PAGE  
124
Chapter 5: The effect of clusterin on proIAPP amyloid formation and cytotoxicity 


5.1 CYTOTOXICITY ASSOCIATED WITH AMYLOID FORMATION

5.1.1 The effect of IAPP amyloid formation on -cell destruction


Islet amyloid deposits formed in the islets of Langerhans of the pancreas are a common characteristic of Type 2 diabetics, being found in 96% of patients and may occupy up to 80% of the islet (Clark et al., 1995). Early observations that islet amyloid co-localises with -cell destruction in the islets of Langerhans lead to the hypothesis that cell contact with insoluble fibrils lead to cell death (Lorenzo et al., 1994, Lorenzo and Yankner, 1996).   Moreover, cytotoxicity is correlated with the amyloidogenicity of different species-specific variants of IAPP. Rodent IAPP, which is non-amyloidogenic, is not cytotoxic but human IAPP, which is amyloidogenic, is cytotoxic (Lorenzo et al., 1994). More recent research indicates that it is the process of amyloid formation which is associated with cytotoxicity and the cytotoxic species is likely to be an amyloidogenic intermediate and that the fibril is relatively inert (Kayed et al., 2003, Janson et al., 1999). 

Cytotoxicity is seen with clinically relevant amyloid forming proteins including IAPP, A, calcitonin and atrial natriuretic peptide, suggesting that it is not a specific interaction between a protein and target (Schubert et al., 1995). Cytotoxicity is also observed with proteins that can be induced to form amyloid in vitro that are not associated with a clinical illness, such as the SH3 domain from bovine phosphotidyl-inositol-3’-kinase and the N-terminus of the E. coli HypF protein (HypF-N) suggesting that this is a generic property of amyloid-forming proteins (Bucciantini et al., 2002, Stefani and Dobson, 2003). Two major mechanisms have been proposed to explain cell death associated with amyloid forming proteins: non-specific ion channel formation in the cell membranes and oxidative stress; these are discussed below. 

5.1.2 Amyloidogenic intermediates are the toxic species

Part of the confusion over whether fibrils were the toxic species may have come from experiments where the amyloidogenic protein was added to cells in a soluble form and cell death measured typically a couple days later, by which time fibrils could be seen in the medium (Lorenzo et al., 1994) and therefore fibrils appeared to be the cytotoxic species. More recent studies carried out using mature fibrils, formed separately, and subsequently added to cells and cultured for a couple of days, have shown that the mature fibrils are not cytotoxic (Janson et al., 1999). In the case of hIAPP, amyloidogenic intermediates containing 25-6,000 monomers have been identified as the toxic species, which rapidly form after hIAPP is redissolved (Janson et al., 1999). These amyloid precursors precede amyloid formation and are consumed as fibrils form. Similar observations have been made with HypF-N, a protein unrelated to a clinical disease that has been used as a model of amyloidosis and which forms amyloid over 500 h, allowing better resolution of amyloidogenic species that may be toxic (Bucciantini et al., 2002).  Freshly redissolved HypF-N and mature HypF-N fibrils were not toxic (Bucciantini et al., 2002). The most toxic aggregates were small fibrillar species with a width of 4-8 nm and 25-60 nm long. HypF-N preparations became progressively less toxic as mature fibrils, which were up to several hundreds of nm long, replaced these shorter toxic species. 

5.1.3 The ion channel hypothesis 


The formation of non-specific ion channels or pores in cell membranes by amyloidogenic proteins, leading to loss of ion homeostasis, is believed to be one of causes of cytotoxicity (Kourie and Henry, 2002). The membrane-lytic peptides, mellitin and mastoparan, which are components of bee and wasp venom respectively, recapitulate many of the features of cytotoxicity exhibited by amyloidogenic peptides (Schubert et al., 1995, Kourie and Henry, 2002). Amyloidogenic intermediates of hIAPP, but not mature hIAPP fibrils or rIAPP, induce electrical and physical breakdown in lipid bilayer membranes (Janson et al., 1999, Harroun et al., 2001, Porat et al., 2003, Mirzabekov et al., 1996). Oligomeric aggregates of A, prion peptide, IAPP, polyglutamine and lysozyme, but not the monomeric or fibrillar forms have also been shown to increase membrane permeability (Demuro et al., 2005, Kawahara et al., 2000). The ability of hIAPP to form ion channels and disrupt lipid bilayers parallels the cytotoxicity of hIAPP and disappears as fibrils form (Porat et al., 2003, Anguiano et al., 2002). 

A variety of amyloidogenic intermediate species have been identified as responsible for toxicity. The formation of toxic hIAPP species is associated with the conversion from a random coil secondary structure to a -sheet rich secondary structure (Porat et al., 2003). This is consistent with the lack of cytotoxicity exhibited by rIAPP (Schubert et al., 1995), which is always random coil (Higham et al., 2000) and is unable to form ion channels (Porat et al., 2003). For hIAPP, light scattering measurements have led to estimates that the IAPP amyloidogenic intermediates contain 25-6,000 monomers (Janson et al., 1999) and 170,000-690,000 monomers (Anguiano et al., 2002). Part of this variability in estimated molecular weight is due to oligomers increasing in size with time, before elongating into fibrils. Light scattering techniques can only provide an estimation of the average molecular weight as some of the oligomers are not spherical, contributing to modelling difficulties (Janson et al., 1999). Moreover the soluble species are composed of monomer and a heterogenous assortment of oligomers (Anguiano et al., 2002). A 15-20 nm globular species and short fibrils approximately 100 nm long (Anguiano et al., 2002) have been described as the toxic intermediates for IAPP. An approximately 5 nm globular species has been described as a toxic intermediate for A (Lambert et al., 1998). These seemingly different amyloidogenic intermediates may share a common structural motif. A polyclonal antibody was produced that was specific for soluble A oligomers but not monomers or oligomers below an octamer or mature A fibrils (Kayed et al., 2003).  This polyclonal antibody was also specific for oligomers but not the monomers or mature fibrils formed from other amyloidogenic proteins including: IAPP, lysozyme, -synuclein, prion 106-126, insulin and polyglutamine (Kayed et al., 2003). The cytotoxicity of these oligomers could be abolished by pre-incubation with this polyclonal antibody prior to being added to cells (Kayed et al., 2003). 

5.1.4 The role of Ca2+ in cytotoxicity 

Channels formed by IAPP allow the passage of small molecules such as ions but exhibit poor ionic selectivity. The channels allow Ca2+ (MW = 40) to cross but not Fura-2 (MW = 832) or FITC-dextran (MW = 4400) (Anguiano et al., 2002). Channels formed by IAPP were permeable to Na+, K+, Ca2+ and Cl- (Mirzabekov et al., 1996). The ability to cause membrane permeability to Ca2+ is common to oligomeric aggregates of A, prion peptide, IAPP, polyglutamine and lysozyme (Demuro et al., 2005, Kawahara et al., 2000). The channels formed by IAPP are likely to be similar to the donut-shaped channels formed by A in lipid bilayer membranes seen by atomic force microscopy (Lin et al., 2001). 

The influx of Ca2+ into the cell is believed to be the major contributor to the loss of cell homeostasis, cell damage and cell death. HypF-N and A toxicity have been shown to be inhibited by the replacement of medium with a Ca2+-free medium (Lin et al., 2001, Demuro et al., 2005, Bucciantini et al., 2004). The rise in cytosolic Ca2+ was greatly reduced but not abolished in the Ca2+-free medium and this may be due to a slower release of Ca2+ from intracellular stores such as the endoplasmic reticulum (Demuro et al., 2005).

5.1.5 Modulators of pore formation

Channel formation is dependent on ionic strength. An increase in ionic strength from 10 mM KCl to 100 mM KCl decreased the membrane-activity of IAPP by approximately 100-fold (Mirzabekov et al., 1996). The authors propose that under physiological conditions ion channel formation is likely to be far slower than seen experimentally under low salt conditions and could account for the slow cell death associated with amyloidoses observed in vivo.


Channel formation is dependent on the lipid membrane composition. IAPP exhibited the highest channel-forming activity in membranes composed of lipids that carried at high net negative surface charge (phosphatidylcholine/phosphotidylserine/phosphatidic acid, 3:1:1 (w/w/w)), compared to membranes composed of lipids with a net neutral surface charge (diphytanoylphosphocholine) (Mirzabekov et al., 1996). Although the charge of hIAPP under conditions which favour channel formation in vivo is not known; hIAPP is likely to be positively charged at neutral pH, suggesting that ionic interactions may be important in the insertion of IAPP oligomers into the membrane (Mirzabekov et al., 1996). A peptide is also positively charged at neutral pH and exhibits a preference for negatively charged phospholipids over phospholipids with a neutral charge (Kawahara and Kuroda, 2000). 

Another factor which may influence channel formation is membrane fluidity. Membranes with a high concentration of cholesterol were resistant to IAPP channel formation (Mirzabekov et al., 1996). Enrichment of membranes with cholesterol by pre-treating neuronal cells with soluble cholesterol, prior to the addition of A peptide, conferred resistance to channel formation (Kawahara et al., 2000, Arispe and Doh, 2002). Removal of cholesterol from cell membranes makes neuronal cells more sensitive to the action of A (Arispe and Doh, 2002). Cholesterol has been shown to decrease the fluidity of membranes (Lundbaek et al., 1996) and may therefore make the insertion of amyloidogenic peptides more difficult (Kawahara et al., 2000). Although there are insufficient data on the differences in cholesterol content and lipid composition of different cell types, this mechanism has been proposed to contribute to the variable sensitivity of different cells to amyloid toxicity (Abramov et al., 2004b).
5.1.6 The oxidative stress hypothesis

A variety of amyloid-forming proteins including A peptide, IAPP, calcitonin and atrial natriuretic peptide, have been shown to induce an increase in the intracellular concentration of reactive oxygen species (ROS) (Behl et al., 1994, Schubert et al., 1995, Janciauskiene and Ahren, 1998, Janciauskiene and Ahren, 2000, Konarkowska et al., 2005). hIAPP, but not the non-amyloidogenic rIAPP, leads to an increase in ROS (Schubert et al., 1995). Reactive oxygen species include superoxide radical (O2 -), hydroxyl radical (OH˙) and hydrogen peroxide (H2O2). ROS are produced in normal cellular processes such as oxidative phosphorylation. 

Cells have protective mechanisms against oxidative damage including antioxidants and enzymes that degrade ROS. Excessive ROS, generated either due to insufficient protective mechanisms or excessive production, can cause oxidative damage of DNA, proteins, lipids and other cellular components, which can lead to cell death (Droge, 2002). The attenuation of cytotoxicity mediated by A, IAPP, calcitonin, atrial natriuretic peptide and HypF-N, by the antioxidants vitamin E and the spin trap agent N-t-butyl--phenylnitrone (Schubert et al., 1995, Behl et al., 1994, Bucciantini et al., 2004) are further evidence for the involvement of ROS. Another measure of oxidative stress is the upregulation of detoxifying enzymes (Figure 5.1) following a stimulus of an amyloidogenic protein. Glutathione reductase (Janciauskiene and Ahren, 1998) and glutathione peroxidase (Janciauskiene and Ahren, 2000) are upregulated in pancreatic -cell lines following the addition of IAPP. B12 cells transfected with cDNA for catalase and GSH peroxidase were more resistant to A peptide than untransfected B12 (Sagara et al., 1996). 


Figure 5.1. Degradation pathways for reactive oxygen species. The superoxide radical (O2-) can be converted to H2O2 via superoxide dismutase. H2O2 can be converted to water via catalase. Alternatively H2O2 can be converted to water via GSH peroxidase, which in the process oxidises GSH to GSSG.  GSH reductase maintains the pool of GSH. 


Cell lines that are sensitive to A, when grown in toxic concentrations of A for prolonged periods of time, undergo changes and become resistant to A toxicity (Schubert et al., 1995, Sagara et al., 1996, Behl et al., 1994). The changes include an increase in glutathione peroxidase and catalase activities (Sagara et al., 1996). The resistant variants were also far less sensitive to exogenously applied H2O2 (Behl et al., 1994). The variants of these cells that were resistant to A toxicity, were also resistant to IAPP, calcitonin and atrial natriuretic peptide, indicating that at least this step in the toxic pathway is shared (Schubert et al., 1995). 

The varying ability of different cell types to deal with ROS may explain why different cells both show variable sensitivity to the amyloidogenic peptides. Two different insulin producing cells lines show variable sensitivity to IAPP. HIT-T15 cells were resistant and RIN-m5f cells were sensitive (Janciauskiene and Ahren, 1998). HIT-T15 cells were found to be more resistant to exogenously applied H2O2 (Janciauskiene and Ahren, 1998). When IAPP is added to cells, HIT-T15 cells increase glutathione peroxidase activity by 5-fold but RIN-m5f cells do not (Janciauskiene and Ahren, 2000). 


The intracellular accumulation of H2O2 is caused by the activation of the plasma membrane-bound enzyme NADPH oxidase. Diphenylene iodonium (DPI), a inhibitor specific for NADPH oxidase, inhibited the H2O2 accumulation and cytotoxicity following a stimulus with amyloidogenic proteins (Behl et al., 1994, Schubert et al., 1995, Abramov et al., 2004a). Specific inhibitors of other candidate enzymes: xanthine oxidase, cyclooxygenase, lipoxygenases and monoamine oxidases, had no effect (Behl et al., 1994). 

5.1.7 Association of ROS with Ca2+ influx


Rises in cellular ROS and Ca2+ levels have both been observed as early signals following a challenge with amyloidogenic proteins. Increases in ROS levels have been observed prior to Ca2+ rises, following a challenge with HypF-N (Bucciantini et al., 2004) and A (Abramov et al., 2004a) but both are present within 20 min after application of the amyloidogenic proteins to cells. The evidence for whether these are two independent responses or related in some way is less clear. The ROS increases were almost completely abolished after a challenge with A, if the cells were in Ca2+ free media (Abramov et al., 2004b). The ROS increases were therefore proposed to be a side effect of increased oxidative phosphorylation as the cell tries to restore ion gradients following a Ca2+ influx. The authors also suggested that the ROS could be due to a Ca2+-dependent activation of NADPH oxidase. 

 However similar levels of ROS were seen regardless of the presence or absence of Ca2+ in the media following the addition of HypF-N to NIH/3T3 murine fibroblasts and H-END murine endothelioma cells (Bucciantini et al., 2004). ROS was abolished after the addition of HypF-N by incubating the cells in the presence of vitamin E. The rise in Ca2+ levels was abolished when cells were cultured in the Ca2+ free media and was also abolished in the presence of vitamin E, suggested that the Ca2+ rise may be dependent on ROS.  

5.1.8 Cell death may occur by apoptosis or necrosis


The decision of a cell to undergo apoptosis or necrosis following a stimulus of an amyloidogenic peptide may be dependent on the cell type. Apoptosis is induced by the addition of IAPP to primary rat islet cultures (Lorenzo et al., 1994), undifferentiated PC12 cells (MacGibbon et al., 1997) and to the rat insulinoma cell line, RIN-m5f cells (Konarkowska et al., 2005, Bai et al., 1999, Janciauskiene and Ahren, 1998) .  However cell death occurred by both apoptosis and necrosis when IAPP was added to human islet cultures (Janson et al., 1999).  The addition of HypF-N to two cell lines: H-END and NIH/3T3 cells, led to cell death occurring by apoptosis and necrosis, respectively (Bucciantini et al., 2005). 

5.2 THE ROLE OF CHAPERONES IN AMYLOID DISEASES 

5.2.1 Clusterin and Alzheimer’s disease

The sHSP family of molecular chaperones are specifically involved in the prevention of protein aggregation under stress conditions (Section 1.11). The presence of amyloid represents a failure of chaperones to prevent aggregation. This may be due to the formation of intermediates that are sufficiently structured to escape detection by chaperones (Horwich, 2002) or chaperone-overload (Stefani and Dobson, 2003). The majority of amyloid deposits are found extracellularly, where few chaperones have been identified. Of these extracellular molecular chaperones clusterin has been the most well studied and will be discussed in detail below.  


The association between clusterin and amyloidosis has been most well studied in the context of Alzheimer’s disease. One characteristics of Alzheimer’s disease is the conversion of soluble A to insoluble amyloid. Soluble A peptides are 39-73 amino acids in length that are derived from the amyloid precursor protein through endoproteolytic cleavage. Deposition of A occurs in the central nervous system and cerebral vessels (Calero et al., 2000). In Alzheimer’s disease both mRNA and protein expression of clusterin are upregulated in the brain (Lidstrom et al., 1998, Oda et al., 1994). 

Clusterin is a major carrier protein for soluble A in cerebrospinal fluid and plasma in unaffected individuals (Ghiso et al., 1993). Clusterin forms complexes with soluble A in a 1:1 molar ratio (Matsubara et al., 1995) with high affinity (Kd = 2 nM) (Matsubara et al., 1996). These clusterin:A complexes can cross the blood-brain barrier and the blood-cerebrospinal fluid barrier via the megalin receptor (Kounnas et al., 1995, Zlokovic et al., 1996). This suggests that clusterin has a role in transport and clearance of A. 

Clusterin has been shown to inhibit A amyloid formation in vitro (Matsubara et al., 1996, Oda et al., 1995). A in a 1:1 complex with clusterin is almost completely resistant to amyloid formation; after 72 h at 37 oC greater than 95% of A was soluble compared to only 4%  in the absence of clusterin (Matsubara et al., 1996). At a clusterin:A ratios of 1:50, clusterin slows but cannot completely inhibit amyloid formation (Oda et al., 1995). The upregulation of clusterin in Alzheimer’s disease (Lidstrom et al., 1998, Oda et al., 1994) could be a mechanism to inhibit further A amyloid formation. 

However there are conflicting reports of clusterin’s effect on A toxicity. In one study, freshly dissolved A was added to hippocampal cultures in the presence or absence of clusterin. The cells were cultured for a further 4 days and cell viability was measured using a lactate dehydrogenase assay. Clusterin abolished toxicity at a clusterin:A ratio of 1:50 but was still protective at a molar ratio of 1:250 (Boggs et al., 1996). Clusterin could not inhibit cytotoxicity due to exogenously added H2O2, arguing against a direct cellular effect of clusterin on A-induced ROS (Boggs et al., 1996). In another study clusterin was shown to increase the toxicity (Oda et al., 1995). A in the presence and absence of clusterin was incubated for 2 days and then added to the neuronal cell line, PC12, which were cultured for a further 24 h and the cell viability was measured by [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide](MTT) assay. At a molar ratio of clusterin: of 1:40, A was 4-fold more toxic  in the presence of clusterin compared to A alone. Soluble oligomers of A, containing between 4 and 10 monomers) were found to be responsible for the toxicity and did not contain clusterin (Lambert et al., 1998). The formation of these toxic soluble A oligomers was not specific to the presence of clusterin, as they could be formed in the absence of clusterin, under reduced temperatures (incubation at 4 oC) or in very dilute solutions (50 nM) (Lambert et al., 1998). There are no obvious reasons for the completely contradictory results. The clusterin used in both A cytotoxicity studies was purified from human serum. The length of the Apeptide differed, being 1-40 (Boggs et al., 1996) and  1-42 (Oda et al., 1995), however clusterin has been shown to inhibit amyloid formation of both these  peptides (Matsubara et al., 1996). 

The role of clusterin in A became even more unclear with the development of a PDAPP clusterin-/- mouse, a transgenic mouse model of Alzheimer’s disease, which was also a knockout for clusterin (DeMattos et al., 2002). The PDAPP clusterin-/- mice had significantly fewer amyloid deposits compared to the PDAPP clusterin+/+. This suggests that although clusterin is not critical for A amyloid formation, it promotes formation of amyloid from A. Clusterin also appeared to increase the neuritic toxicity that is associated with amyloid deposits. Although the PDAPP clusterin-/- mice had fewer amyloid deposits, the nearby neuritic dystrophy was markedly reduced compared to that seen surrounding the amyloid deposits of PDAPP clusterin+/+ mice.

The results of the PDAPP, apoE-/- clusterin-/- transgenic mouse, only increase the confusion over the role of clusterin in Alzheimer’s disease (DeMattos et al., 2004). Apolipoprotein E is one of the ubiquitous proteins found to co-localise with amyloid deposits. The 4 allele of apolipoprotein E is a genetic risk factor for Alzheimer’s disease (Hyman et al., 1996). PDAPP, apoE-/- mice have significantly fewer amyloid deposits compared to PDAPP, apoE+/+ mice (DeMattos et al., 2004). However PDAPP, apoE-/-, clusterin-/- mice had significantly earlier onset of A deposition and more amyloid deposits (DeMattos et al., 2004). These mice had an increased soluble A and decreased elimination half time of this soluble A suggesting that clusterin and apoE may be involved in the elimination of soluble A in the extracellular space. The disruption of clusterin and/or apoE-mediated clearance of soluble A, appears to have contributed to the earlier onset of A deposition and greater amyloid deposits (DeMattos et al., 2004).

5.2.2 Clusterin and other amyloidoses

 The inhibition of amyloid formation by clusterin in vitro is not restricted to A. Clusterin has been shown to inhibit amyloid formation of prion protein, associated with transmissible spongiform encephalopathy (McHattie and Edington, 1999) and delipidated apolipoprotein C II, an in vitro model of amyloidogenesis (Hatters et al., 2002). Clusterin expression is increased in human and mouse brains infected with transmissible spongiform encephalopathy and clusterin co-localises with the amyloid deposits (Sasaki et al., 2002). Clusterin knockout mice inoculated with TSE have an increased mean incubation time after being inoculated with the disease (Kempster et al., 2004). The authors suggest that clusterin could promote the formation of prion amyloid deposits or alternatively the absence of clusterin may mean other proteins interact with prion peptide, which leads to a decrease in BSE incubation time (Kempster et al., 2004). 

5.2.3 Clusterin and Type 2 diabetes 

Serum clusterin levels are elevated in human Type 2 diabetics (Trougakos et al., 2002) and clusterin was found to be overexpressed in a rat model of Type 2 diabetes (Kim et al., 2001). Type 2 diabetes was induced by injecting neonatal rats with streptozotocin that results in the specific destruction of islet -cells. Clusterin immunoreactivity was confined to islet -cells and was absent from the -cells (Kim et al., 2001). The increase in clusterin expression was observed during the period of -cell cell proliferation rather than at the time of injury and may help to restore -cell mass after islet injury (Kim et al., 2001).  In human Type 2 diabetes IAPP amyloid formation is linked to the destruction of -cells and a small but significant increase in -cell mass (Clark et al., 1995). 

5.2.4 Aims of this study

We investigated the role of clusterin in amyloid formation and cytotoxicity using proIAPP as a model for IAPP. In addition, proIAPP may also have a role in amyloid formation in Type 2 diabetes (Section 1.10). 

We carried out ThT assays of amyloid formation to see if clusterin was able to inhibit proIAPP amyloid formation and investigated the interaction between clusterin and proIAPP using a variety of biophysical techniques including far UV CD spectropolarimetry, ELISA and transmission electron microscopy (TEM). The effect of clusterin on the cytotoxicity of proIAPP was then investigated using a pancreatic -cell line RIN-m5f. 
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