The 

results of this assay revealed that PI-TP present only prior to triggering promoted 

GTPyS/calcium/ATP secretion by -10%, while PI-TP present both prior to and during triggering 

increased secretion by -20%. These results indicate that PI-TP may be involved in both the 

priming and triggering events of GTPyS/calcium/ATP mediated secretion in RPMC.
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Figure 7.7. Duration of rPI-TPa pre-incubation: effect on the ability of rPI-TPa to modulate 

RPMC exocytosis

Suspended permeabilised cells were pre-incubated in the ( • )  absence or (A) presence of rPI- 

TPa (120 |ig/m) for indicated times. The cells were then triggered with GTPyS/calcium/ATP 

(G/C/A), or calcium/ATP (C/A), or maintained at rest in EGTA/ATP (E/A), for 20 min at 30°C. 

Addition of the trigger diluted [PI-TP] by a third. Hexosaminidase release was determined after 

20min. Error bars represent SE, n=3.
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Figure 7.8. The effect of rPI-TPa on secretion from metabolic inhibited RPMC

Intact cells were metabolically inhibited for 25 min at 30°C. The cells were then washed in CB 

(containing no glucose), centrifuged, and the pellet resuspended. The cells were then 

permeabilised, washed and left at RT for 10 min (to "run down”). The cells were then pelleted, 

resuspended in EGTA/ATP and divided into two (1) and (2). To (1) and (2) was added rPI-TPa 

(100 ng/ml) and control buffer respectively. The cells were then incubated at 37°C for 10 min, 

washed (to remove PI-TP), and resuspended in EGTA. (1) cells were then divided into two, (1A) 

and (IB): (1A) cells were exposed to rPI-TPa (100 pig/ml) and (IB) cells exposed to control 

buffer. All cells were then directly triggered with using calcium/ATP (C/A), GTPyS/EGTA/ATP 

(G/E/A), GTPyS/calcium/ATP (G/C/A), or maintained at rest in EGTA/ATP (E/A), for 15 min at 

30°C. Addition of the trigger diluted [PI-TP] by a half. Hexosaminidase release was determined 

after 20 min. Error bars represent SE, n=3. (1A) Investigates the role of PI-TP in priming and 

triggering, (IB) Investigates the role of PI-TP in priming alone.
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7.7 Summary 

Localisation

•  Most PI-TPa leaks out of permeabilised cells within 15min,

•  Cell attachment significantly reduces PI-TPa leakage from mast cells

•  Only a dim band representing PI-TP(3 was visible on the western blots of RPMC samples

Isoform RPMC RBL
PI-TPa •  Punctate structures 

throughout the cell interior
•  Plasma membrane
•  Nuclei

•  Throughout the cell interior
•  Plasma membrane

PI-TPp •  Strongly associated with an 
area above the nucleus

•  Punctate structures
•  Plasma membrane

•  Strongly associated with 
the perinuclear region

•  The localisation of PI-TPa and p-actin are very similar in RPMC

• The localisation of PI-TPp and p-actin are dissimilar in RPMC

Effects on secretion

•  rPI-TPa and rPI-TPp only marginally altered the secretory responses of permeabilised RPMC

• The length of pre-incubation with rPI-TPa did not influence its effects on secretion from

permeabilised mast cells

•  Effects of rPI-TPa on secretion became apparent when metabolically inhibited cells were used.
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7.8 Discussion

The first aim of this work was to investigate the localisation of both PI-TPa and p in both RPMC 

and RBL cells, and to compare this with localisation of actin. This was followed by an 

investigation into how these isoforms of PI-TP altered both the secretory and cytoskeletal 

responses of RPMC.

7.8.1 PI-TPa: its presence in mast cells and its localisation

Western blot analysis revealed that RPMC express PI-TPa, which appears to be mostly cytosolic 

as revealed by its leakage from permeabilised RPMC (Fig 7.1). This is in line with the findings of 

other groups (de Vries et al. 1996). This analysis also revealed that PI-TPa exists in two forms, 

one ~1-2kDa larger than the rPI-PTa standards. This slightly larger form of PI-TPa may 

represent a phosphorylated form of this protein, as PI-TP contains five PKC consensus sites. 

Interestingly, phosphorylation of rPI-TP on residue Thr-59, by PKC, selectively down regulates its 

transfer activity i.e. it does not affect its PC transfer activity (Alb et al. 1995). This suggests a 

possible mechanism for the regulation of PI-TP PI transfer activity. Snoek et al (1993) showed 

that stimulation of quiescent swiss 3T3 mouse fibroblast by PMA induced the relocalisation of PI- 

TP to the golgi. However bombesin, which binds to a specific receptor that activates PLC 

dependent breakdown of PIP2, induced a relocalisation of PI-TP to the golgi without increasing 

the phosphorylation state of PI-TP. Thus the precise role of this phosphorylation, is as yet not 

clear.

Preliminary results indicate that cell attachment significantly reduces the leakage of PI-TPa from 

RPMC. This suggests that cell attachment alters the localisation of PI-TPa. The use of a set of 

PI-TPa antibody clones revealed that PI-TPa localises to punctate structures throughout the cell 

interior, to the plasma membrane and the nucleus of RPMC (Fig 7.2A and 7.2B). The localisation 

of PI-TPa in RBL cells was found to be slightly different with a more homogenous staining within 

the cell interior and no nuclear staining. This may in part be due to differences in internal 

structure, with the secretory granules constituting a significantly greater proportion of the cell 

volume in RMPC in comparison to RBL cells. It would be interesting to ascertain which 

membranes these punctate dots localise to, as it might provide further insight into the function(s)
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of this protein. Significantly, it has t)een reported that although PIP2 is highly enriched at the 

plasma membrane, phosphatidylinositol (PI) and phosphatidylinositol 4-phosphate (PI4P), the 

precursors for PIP2 synthesis, localise predominantly to golgi I endoplasmic reticulum I 

azurophillic granules membranes (Whatmore et al. 1996). These membranes contained 

substantial PI 4-kinase activity and some PI4P 5-kinase activity, illustrating the potential for PIP2 

synthesis - although the major site of PIP2 production is at the plasma membrane. It has been 

suggested that PI-TP promotes PIP2 synthesis by presenting lipid to these kinases (refer to 

section 7.1.1). The punctate PI-TP structures within the cell interior may therefore represent its 

localisation to sites of PIP synthesis. As a PI4-kinase antibody exists it would be interesting to 

see whether PI-TP and PI4-kinase co-localise in RPMC.

PI-TP has been shown to augment secretion induced by a number of different triggers, most 

probably via promoting PIP2 production(refer to section 7.1.1). In Clara cells - secretory cells in 

the lung, PI-TPa was detected on secretory granules and on the apical membrane from which 

granules were released (Ibrahim and Funkhouser 1997). Moreover in PCI2 cells it has been 

suggested that PI-TP may act co-operatively with PI4-kinase which was detected on secretory 

vesicles (Wiedemann et al. 1996). However the presence of PI4-K on the secretory granules of 

either HL60 or RBL cells has yet to be demonstrated. Moreover PI-TPa does not appear to 

significantly localise to the granule membrane of basal RPMC. However PI-TPa may relocalise 

upon cell activation as reported by Snoek et al (1993).

7.8.2 PI-TP and actin

In RPMC the localisation of PI-TPa was very similar to that of p-actin. At the time of this study no 

suitable software was available to confirm or dispute the co-localisation of these two proteins. 

With the advent of more sophisticated imaging systems and computer software this could now be 

easily investigated. As noted above PI-TP enhances PIP2 production. This phosphoinositide 

associates with a number of actin-binding proteins, resulting in the dissociation of these proteins 

from actin. (Refer to section 1.4.2.4) The similarity in the localisation of PI-TPa and p-actin may 

represent such a regulation. It would be interesting to investigate whether reorganisation of the 

actin cytoskeleton induced by triggering also induces relocalisation of PI-TPa
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7.8.3 PI-TPg: its presence In mast cells and Its localisation

Western blots of RPMC samples did not identify the presence of PI-TPp. This observation is 

surprising, as this isoform has been shown to be present in RBL cells (Way. 1998) in ~ equal 

amounts to PI-TPa. The addition of rPI-TPa to pellet samples of RPMC revealed that 

endogenous PI-TPa was significantly digested by RPMC proteases such as tryptase and 

chymase. Thus it maybe that PI-TPp is being digested such RPMC prbteases. Way (1998) also 

found that PI-TPp was, unlike PI-TPa, retained within permeabilised cells, suggesting 

association of the beta isoform of PI-TP with membranes.

PI-TPp was however immunolocalised in RPMC using the same antibody (a-PI-TPp). In the 

immunolocalisation protocol, the granule membranes are not lysed prior to fixation, which 

probably accounts for the presence of PI-TPp in these cells. This immunolocalisation revealed 

that PI-TPp localises mainly an area above the nucleus, it also localises to punctate structures 

and in a proportion of cells to the plasma membrane. In RPMC, the golgi lies just above the 

nucleus. Thus PI-TPp might be localising to the golgi of RPMC. The golgi marker TGN-38 was 

used to try and confirm this localisation however indistinct staining proved this method unsuitable. 

A number of other groups however have shown that localises to the golgi of swiss 3T3 mouse 

fibroblast (Snoek et al. 1992). It is thought that PI-TPp maintains the PI/PC ratio of in golgi 

membrane. Cleves et al (1991) proposed this role of PI-TPp was essential for the normal 

functioning of the golgi's secretory processes. The localisation of PI-TPp differs quite 

substantially from that of p-actin, with regard to the golgi, although both proteins localised to 

punctate structures and to the plasma membrane.

7.8.4 The effect of rPI-TPa and rPI-TPp on the secretory and the actin cytoskeleton

Using either HL60 or RBL cells, previous groups have found that both recombinant PI-TPa and 

PI-TPp enhanced secretion induced by GTPyS/calcium/ATP (G/C/A) and antigen (Thomas et al. 

1993, Way. 1998). PI-TP is thought to promote secretion via enhancing PIP2 production (refer to 

section 7.1.1). In this study neither isoform of PI-TP (up to 100 ng/ml) modulated G/C/A induced
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secretion. RPMC release 60% to 80% of their total hexosaminidase content in response to G/C/A. 

rPI-TP therefore has only a small window in which to enhance secretion.

These observations suggest that the signalling pathways of RPMC might be slightly different from 

those of RBL cells with regard to PI-TP. Significantly the secretory response of RPMC and RBL 

cells to G/C/A differs. RPMC secrete 60-80% of their total hexosaminidase content within ~1- 

2min of exposure to G/C/A. This compares with RBL cells which secrete only 40% to 50% of 

their total hexosaminidase content within -10 to 15 min of exposure to this trigger. It was 

hypothesised in this study that the rapid and large response of RMPC to G/C/A maybe due to the 

cells being pre-primed, thereby avoiding the requirement for PI-TP: the role of PI-TP in priming 

was reported by Hay et al (1995). Depletion of ATP uncovered a requirement for PI-TPa in G/C/A 

induced secretion from RPMC (Fig 7.8): PI-TPa enhanced G/C/A triggered secretion by -20%. 

This suggests that RPMC are possibly already primed although as metabolic inhibition has 

substantial effects on cellular processes this is only a theory. The findings of this study show that 

PI-TPa present only prior to triggering induces a -10% increase in secretion. These observations 

suggest that in addition to the previously reported role of PI-TP in priming, it may also play a role 

in the final stages of exocytosis. This is in agreement with the observation that PI-TPa 

translocates to the plasma membrane during antigen induced exocytosis at a rate which parallels 

the time course of secretion (Way. 1998).

PI-TPa cannot by itself induce secretion, requiring GTPyS, calcium and ATP to be able to 

modulate this cellular function. This suggests that the signal transduction pathway by which PI- 

TPa enhances secretion involves a G-protein. The observations of both Fensome et al (1996) 

and Way (1998) suggest that this G-protein is probably not ARF, which has been shown to 

restore exocytosis by enhancing PIP2 production via PLD (refer to section 1.2.4.1). Possible 

candidates for this G-protein include Rac and Rho, which have been shown to enhance calcium- 

mediated secretion in RPMC (Price et al. 1995, refer to section 1.2.6). This is under investigation 

by other groups.
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Conclusions

RPMC contain PI-TPa and almost certainly PI-TPp. This study has found that these proteins 

localise to the plasma membrane in RPMC in addition to their localisation at the previously 

reported sites. The localisation of PI-TPa is very similar to that of p-actin in RPMC. PI-TP did not 

enhance G/C/A induced secretion from permeabilised RPMC. However, when cells were 

metabolically inhibited before permeabilisation, the requirement for PI-TPa became apparent.
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