
1 
 

 
Lysosomal Ca2+ Signalling  

and Neurodegeneration  

 

- A Global View 

 
 

 

 

Elizabeth Lucy Yates 
 

 
 

A thesis submitted for the degree of Doctor of Philosophy 
 
 
 

Department of Cell & Developmental Biology 
University College London 

 

May 2017 

 
 

 

 



2 
 

Declaration 

I, Elizabeth Yates, confirm that the work presented in this thesis is my own. Where information 

has been derived from other sources, I confirm that this has been indicated in the thesis. 

 

Elizabeth Yates 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 
 

Abstract 

Dysfunction of the lysosomal Ca2+ channels TRPML1 and TPC2 has been implicated in 

neurodegenerative disease. However, there is little information about the involvement of these 

channels in cell-wide global Ca2+ signalling and it is unknown whether their dysfunction 

contributes to neurodegeneration by disturbing it. 

 

First, by using synthetic compounds, I demonstrate that TRPML1 activation causes global Ca2+ 

signals. In contrast with the predominant lysosomal localisation of the channel these Ca2+ signals 

comprised a small lysosomal contribution and a large Ca2+ entry component. Examination of 

TRPML1-mediated Fe2+ entry posed the possibility that divalent cation entry can occur directly 

through TRPML1 on the plasma membrane. 

 

Second, I identified enlarged and clustered lysosomes in fibroblasts derived from people with 

sporadic Parkinson’s disease (PD). This was appropriately quantified from microscopy images by 

creating an automated sequence of image processing functions. By inhibiting TPC expression in 

fibroblasts I demonstrated their involvement in the propagation of physiological global Ca2+ 

signals evoked by bradykinin. In sporadic and familial PD patient fibroblasts these TPC-

dependent Ca2+ signals were subtly modulated.   

 

Finally, in a neuronal cell line, reduced TPC expression inhibited the propagation of physiological 

global Ca2+ signals evoked by carbachol. These Ca2+ signals were also blocked by a recently 

identified TPC blocker  and by putative TPC blockers that were screened by collaborators. In cells 

expressing the PD-associated mutant, LRRK2 G2019S, these TPC-dependent Ca2+ signals were 

potentiated. In contrast, bradykinin-evoked Ca2+ signals in this neuronal cell line were not 

inhibited by TPC blockers, nor were they potentiated in the LRRK2 G2019S cells. Therefore, 

physiological global Ca2+ signalling in PD may be perturbed by TPC dysfunction, and be a 

compounding factor in neurodegeneration.  

Collectively this research suggests that lysosomal Ca2+ signalling through TRPML1 and TPCs plays 

a role in global Ca2+ signalling and that this may be disturbed in neurodegenerative disease. 
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Impact Statement  

Neurodegenerative diseases hit the headlines regularly in societies with ageing populations. 

There are few people who are not affected by them - either directly, as relatives or as carers. 

Devastating neurodegenerative disorders also affect young people and deny a quality of life that 

many take for granted. Academia, pharma, government health departments and charities are 

bracing for the increasing social and economic burden of these diseases for which there are 

currently no cures. 

 

Through endeavours to understand the cause of such diseases the lysosomes and lysosomal Ca2+ 

channels such as TRPML1 and TPC2 have received mounting attention. Lysosomes store and 

release intracellular Ca2+ which appears to be important for their own regulation.  Ca2+ release 

from the lysosomes can also cause increases to Ca2+ levels throughout the cell. These global Ca2+ 

signals may impact many critical Ca2+-sensitive processes and promote degeneration if they are 

disturbed. The global link between lysosomal Ca2+ signalling and neurodegeneration has been 

the focus of this thesis. 

 

TRPML1 activation caused global Ca2+ signals which were largely composed of Ca2+ influx. These 

findings diverge from the perception that TRPML1 is a mediator of local Ca2+ signalling. It may 

also have implications for how the channel is studied in the context of neurodegenerative 

disorders such as Mucolipidosis type IV and how its dysfunction is understood to be pathogenic. 

This data has been published as part of an open access article (Kilpatrick and Yates et al., 2016) 

and has been cited by a handful of works.  

 

Sporadic PD fibroblasts exhibited disturbed lysosome morphology. This adds weight to the idea 

that lysosomes have a role in PD. The image processing method used to quantify this defect has 

since been published in an open access article, and applied in the investigation of 

endolysosomal-ER contacts and growth factor signalling (Kilpatrick et al., 2017). Besides 

facilitating experimental work, this semi-automated image processing may be of use within a 

diagnostic assay for people presenting parkinsonian symptoms. This could enable timely 

administration of appropriate therapies. 

 

TPCs were required for physiological global Ca2+ signalling. This supplements very limited data 

on this topic, and supports the notion that these channels may have cell-wide influence. 

Collaboration led to the identification of FDA-approved putative TPC blockers that inhibited 

physiological global Ca2+ signals. The same signals were augmented in a neuronal PD model. This 
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poses the possibility that TPC dysfunction contributes to neurodegeneration via potentiated 

global Ca2+ signalling. This could open up a new avenue for PD research and TPCs may emerge 

as suitable drug targets. Indeed, the putative TPC blockers may inform the development of PD-

modifying drugs.  

 

The data in this thesis have been shared with a wide audience in the form of annual reports to 

Parkinson’s UK, publications, posters and talks. These have been presented at departmental 

seminars, the UCL Neuroscience Symposium, the International Meeting of the European Calcium 

Society, and a Parkinson’s UK visit attended by people with PD and their families.  Data, ideas 

and tools presented in this thesis continue to be developed within the Patel laboratory. 
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PKB Protein kinase B 

PMCA Plasma membrane Ca2+ ATPase 

PML Promyelocytic leukaemia tumour suppressor 

Po Open probability 

PSF Point spread function 

PT Permeability transition 

PTPIP Protein tyrosine phosphatase-interacting protein  

PVDF Polyvinylidene difluoride 

QPCR Quantitative PCR 

RCF Relative centrifugal force 

RNA Ribonucleic acid 

ROI Region of interest 

ROS Reactive oxygen species 

RT Reverse transcriptase 

SDS Sodium dodecyl sulphate 

SERCA Sarco/endoplasmic reticulum Ca2+-ATPase 

siRNA Short interfering RNA 

SNARE Soluble N-ethylmaleimide-sensitive factor activating protein 

SOCE Store-operated Ca2+ entry 

SPCA Secretory pathway Ca2+-ATPase 

SQUASSH Segmentation and quantification of subcellular shapes 

Syt Synaptotagmin 

TBS Tris-buffered saline 

TBS-T Tris-buffered saline plus Tween 

TIFF Tagged image file format 

TMPH 2-[(3-Trifluoromethyl)phenyl] histamine dimaleate 
dimaleate TMR Transmembrane region 

TPC Two-pore channel 

TRP Transient receptor potential 

TRPC Transient receptor potential canonical 

TRPML Transient receptor potential mucolipin 

UBC Ubiquitin C 

UEP Ultimate eroded point 

UPR Unfolded protein response 

VAMP Vesicle-associated membrane protein  

VAP Vesicle-associated membrane protein-associated protein 

V-ATPase Vacuolar ATPase 

VDAC Voltage-dependent anion channel 

VEGF Vascular endothelial growth factor 

VICR Voltage-induced Ca2+ release 

VOCC Voltage-operated Ca2+ channel 

VOKC Voltage-operated K+ channel 

VONC Voltage-operated Na+ channel  

VPS35 Vacuolar protein sorting-associated protein 35 

VTA Ventral tegmental area 

WT Wildtype 

  

  

  

  



18 
 

CHAPTER 1: Introduction 

1.1 OVERVIEW 

Inside our cells the signalling ion Ca2+ regulates a wide array of processes. Various patterns of 

Ca2+ movement around the cell can determine which specific processes are effected at a given 

moment. These Ca2+ signals are coordinated by a collection of intracellular Ca2+ stores, channels, 

pumps, exchangers and buffers. If any of these components of the Ca2+ signalling network 

dysfunction, Ca2+ signals may be disrupted and cause numerous Ca2+-dependent processes to 

falter. This may lead to cell damage or cell death.  

 

The lysosomes are a component of the Ca2+ signalling network, storing Ca2+ at a high 

concentration inside our cells. These small membrane-bound organelles have long been 

regarded as the waste-disposal unit of the cell, ridding any unwanted and potentially harmful 

materials. Now their job of Ca2+ storage and Ca2+ release is also more widely appreciated and is 

understood to influence their waste-disposal function too. Importantly, Ca2+ channels that 

enable lysosomal Ca2+ release have been associated with neurodegenerative disease – namely 

TRPML1 and TPC2. These lysosomal Ca2+ channels are believed to raise the local concentration 

of Ca2+ around the lysosomes to regulate lysosome function. In the associated 

neurodegenerative diseases there is evidence that this local Ca2+ signalling is disturbed. 

However, there is also evidence that Ca2+ release from the lysosomes can induce cell-wide rises 

in Ca2+ concentration known as global Ca2+ signals. Any changes to global Ca2+ signals have the 

potential to disrupt Ca2+-sensitive processes throughout the cell. Currently though there is 

limited knowledge about whether TRPML1 and TPCs contribute to such global Ca2+ signals. 

Furthermore, it is unknown whether dysfunctional TRPML1 and TPCs contribute to 

neurodegeneration in their capacity to influence global Ca2+ signalling. This thesis explores this 

possible global relationship between lysosomal Ca2+ signalling and neurodegeneration. 
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1.2 LYSOSOMES  

Lysosomes were discovered over 60 years ago  when researchers investigating carbohydrate 

metabolism were drawn in by an enigmatic enzyme -  acid phosphatase (de Duve, 2005). They 

eventually determined that acid phosphatase was “attached to a special type of cytoplasmic 

granules” that we know today as lysosomes (Appelmans et al., 1955). They went on to find a 

further four acid hydrolases associated with this fraction, signposting to the lysosome’s role in 

degradation (de Duve et al., 1955).  

 

The creation of a lysosome combines classical biosynthesis and cooperation with the endocytic 

pathway (Fig. 1.1). Although various models exist, mature lysosomes are thought to arise from 

a dynamic cascade of fusion/transition events that begins with endocytosis (Luzio et al., 2007a): 

Vesicles bud off internally from the plasma membrane and fuse with each other or to pre-

formed early endosomes (Bucci et al., 1992). This fusion occurs under the regulation of GTPase 

Rab5, which is subsequently replaced by Rab7, marking the conversion from early to late 

endosome (Rink et al., 2005). This transition is associated with luminal acidification which 

continues  as these vesicles mature into lysosomes (Johnson et al., 2016; Mindell, 2012; 

Yamashiro, 1987). On the way, soluble hydrolases and lysosomal membrane proteins such as 

lysosome-associated membrane protein 1 (LAMP1) are delivered to the endolysosomal system 

(Iv et al., 2011; Luzio et al., 2007a).  The best understood delivery system is that of the 

hydrolases. Once synthesised at the endoplasmic reticulum (ER), they acquire a mannose-6-

phosphate (M6P) tag at the Golgi  which is recognised by M6P receptors (M6PR) at the trans 

Golgi network (TGN) (Braulke and Bonifacino, 2009). TGN vesicles subsequently bud off and 

shuttle the enzymes to the endosomes. M6PR are recycled back to the Golgi via retrograde 

transport and the hydrolases function optimally in the acidic environment of the lysosome to 

degrade unwanted material.     

 

1.2.1 Lysosomes and Degradation 

Lysosomes fuse with other organelles so that lysosomal hydrolases can access and degrade 

material from multiple trafficking routes. For example, lysosome fusion with endosomes gives 

access to extracellular material or membrane lipids brought in via endocytosis (Kolter and 

Sandhoff, 2010). In the process of autophagy lysosomes fuse with autophagosomes which 

envelope unwanted intracellular material (Feng et al., 2014b).  Alternatively, lysosomes can 

directly receive intracellular material brought to them in chaperone-mediated autophagy (CMA) 

(Cuervo and Wong, 2014).     
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The degradative function of lysosomes and their interconnectivity with other organelles  

establishes the importance of maintaining good lysosomal health: If there is a defect in 

lysosomal function there are likely to be knock-on consequences elsewhere in the cell and vice 

versa. Whilst this degradative and cooperative behaviour is widely appreciated as essential to 

maintain cellular well-being it is now becoming clearer that it is intertwined with another 

Figure 1.1 The dynamic lysosome  

Lysosomes arise from a dynamic cascade of fusion/transition events that begins with endocytosis. 

Vesicles bud off internally from the plasma membrane and fuse with each other or to pre-formed 

early endosomes under the regulation of GTPase Rab5, which is subsequently replaced by Rab7, 

marking the conversion from early to late endosome. This is accompanied by luminal acidification 

which continues as these vesicles mature into lysosomes. Once a lysosomal hydrolase is synthesised 

at the ER it acquires an M6P tag at the Golgi (grey outline), which is recognised by M6PR. TGN vesicles 

containing the hydrolase and the M6PR bud off and shuttle the enzymes to the endosomes. M6PR are 

recycled back to the Golgi via retrograde transport. The lysosomal hydrolases function optimally in 

acidic environments to degrade material that is delivered directly to the lysosomes, or can be accessed 

by fusing with other organelles such as autophagosomes. 
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important lysosomal function - that of storing and releasing Ca2+. Indeed, there is evidence that 

autophagy is regulated by lysosomal Ca2+ release  (La Rovere et al., 2016).  

 

1.2.2 Lysosomal Ca2+  

Early identification of lysosomal Ca2+ was demonstrated in absorptive cells of the duck 

duodenum and in the epithelia of a fresh-water mollusc (Davis et al., 1979b; Jones and Davis, 

1982). The authors hypothesised that “these organelles play an important role in intracellular 

calcium homeostasis and/or calcium transport mechanisms”. Since then lysosomal Ca2+ has been 

measured using fluorescent indicators and is reported to be approximately 400-700 μM 

(Christensen et al., 2002; Lloyd-Evans et al., 2008); higher than that of the surrounding cytosol 

(~100nM) (Berridge et al., 2000). This ability to store pools of Ca2+ and release it is important for 

lysosome fusion and fission, between themselves and other organelles (Pryor et al., 2000). This 

in turn is vital for lysosomes to carry out their degradative function.  

 

1.2.3 Lysosomal Ca2+ and membrane fusion/fission 

In a cell-free system fusion between lysosomes and late endosomes is inhibited by the Ca2+ 

chelator BAPTA but not by EGTA (Pryor et al., 2000).  These contrasting results indicate that the 

Ca2+ required for lysosome membrane fusion comes from a local source. This conclusion is 

reached by considering the different speeds at which BAPTA and EGTA chelate Ca2+: BAPTA binds 

Ca2+ quickly whereas EGTA binds Ca2+ approximately 150-fold slower (Naraghi, 1997). For 

instance, if the Ca2+ that is required for lysosome membrane fusion comes from a local source  

its movement from source to target (i.e. the lysosome membrane) would last for a relatively 

short length of time. As BAPTA can bind Ca2+ quickly it would be able to intercept this short-lived 

movement of Ca2+ and therefore prevent lysosome fusion. In contrast, by the time the more 

sluggish EGTA has chelated its Ca2+, the short-lived movement of Ca2+ from local source to target  

will have already taken place and lysosome fusion may proceed. If, on the other hand, the Ca2+ 

required for lysosome membrane fusion came from a more distant source, even the slow-

binding EGTA may have time to chelate and intercept the Ca2+ as it moves from source to target 

and consequently prevent lysosome fusion.  In addition to this result, Pryor and colleagues found 

that lysosome fusion was also inhibited by chelating luminal Ca2+ with membrane-permeable 

EGTA (Pryor et al., 2000). Together, this pointed to lysosomal Ca2+ release as a requisite for 

lysosomal membrane fusion. Membrane fission was also reported to require luminal Ca2+. 

However, fission was not inhibited by BAPTA suggesting that Ca2+ release was not required.  
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The exact mechanisms of lysosomal fusion and fission are not known but Ca2+-dependent 

membrane fusion can be categorised into stages of tethering, docking and fusion. One of the 

key components of membrane fusion is the Rab GTPase. These small proteins can interact with 

motors to move vesicles along actin filaments or microtubules (Hales et al., 2002; Jordens et al., 

2001). Rabs also recruit tethers which hold opposing donor and target membranes together 

(Balderhaar and Ungermann, 2013). This tethering is followed by docking which requires the 

interlacing of SNAREs (N-ethylmaleimide-sensitive factor activating protein receptors) from 

donor and target membranes to lock the two membranes in place (Pryor et al., 2004).  It is 

thought that after this docking, luminal Ca2+ release, and increases in cytosolic Ca2+ facilitate 

membrane fusion (Jaiswal et al., 2002; Peters and Mayer, 1998). It is unclear how exactly this 

Ca2+ event triggers lysosomal membrane fusion with intracellular organelles but fusion with the  

plasma membrane requires both an increase in intracellular Ca2+ and the Ca2+ sensor 

Synaptotagmin7 (Syt 7) (Reddy et al., 2001). Work on neuronal Synaptotagmin 1 (Syt1) proposes 

that upon binding Ca2+, it inserts into the plasma membrane to induce membrane curvature and 

promote membrane mixing (Hui et al., 2009).  Although Syts have not been reported to mediate 

fusion between lysosomes and other intracellular organelles, Ca2+ sensors calmodulin and ALG-

2 (apoptosis linked protein 2) have been proposed for this role (Cao et al., 2015a; Peters and 

Mayer, 1998; Pryor et al., 2000; Vergarajauregui et al., 2009). It is unlikely that these sensors 

need to induce membrane curvature to the same degree as at the plasma membrane. This is 

due to the more severe bend of intracellular vesicle membranes as a correlate of their relatively 

small size compared with the shallow bend of the plasma membrane which encompasses the 

relatively large cell.  

 

Why luminal Ca2+ is needed for membrane fission is unclear. The reformation of lysosomes from 

lysosome-autophagosome hybrids is known to involve the generation of LAMP1-positive tubules 

and requires the GTPase dynamin-2 (Schulze et al., 2013). Notably, dynamin-2 can be 

dephosphorylated by Ca2+-activated calcineurin in a similar way to dynamin-1, which is 

important for endocytosis (Ferguson and De Camilli, 2012). 

 

With evidence that lysosome fusion and fission is dependent on lysosomal Ca2+, any 

disturbances to the latter may affect the lysosomes’ ability to cooperate with other organelles. 

In turn this could be highly detrimental to the lysosomes’ degradative function and the cell as a 

whole.  Therefore, understanding how lysosomes release and take up Ca2+ is pertinent.  
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1.2.4 Lysosomal Ca2+ release  

A handful of Ca2+-permeable channels are reported to localise at the lysosome (Patel and Cai, 

2015; Tian et al., 2015). Whilst some are rather ubiquitous in their localisation TRPML1 and TPC 

channels are predominantly expressed in the endolysosomal system. In the last twenty years 

information about these channels has grown significantly.  

 

1.2.4.1 TRPML1 

 

1.2.4.1.1 Structure and Discovery 

The lysosomal Ca2+ release channel TRPML1 belongs to the family of TRP (transient receptor 

potential) channels. These ion channels can form tetramers and have diverse regulatory 

properties (Li et al., 2011; Venkatachalam and Montell, 2007). Within this TRP family a sub-group 

of mucolipin (ML) channels exists, composed of 3 isoforms (TRPML1-3) in humans. TRPML1, the 

first isoform discovered, was found as the defective protein responsible for the devastating 

Figure 1.2 TRPML1  

Adapted from diagrams in Li et al., 2011 and Venkatachalam and Montell, 2007. TRPML1 possesses 6 

membrane spanning regions (MSR; labelled 1-6). The N and C termini face into the cytosol and a pore 

region is positioned between MSRs 5 and 6. The luminal linker between MSRs 1 and 2 confers 

regulation by luminal pH and Ca2+ and is home to a serine lipase domain. TRPML1 forms tetramers 

(x4). 
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neurodegenerative disease mucolipidosis type IV (MLIV) (Bargal et al., 2000; Bassi et al., 2000; 

Sun et al., 2000). Topologically, TRPML1 is predicted to possess 6 membrane spanning regions 

(MSR) with both terminus tails positioned on the cytosolic face of the membrane (Sun et al., 

2000) (Fig. 1.2). Predictions also identify the pore region between MSRs 5 and 6 and a functional 

serine lipase domain on the luminal linker between MSRs 1 and 2 (LaPlante et al., 2011).  Very 

recently, the crystal structure of this luminal linker has  been published, providing further insight 

to TRPML1 activity (Li et al., 2017).  

 

1.2.4.1.2 Localisation 

Expression of TRPML1 has been detected in a variety of tissues, and the protein is predominantly 

situated in the endolysosomal system, colocalising with LAMP1 and Rab7 (Falardeau et al., 2002; 

Thompson et al., 2007; Zeevi et al., 2009). Its localisation here is thought to be determined by 

dileucine motifs at both termini (Vergarajauregui and Puertollano, 2006).  Following its synthesis 

TRPML1 may take a direct route from the TGN to the endolysosomes or an indirect route via the 

plasma membrane (Vergarajauregui and Puertollano, 2006). 

 

1.2.4.1.3 Channel Properties  

The lysosomal localisation of TRPML1 meant that electrophysiology experiments to characterise 

its behaviour were not simple.  Instead, another isoform, TRPML3 paved the way for TRPML1 

characterisation. TRPML3 has been shown to localise in the endolysosomal system but also in 

the plasma membrane and as such it permits small whole cell currents (Kim et al., 2009; Xu et 

al., 2007).  Constitutive TRPML3 activity was subsequently established by introducing the A419P 

mutation that causes deafness and pigmentation loss in the murine varitint-waddler phenotype 

(Palma et al., 2002; Xu et al., 2007). By mutating the corresponding amino acid in TRPML1 

(V432P) TRPML1 activity could also be observed when measuring whole cell currents (Dong et 

al., 2008; Xu et al., 2007). With this new tool studies into TRPML1 activity and regulation could 

advance. Later, biotinylation assays confirmed that TRPML1(V432P) exhibited increased plasma 

membrane localisation compared to the wildtype (WT) (Dong et al., 2009). The development of 

patch clamp methods directly onto whole lysosomes also verified increased channel currents of 

TRPML1(V432P) (Dong et al., 2008). This whole-lysosome technique requires the use of vacuolin 

to enlarge endolysosomes and has since allowed the measurement of endogenous and 

overexpressed WT TRPML1 currents (Cerny et al., 2004; Dong et al., 2010). Furthermore, it has 

facilitated the development of TRPML1 agonists ML-SA1 and MK6-83 which were modified from 

molecules originally identified in a TRPML3 screen (Chen et al., 2014; Grimm et al., 2010; Shen 
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et al., 2012). As a consequence of this TRPML1 inhibitors  (ML-SI1-3) have also been generated 

(Samie et al., 2013). 

 

The question of what regulates TRPML1 activity endogenously remains incompletely answered. 

One candidate agonist is phosphatidylinositol 3,5-bisphosphate (PI(3,5)P2), a low abundance 

endolysosomal phosphoinositide  (McCartney et al., 2014).  PI(3,5)P2 has been shown to bind 

TRPML1 at its N terminus and activate endogenous TRPML1 currents (Dong et al., 2010). 

However, there is not yet evidence that it can cause TRPML1-mediated Ca2+ signals. A candidate 

for TRPML1 inhibition is plasma membrane resident phosphatidylinositol 4, 5 bisphosphate 

(PI(4,5)P2) which is also thought to bind TRPML1 on its N terminus  (Zhang et al., 2012). Although 

this species has previously been shown to activate a host of plasma membrane channels  Zhang 

and colleagues propose that TRPML1 is inhibited by PI(4,5)P2 at the plasma membrane (Suh and 

Hille, 2005). Constitutively active and WT TRPML1 is also reported to be regulated by 

extracytosolic/lysosomal pH, with optimal activity at an acidic ~pH 4.5 (Chen et al., 2014; Dong 

et al., 2008; Feng et al., 2014a; Xu et al., 2007). Conversely, TRPML3 WT is inhibited by acidic pH 

which could favour its activation at the plasma membrane (Kim et al., 2008b). The combination 

of activating endolysosomal PI(3,5)P2 and acidic lysosome pH is likely to favour TRPML1 activity 

on the lysosomes compared to its activity at the plasma membrane where inhibitory PI(4,5)P2 

resides and the extracellular pH is neutral.  Furthermore, constitutively active TRPML1 is 

inhibited by high extracytosolic Ca2+ concentrations. As the concentration of Ca2+ is greater in the 

extracellular space compared to the interior of the lysosome this too implies preferential 

TRPML1 activity at the lysosomes (Li et al., 2017). 

 

Recent studies have deduced that TRPML1 is an inwardly rectifying (ions flow into the cytosol) 

Ca2+-permeable channel (for example: Dong et al., 2009; Li et al., 2017; Xu et al., 2007). In line 

with this, exogenous TRPML1 agonist ML-SA1 has been shown to cause local Ca2+ signals in cells 

overexpressing genetically encoded Ca2+ indicators fused to the N-terminus of the WT channel 

(Cao et al., 2015b; Medina et al., 2015; Shen et al., 2012). However, it should be noted that 

earlier research proposed TRPML1 as an outwardly rectifying (ions flow out of the cytosol) 

channel permeable to monovalent cations and inhibited by low pH (Kiselyov et al., 2005; 

Raychowdhury et al., 2004; Soyombo et al., 2006). Of note, these WT TRPML1 currents were 

recorded using whole-cell patches or reconstituted lipid bilayers. How this observation might 

reconcile these two contradicting current characterisations remains unknown.  TRPML1 is a non-

selective cation channel and accordingly it has been reported to be permeable to Fe2+, Zn2+, 

Mn2+, Mg2+, K+ and Na+ as well as Ca2+ (Dong et al., 2008; Raychowdhury et al., 2004; 

Venkatachalam et al., 2015).  
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1.2.4.1.4 Cellular Function 

As the cellular role of TRPML1 has been explored its function as a Ca2+ release channel has been 

linked to regulation of lysosomal fusion and membrane trafficking. In cells with MLIV-related 

mutant TRPML1, reduced lysosome-endosome fusion, and delayed lysosome-autophagosome 

fusion has been reported (LaPlante et al., 2004; Vergarajauregui et al., 2008). The lysosome-

endosome fusion defect could be recapitulated by membrane-permeable BAPTA in control cells, 

therefore implicating the Ca2+ release activity of TRPML1 in the regulation of membrane fusion 

and lysosomal homeostasis (LaPlante et al., 2004). Impaired endocytosis, receptor degradation, 

retrograde trafficking and lysosome reformation from hybrid organelles have also been 

associated with mutant TRPML1 (Chen et al., 1998; Pryor et al., 2006; Treusch et al., 2004; 

Vergarajauregui et al., 2008), so too has enhanced lipid endocytosis directed to the lysosomes 

(Chen et al., 1998). In addition, TRPML1 has been implicated in lysosomal exocytosis which is 

involved in phagocytosis and sarcolemma repair (Cheng et al., 2014; LaPlante et al., 2006; Samie 

et al., 2013). TRPML1’s role in lysosomal exocytosis is supported by the upregulated exocytosis 

observed with constitutively active TRPML1(V432P) (Dong et al., 2009).  In contrast, a recent 

study has shown that the absence of TRPML1 upregulates exocytosis and is associated with 

increased interactions between the SNAREs Vamp2 and SNAP25 (Park et al., 2016). There have 

also been observations of decreased lysosomal pH in TRPML1-deficient cells which would 

support the idea that TRPML1 also acts as a H+ release channel (Miedel et al., 2008; Soyombo et 

al., 2006). Soyombo et al also reported that abnormal storage in MLIV patient fibroblasts could 

be corrected by increasing the lysosomal pH. However, in contradicting work, MLIV TRPML1 has 

been associated with an increase in lysosomal pH and raising lysosomal pH does not correct 

storage defects (Bach et al., 1999; Kogot-Levin et al., 2009). The link between TRPML1, 

membrane trafficking and Ca2+ is further supported by interactions between TRPML1 and the 

Ca2+ sensor ALG-2 which has been shown to regulate lysosomal trafficking defects induced by 

overexpressed TRPML1 (Vergarajauregui et al., 2009). A more recent study has shown that 

similar defects could be reversed by membrane-permeable BAPTA and that ALG-2 may regulate 

TRPML1-mediated trafficking by interacting with the microtubule motor protein dynenin (Li et 

al., 2016). 

 

In non-MLIV models the correction of lysosomal trafficking defects has been achieved by 

treating cells with ML-SA1 which reportedly causes local Ca2+ signals (Cao et al., 2015b; Shen et 

al., 2012). Despite these measurements of local TRPML1-mediated Ca2+ release there has been 

little investigation into whether TRPML1 can also generate global Ca2+ signals.  In Chapter 2 I 

address this question using ML-SA1 alongside other pharmacological and molecular tools. 
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1.2.4.2 TPC1 & 2 

 

1.2.4.2.1 Structure and Discovery 

TPCs are Ca2+ release channels that possess 12 MSRs in total, split into 2 domains of 6 (Guo et 

al., 2016; Hooper et al., 2011; Kintzer and Stroud, 2016) (Fig. 1.3). Both termini are cytosolic and 

the two pore regions that give these channels their name (two pore channels) lie between MSRs 

5 and 6, and MSRs 11 and 12. This 2x6 MSR configuration is indicative of the TPCs’ position in 

the evolution of voltage-operated ion channels: Through one round of duplication TPCs likely 

evolved from the 1x6 MSR voltage-operated K+ channels (VOKC), and through a second round 

of duplication evolved into the 4x6 MSR voltage-operated Na+ channels (VONC) and voltage-

operated Ca2+ channels (VOCC) (Ishibashi et al., 2000). Given that VOKC channels function as 

tetramers and VONC/VOCC channels can function as monomers, TPCs were predicted to form 

dimers for a final 4x6 MSR configuration, which has since been demonstrated (Churamani et al., 

2012; Guo et al., 2016; Kintzer and Stroud, 2016; Larisch et al., 2016; Rietdorf et al., 2011).  

 

Figure 1.3. TPCs 

Adapted from  Guo et al., 2016 and Hooper et al., 2011. TPCs possess 12 membrane spanning regions 

(MSR; labelled 1-12) split into 2 domains of 6. The N and C termini face into the cytosol and two pore 

regions are positioned between MSRs 5 and 6, and MSRs 11 and 12. TPCs form dimers (x2). 
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TPC1 was first discovered in rat kidney by identifying  cDNA clones with similar amino acid 

sequences to  VONCs  (Ishibashi et al., 2000).  Subsequently the plant homologue was identified 

in Arabidopsis thaliana (Furuichi et al., 2001). Since then TPC1 and an additional TPC gene (TPC2) 

have been identified in humans whilst other organisms possess three TPC genes  (TPC1-3) 

(Brailoiu et al., 2009; Calcraft et al., 2009). 

 

1.2.4.2.2 Localisation 

TPCs are expressed in a variety of tissues with high levels in the liver and kidney  (Calcraft et al., 

2009; Ishibashi et al., 2000; Zong et al., 2009). At the cellular level TPC1 and TPC2 localise to the 

endolysosomal system with different distribution patterns. TPC2 exhibits some favourability 

towards the lysosomes and is targeted there through its N-terminal dileucine motif (Arredouani 

et al., 2015; Brailoiu et al., 2009, 2010a; Calcraft et al., 2009; Pereira et al., 2014; Zong et al., 

2009). In contrast, TPC1 localisation is skewed somewhat to the endosomes and its position here 

requires a segment of its N-terminus but not specifically its N or C-terminus dileucine motifs 

(Brailoiu et al., 2009, 2010a; Calcraft et al., 2009; Churamani et al., 2013; Ruas et al., 2014).  

 

1.2.4.2.3 Channel Properties  

As with TRPML1, the endolysosomal localisation of TPCs has meant characterisation of the 

channels has not been simple. As such, similar techniques have been used including patch 

clamping directly onto enlarged lysosomes (Cang et al., 2014; Grimm et al., 2014; Jha et al., 2014; 

Ruas et al., 2015; Schieder et al., 2010; Wang et al., 2012)  or incorporating the channels into 

lipid bilayers  (Pitt et al., 2010, 2014; Rybalchenko et al., 2012). TPC2 directed to the plasma 

membrane has also been exploited but by disruption of its N-terminal dileucine motif and not 

by causing constitutive activity as for TRPML1  (Brailoiu et al., 2010a; Jha et al., 2014; Wang et 

al., 2012; Yamaguchi et al., 2011). Many of these studies used the Ca2+ mobilising messenger 

nicotinic acid adenine dinucleotide phosphate (NAADP) to assess the regulation of activated 

TPCs.  

 

NAADP was first discovered when a derivative of nicotinamide adenine dinucleotide phosphate 

(NADP) caused Ca2+ release in sea urchin egg homogenates (Clapper et al., 1987). The source of 

this Ca2+ release was insensitive to other Ca2+ mobilisers, inositol triphosphate (IP3) and cyclic 

adenosine diphosphate ribose (cADPR) (Clapper et al., 1987; Lee and Aarhus, 1995). The 

canonical ER was ruled out as the source of NAADP-induced Ca2+ signals and it was demonstrated 

that these signals were perturbed when lysosomes were disrupted (Churchill et al., 2002; 

Genazzani and Galione, 1996; Lee and Aarhus, 1995). The contemporary identification of TPCs 
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then led to the discovery that human TPC2, localised to the endolysosomal system, was required 

for NAADP-mediated global Ca2+ signalling (Calcraft et al., 2009). This was followed by similar 

results with TPC1 (Brailoiu et al., 2009). The mechanism by which NAADP activates TPCs is 

unclear but NAADP appears to bind an unidentified binding protein and not to TPCs directly   

(Lin-Moshier et al., 2012; Walseth et al., 2012a, 2012b). 

  

In early electrophysiology studies of NAADP-activated TPC2 the channel was demonstrated to 

be a voltage-independent Ca2+-permeable channel (Brailoiu et al., 2010a; Pitt et al., 2010; 

Schieder et al., 2010). Furthermore, TPC2 required an acidic lumen for conductance thus 

advocating its suitability as a lysosomal channel (Schieder et al., 2010). Pitt and colleagues also 

demonstrated that the open probability of TPC2 (Po) was regulated by luminal pH (Pitt et al., 

2010): In summary, the Po at neutral pH plateaued at concentrations of NAADP above 1 μM.  At 

acidic pH however, the Po of TPC2 was inhibited at 1 μM NAADP and higher.   

 

Electrophysiology studies of TPC1 followed, which suggested it was also permeable to Ca2+ (Pitt 

et al., 2014; Rybalchenko et al., 2012). Contrary to TPC2 however, TPC1 activity was voltage-

dependent (Cang et al., 2014; Pitt et al., 2014; Rybalchenko et al., 2012). Optimal TPC1 activity 

reportedly required an acidic luminal pH and high concentrations of luminal Ca2+ (Pitt et al., 

2014; Rybalchenko et al., 2012). Pitt and colleagues also showed that TPC1 could be activated 

by cytosolic Ca2+ and has proton permeability (Pitt et al., 2014). This proton permeability may 

contribute to NAADP-mediated alkalisation of acidic stores  (Morgan et al., 2013). Both TPC1 

and TPC2 have also been reported to exhibit K+ permeability with TPC1 favouring its 

conductance compared to Ca2+ (Cang et al., 2014; Pitt et al., 2010, 2014; Rybalchenko et al., 

2012). 

 

Controversy about NAADP as the activating ligand for TPCs came in 2012, when a study 

demonstrated that TPCs were activated solely by PI(3,5)P2 (Wang et al., 2012). In cells from 

double knockout mice (TPC1-/-/TPC2-/-) NAADP was still able to induce Ca2+ release but PI(3,5)P2-

induced currents were lost. In an effort to consolidate the controversy it was suggested that too 

high a concentration of NAADP had been used in the TPC knockout cells and that this could cause 

non-specific Ca2+ release (Jha et al., 2014). An additional proposal was that the TPC knockout 

(specifically TPC1) may not have been complete. The knockout involved the deletion of the first 

69 amino acids of TPC1, which ran into an intron between exons 2 and 3. Deletion here in 

another knockout mouse however resulted in the expression of a variant TPC1 isoform (TPC1B) 

(Ruas et al., 2014). Ruas and colleagues have since shown that TPC1B is capable of eliciting 
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NAADP-induced Ca2+ release (Ruas et al., 2015). TPC2 knock out models have also displayed 

reduced NAADP-induced currents or Ca2+ signals (Grimm et al., 2014; Ruas et al., 2015). 

However, why  PI(3,5)P2 currents disappeared in TPC1-/-/TPC2-/- cells when NAADP currents 

persisted is another point of contention which has not yet been resolved (Wang et al., 2012). 

 

Another novel find by Wang and colleagues was that TPC2 was selective for Na+ over Ca2+ ions 

when activated by PI(3,5)P2. Similar Na+ selectivity has since been reported for both TPC isoforms 

after either NAADP or PI(3,5)P2 activation (Cang et al., 2014; Pitt et al., 2014; Sakurai et al., 

2015). In response to Wang et al (2012) the regulation of Na+ currents through TPC2 was 

addressed (Jha et al., 2014). Upon activation by NAADP or PI(3,5)P2, Na+ currents were present,  

although the NAADP-induced currents were weaker. NAADP-induced Ca2+ signals were also 

modulated by PI(3,5)P2 synthesis or inhibition, pointing to convergent regulation by the two 

messengers. In addition, TPC2 currents were regulated by Mg2+, ATP and kinases. Reciprocal to 

the ligand controversy of TPCs activation of TRPML1 by NAADP has also been demonstrated  

(Zhang et al., 2009, 2011).  

 

To summarise the channel properties of TPCs, it appears that they do differ somewhat between 

isoforms. The evidence so far points to both channels conducting Ca2+ and Na+ upon activation 

by NAADP or PI(3,5)P2, and regulation by luminal pH and possibly Ca2+ (Pitt et al., 2016). 

However, TPC1 activity is also dependent on voltage and cytosolic Ca2+, and is permeable to 

protons. Their differential regulation may hold clues about how they cooperate and segregate 

their functions.  

 

1.2.4.2.4 Cellular Function 

Some differences in function between TPC1 and TPC2 have already been published, although 

caution should be heeded to allow for varied overexpression and knockdown efficiencies. For 

example, overexpression of sea urchin TPC1 in HEK293 cells caused more pronounced 

phenotypes of disturbed lysosome morphology and retrograde trafficking compared to TPC2 

(Ruas et al., 2010). Another group found that overexpression of TPC2 but not TPC1 caused a 

pigmentation defect in Xenopus oocytes (Lin-Moshier et al., 2014).  In a recent knockout study 

in mice a lack of TPC1 caused a more severe effect on retrograde transport compared to that of 

TPC2, but it was the TPC2 knockout that caused delayed endosome-lysosome trafficking (Ruas 

et al., 2014). In addition, knockdown of TPC2 but not TPC1 has been shown to improve defective 

lysosome morphology in Parkinson’s disease (PD) cells (Hockey et al., 2015). These effects of 

TPCs on the endolysosomal system are likely to be conveyed by their association with Rab 
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GTPases and SNAREs (Grimm et al., 2014; Hockey et al., 2015; Lin-Moshier et al., 2014).  TPC 

activity has also been linked to exocytosis (Davis et al., 2012), autophagy (Gómez-Suaga et al., 

2012; Lin et al., 2015; Lu et al., 2013; Pereira et al., 2011), differentiation (Aley et al., 2010a; 

Zhang et al., 2013) and infectious disease (Sakurai et al., 2015).  What is more, where increased 

TPC activity has been linked to trafficking defects and disease, treatment with cell-permeable 

BAPTA has improved the phenotype (Hockey et al., 2015; Lin-Moshier et al., 2014; Lu et al., 

2013). Conversely, trafficking defects caused by reduced TPC activity in fatty liver disease were 

recapitulated with BAPTA (Grimm et al., 2014).  These results therefore link TPC activity and 

local Ca2+ release to disease phenotypes.  

 

1.2.5 Lysosomal Ca2+ uptake  

1.2.5.1 CAX  

Despite steps forward in understanding the molecular nature of lysosomal Ca2+ release in 

humans, the components of lysosomal Ca2+ uptake have proved more elusive. Ca2+ uptake into 

the acidic organelles of non-mammalian cells has been attributed to both Ca2+-ATPase pumps 

and Ca2+/H+ exchangers (CAX) (Pittman, 2011). Although the machinery has not been identified 

ATPase-dependent and H+-dependent Ca2+ accumulation in mammalian lysosome-related 

organelles has been reported (Patel and Docampo, 2010). Notably, Ca2+/H+ exchange is reliant 

on the high concentration of H+ built up in the lumen by the vacuolar H+-ATPAse (V-ATPase) 

(Förster and Kane, 2000; Krebs et al., 2010; Morgan et al., 2011). Recently, putative mammalian 

CAX sequences were identified for the first time in the genomes of the platypus and Tasmanian 

devil (Melchionda et al., 2016). In the same study overexpressed CAX from Xenopus laevis was 

reported to localise at the endolysosomal system in human cells, and modulate cytosolic Ca2+ 

signals, pointing to a role in lysosomal Ca2+ uptake. Although this recent work supports the idea 

of Ca2+/H+ exchange in human lysosomes the identity of the endogenous molecular 

component(s) remains unknown.  

 

1.3 Ca2+ SIGNALLING  

TRPML1 and TPC activity appear to influence vesicular trafficking, likely by releasing lysosomal 

Ca2+ into the vicinity of lysosomal membranes. It is understood that this type of local Ca2+ 

transient can be amplified by other components of the Ca2+ signalling network to produce large 

global Ca2+ signals that propagate throughout the cell. This network is an intricate system of 

organelles, channels, exchangers and buffers which together fine-tune the duration, amplitude, 
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location and pattern of Ca2+ signals so that this one ion can control an array of processes 

(Berridge et al., 2000) (Fig. 1.4). 

 

1.3.1 Local and Global Ca2+ signals 

The generation of global Ca2+ signals is thought to arise from initial local signals which are short-

lived and spatially restricted (Berridge et al., 2000). The generation of local Ca2+ signals 

themselves relies on a synergy between individual Ca2+ channels. Ca2+ release through IP3 

receptors (IP3R) has been studied in depth to shed light on this process (Bootman et al., 1997; 

Dickinson and Parker, 2013). IP3R are residents of the ER membrane and as their name suggests  

are activated by the phosphoinositide IP3 (Taylor and Tovey, 2010). However, they are also 

allosterically modulated by Ca2+ and support Ca2+-induced Ca2+ release (CICR) (Bezprozvanny et 

al., 1991; Taylor and Tovey, 2010). Thus, if one IP3 receptor is activated, the Ca2+ it releases can 

diffuse into the cytosol and may induce the opening of a neighbouring channel.  If a single 

channel is active the event is defined as a “blip”. If, however, activity spreads amongst a cluster 

of channels, the amplitude of intracellular Ca2+ increases, and the event is defined as a “puff” or 

local Ca2+ signal (Bootman et al., 1997). 

 

This transition from “blip” to “puff” can then be followed by the generation of Ca2+ waves as has 

been observed when increasing IP3 levels in oocytes (Parker and Yao, 1996). Bootman and 

colleagues also showed that increasing concentrations of histamine (an IP3-forming extracellular 

agonist (Bristow et al., 1991; Ishida et al., 2014; Johnson et al., 1990) turned “blips” or “puffs” 

into Ca2+ waves resembling global Ca2+ signals. This transition from local to global was correlated 

with increased frequency and amplitude of the local signal. This stage is often observed during 

whole-cell measurements as a smooth, slow-rising “pacemaker” region at the initiation of global 

Ca2+ signals (Bootman et al., 1997).   

 

1.3.2 Membrane Contact Sites 

In the above IP3R model the generation of local and global Ca2+ signals is apparently reliant on 

diffusion of Ca2+ to nearby IP3R channels on the same organelle. However, the targets of local 

Ca2+ signals are not always natural neighbours so the cell has to bring the intended targets close 

to the source of Ca2+ release. An example of this is the aforementioned use of SNAREs and 

tethers to dock vesicles together for Ca2+-mediated membrane fusion.  Regions of  close 

apposition between membranes that do not fuse are termed membrane contact sites (MCS) 

(Prinz, 2014). Electron micrographs of human fibroblasts display MCS between lysosomes and 

the ER with less than 30 nm between their membranes (Kilpatrick et al., 2013, 2017). Whilst the 
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molecular composition of this MCS is currently understudied, the ER also shares MCS with 

endosomes, mitochondria and the plasma membrane, for which interacting proteins have been 

described (Eden, 2016; Eden et al., 2016; Phillips and Voeltz, 2016; Prinz, 2014). Interestingly, 

the GTPase Rab7 is found at MCS between late endosomes and the ER, and may therefore play 

a part in lysosome-ER MCS (Raiborg et al., 2015; Rocha et al., 2009). Besides facilitating the 

transmission of Ca2+ signals MCS also have a role in cholesterol homeostasis and membrane 

trafficking.  For example, at low cholesterol levels the cholesterol sensor ORP1L binds vesicle-

associated membrane protein-associated protein A (VAP-A) on the ER to form a stable ER-

endosome MCS (Rocha et al., 2009). However, in high cholesterol, ORP1L binds through a Rab7 

complex to microtubule motors to promote endosome trafficking. MCS have also been reported 

as sites of direct lipid transfer, independent of the vesicular pathway (Phillips and Voeltz, 2016). 

 

1.3.3 Ca2+ from the ER 

The ER is perhaps the most appropriate starting point for understanding the Ca2+ signalling 

network. This is due to the relatively large portion of cell that it occupies and the variety of 

organelles it is known to share MCSs with (Phillips and Voeltz, 2016; Weibel et al., 1969).  

Therefore, it may be regarded as a central hub for Ca2+ signalling. The ER has a Ca2+ concentration 

of 60-600μM and is filled by the sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) on the ER 

membrane (Demaurex and Frieden, 2003; Miyawaki et al., 1997). 

 

Ca2+ signals emanating from the ER are generated through two types of large tetrameric 

channels, one being the IP3R (Berridge et al., 2000; Seo et al., 2012) . The activator IP3 binds to 

the receptor and is generated by phospholipase C (PLC) which cleaves PI(4,5)P2 into cytosolic IP3 

and membrane-bound diacylglycerol (DAG). PLCβ and PLCγ are activated by g-protein coupled 

receptors (GPCR) or receptor tyrosine kinases (RTK) respectively (Clapham, 2007). Extracellular 

agonists which stimulate IP3 generation include bradykinin (Ataei et al., 2013; Johnson et al., 

1990), carbachol (Chen and Hsu, 1994; Piiper et al., 1994; Shin et al., 2003) and histamine 

(Bristow et al., 1991; Ishida et al., 2014; Johnson et al., 1990). There are three IP3R isoforms (1-

3) arising from three different genes, which are all expressed in mammals (Foskett et al., 2007). 

Multiple isoforms are often expressed in a given tissue, although not equally. For example, IP3R1 

is the predominant isoform expressed in neurons  (Ivanova et al., 2014). As well as the ER, IP3Rs 

are also found in the plasma membrane and the Golgi.   

 

At twice the size of IP3R the ryanodine receptor (RyR) is the other major ER Ca2+ release channel. 

Like IP3Rs there are three RyR gene isoforms which display overlapping but uneven tissue 
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expression (Kiviluoto et al., 2013). RyR is somewhat structurally and functionally homologous to 

IP3R but their modes of activation do differ (Seo et al., 2012). In the first instance RyRs appear 

to be regulated by cADPR (Lee, 2012). cADPR is synthesised from nicotinamide adenine 

dinucleotide (NAD) by ADP-ribosyl cyclase (ADPR-c) activity of membrane proteins CD38 and 

CD157. However, the pathway that activates these enzymes is unclear (Malavasi et al., 2008).  

Interestingly, IP3-forming bradykinin and histamine also induce cADPR production (Kip et al., 

2006). In addition, acetylcholine, which activates the same receptors as carbachol, also causes 

cADPR synthesis (Kip et al., 2006; Yamasaki et al., 2005).  Another difference between IP3Rs and 

RyRs is that no cADPR-binding site has been determined on the receptor and it is suspected that 

RyR activation is dependent upon an intermediate binding protein, akin to NAADP and TPC 

activation (Lee, 2012; Lin-Moshier et al., 2012; Walseth et al., 2012a, 2012b). Like IP3R, RyR is 

also activated by Ca2+ so elicits CICR. Importantly, both channels are stimulated by relatively low 

concentrations of Ca2+ but inhibited at higher concentrations (Bezprozvanny et al., 1991).  

  

1.3.4 Ca2+ from the Golgi 

The Ca2+ concentration of the Golgi is similar to that of the ER at ~150-600 μM, and it also 

possesses IP3 and RyR activity (Aulestia et al., 2015; Lissandron et al., 2010; Missiaen et al., 2004; 

Pinton et al., 1998). Despite these similarities the contribution of the Golgi to Ca2+ signalling 

appears to differ to that of the ER. For example, in response to histamine stimulation, the drop 

in luminal Golgi Ca2+ is smaller than that of the ER, and in response to ATP Ca2+ release from the 

Golgi terminates before that of the ER (Missiaen et al., 2004; Vanoevelen et al., 2004). The Golgi 

only contributes ~2-3% of total cell volume and ~2-5% of cellular Ca2+ which may go some way 

to explain these findings (Chandra et al., 1991). However, as demonstrated by the lysosomes 

diminutive proportions do not necessarily preclude importance in Ca2+ signalling. 



35 
 
 

Figure 1.4 The Ca2+ signalling network of the cell 

Extracellular Ca2+ can enter the cell when VOCC, LOCC or TRP channels are activated. It may also enter 

via STIM and Orai when ER Ca2+ is depleted. Ca2+ is extruded back out of the cell by PMCA and NCX. 

Ca2+ stored in the lysosomes, the Golgi and ER can be released when resident Ca2+ channels such as 

TRPML1, TPCs, IP3R and RyR are activated by the phosphoinositide PI(3,5)P2 or mobilising messengers 

NAADP, cADPR or IP3. The synthesis of IP3 by PLC is stimulated by activated RTKs or GPCRs on the 

plasma membrane. PLC can activate TRP channels. cADPR and NAADP are synthesised by ADPR-c and 

are thought to require accessory binding proteins to activate their target channels. PI(3,5)P2 is 

synthesised by PIKfyve. Ca2+ is pumped into the Golgi by SPCA and into the ER by SERCA. Ca2+ enters 

the mitochondria through VDAC and MCU and leaves via NCLX, LETM1 and the PT pore. Cytosolic and 

ER buffers can modulate Ca2+ signals.  

Ca2+ release/uptake            ; other signalling paths          . 
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1.3.5 Ca2+ from the lysosomes 

Lysosomes have a luminal Ca2+ concentration of 400-700 μM  which is comparable to that of the 

ER (Christensen et al., 2002; Lloyd-Evans et al., 2008). However, the total cell volume occupied 

by lysosomes is smaller compared to the ER in mammalian cells and the two organelles 

contribute to Ca2+ signalling differently  (Weibel et al., 1969). 

 

As discussed previously, TRPML1 and TPC channels mediate lysosomal Ca2+ release and are likely 

under endogenous regulation by PI(3,5)P2 and NAADP. PI(3,5)P2 is synthesised from PI(3)P by 

the lipid kinase PIKfyve which can localise to endosomes and lysosomes (McCartney et al., 2014). 

Extracellular stimuli that trigger PI(3,5)P2 synthesis are not extensively documented. However, 

insulin secretion has been shown to regulate PIKfyve activity, and osmotic shock in yeast 

increases PI(3,5)P2 production.  

 

NAADP can be synthesised from NADP via a base-exchange reaction which is catalysed by CD38 

(Malavasi et al., 2008). Reported extracellular stimuli for NAADP synthesis are detailed in Table 

1.1 and include receptor agonists histamine and carbachol. Of note, CD38 is not always required 

for these stimulus-evoked NAADP increases eluding to the presence of an as yet unidentified 

NAADP-synthesising enzyme (Gul et al., 2016; Park et al., 2015; Shawl et al., 2009; Soares et al., 

2007). In lieu of direct NAADP measurements some stimuli have been linked to NAADP 

production if their Ca2+ signals have been inhibited by desensitising concentrations of NAADP or 

NAADP antagonists (Table 1.2). NAADP involvement has also been implied when Ca2+ signals are 

inhibited after disruption of the lysosomal Ca2+ store (Table 1.2). This is achieved by the 

lysosomotropic agent glycyl-L-phenylalanine-beta-naphthylamide (GPN) or the V-ATPase 

inhibitor bafilomycin A. GPN is a weak hydrophobic base that can diffuse into the lysosomes  

where it is then cleaved by the pH-sensitive hydrolase cathepsin C. The resultant products cause 

disruption to the lysosomal membrane and can initiate Ca2+ signals (Haller et al., 1996; Jadot et 

al., 1984). Bafilomycin A is thought to indirectly deplete lysosomal Ca2+ by reducing the proton 

content of lysosomes and consequently inhibiting Ca2+/H+ exchange, possibly mediated by CAX 

(Morgan et al., 2011). Although external triggers such as neurotransmitters and hormones have 

been reported to induce Ca2+ signals via lysosomes or NAADP, evidence supporting TPC 

involvement is lagging behind. In Chapters 3 and 4 I investigate the requirement of TPCs in the 

generation of such physiological global Ca2+ signals. 

 

As research is ongoing to uncover the triggers and mechanisms of PI(3,5)P2 and NAADP 

synthesis, so are efforts to understand how these stimuli elicit large Ca2+ signals in mammalian 
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cells through a low-volume Ca2+ store. Isolated NAADP-induced Ca2+ signals from the lysosomes 

alone are very small and difficult to detect, eluding to their local nature (Morgan, 2016). In 

contrast, isolated NAADP-induced Ca2+ release in sea urchin egg homogenates generates  

relatively large Ca2+ transients. This is likely due to the relatively large cell volume that lysosome-

related organelles occupy in sea urchin eggs (Morgan, 2011). However, in intact sea urchin eggs 

(where native MCS are presumably preserved) NAADP gives rise to an initial Ca2+ signal and a 

secondary Ca2+ wave by triggering further Ca2+ release from the ER (Churchill and Galione, 2001). 

In mammalian cells this functional coupling between the lysosomes and ER has also been 

demonstrated and is seemingly even more crucial for the production of global Ca2+ signals 

(Cancela et al., 1999; Morgan, 2016) .  

 

As well as lysosome-to-ER Ca2+ coupling, communication between the two organelles can work 

in the reverse mode. Upon Ca2+ release from the ER lysosomes may take up Ca2+ and act as a 

buffer of global Ca2+ signals (Lopez-Sanjurjo et al., 2013). Alternatively, as detected by increases 

in lysosomal pH, ER Ca2+ release can cause further NAADP-dependent lysosomal Ca2+ release 

(Morgan et al., 2013).  
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Table.1.1 Extracellular stimuli associated with NAADP generation 

Stimulus Concen-

tration 

Cell type Species Reference 

Angiotensin II 100 nM Hepatic stellate cells Mouse (Kim et al., 2010) 

Anti-CD3 Ab 

(OKT3) 

5 μg/ml Jurkat T lymphocytes 

(subclone JMP) 

Human (Gasser et al., 2006) 

ATC 400 μM Pancreatic β cell Mouse (Park et al., 2015) 

ATP 100 μM Cortical astrocytes Rat (Barceló-Torns et al., 

2011) 

Carbachol 100 μM Tracheal rings Guinea pig (Aley et al., 2013) 

Cholecystokinin 50 pM Pancreatic acinar Mouse (Cosker et al., 2010) 

Cholecystokinin 10 pM – 

1 μM 

Pancreatic acinar cells Mouse (Yamasaki et al., 2005) 

ET-1 1 μM Pulmonary arterial 

smooth muscle cell 

Rat (Kinnear et al., 2004) 

ET-1 100 nM Coronary arterial 

smooth muscle cells 

Bovine (Zhang et al., 2006) 

FasL 10 

ng/mL 

Coronary arterial 

myocytes 

Mouse (Zhang et al., 2010) 

GLP-1 10 nM Pancreatic β cells Mouse (Kim et al., 2008a) 

Glucose 

 

 Adipose tissue Mouse (Song et al., 2012) 

Glucose 12 mM Pancreatic Islets Mouse (Shawl et al., 2012) 

Glucose 20 mM Pancreatic β cells MIN6 Mouse (Masgrau et al., 2003) 

Glutamate 10 μM Whole brain 

suspension 

Rat (Pandey et al., 2009) 

Histamine 100 μM Myometrial Human (Soares et al., 2007) 

IL-8 10 pM Lymphokine-activated 

killer cells 

Mouse (Rah et al., 2010) 

Insulin 

 

100 nM 3T3-L1 adipose-

differentiated 

Mouse (Song et al., 2012) 

Insulin 

 

100 nM Primary Adipocytes Mouse (Song et al., 2012) 

Insulin 200 nM Pancreatic β-cells Mouse (Shawl et al., 2009) 

Ischemic 

reperfusion 

 Heart Mouse (Davidson et al., 2015) 

Isoprenaline 100 nM Heart Guinea pig (Lewis et al., 2012) 

Isoprenaline 2 μM Cardiomyocytes Rat (Gul et al., 2016) 

Isoprenaline 60 nM Heart Guinea Pig (Macgregor et al., 2007) 

NF546 (P2Y11-R 

agonist) 

1 and 

100 μM 

Neonatal 

Cardiomyocytes 

Rat (Djerada and Millart, 

2013) 

Rosiglitazone 1 μM 3T3-L1 adipose-

differentiated 

Mouse (Song et al., 2012) 

Sperm ~1-2 

x108 /ml 

Eggs Sea urchin (Churchill et al., 2003) 
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Thrombin 0.5 

units/ml 

Platelets Mouse (Mushtaq et al., 2011) 

TMPH 100 μM EA.hy926 endothelial 

cells 

Human (Esposito et al., 2011) 
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Table 1.2.   Ca2+ signals induced by extracellular stimuli with inferred NAADP/lysosomal 

involvement  

Ca2+ signals induced by the stimuli listed below were inhibited by GPN, Bafilomycin A (Baf), 

NAADP antagonists (N-ant), or desensitising concentrations of NAADP. 

Stimulus Concen-

tration 

Cell type Species GPN/ 

Baf/ 

N-ant/ 

NAADP 

Reference 

7-Ket 10 μg/ml Coronary arterial 

myocytes 

Mouse N-ant   

 

(Xu et al., 2015) 

Acetylcholine 10 μM Aortic 

endothelial cells 

(HAEC) 

Human  Baf 

N-ant  

(Brailoiu et al., 

2010b) 

Angiotensin II 100 nM Hepatic stellate 

cells 

Mouse Baf 

NAADP 

(Kim et al., 2010) 

Anti-CD3 Ab 

(OKT3) 

10 μg/ml Jurkat T 

lymphocytes 

(subclone JMP) 

Human NAADP (Berg et al., 2000) 

Antigen (ESO 

9C)-presenting 

cells 

 

100nM 

ESO 9C  

Cytotoxic T 

lymphocytes 

Human Baf 

N-ant 

NAADP 

(Davis et al., 2012) 

ATC 400 μM Pancreatic β cell Mouse N-ant  (Park et al., 2015) 

ATP 100 μM Cortical 

astrocytes 

Rat GPN 

 Baf 

 N-ant  

(Barceló-Torns et 

al., 2011) 

ATP 10 μM Hippocampal 

Neurons and 

Glia (separate 

results) 

Rat GPN (Pandey et al., 

2009) 

Carbachol 

 

100 μM Tracheal smooth 

muscle cells 

Guinea 

pig 

N-ant  (Aley et al., 2013) 

Carbachol 

 

10 μM Gastric Smooth 

muscle cells 

Rat NAADP (Pereira et al., 

2014) 

Cholecystokinin 

 

25 and 

40 pM 

Pancreatic 

acinar 

Mouse GPN (Cosker et al., 

2010) 

Cholecystokinin 

 

10 pM Pancreatic 

acinar 

Rat NAADP (Cosker et al., 

2010) 

Cholecystokinin 

 

5 pM Pancreatic 

acinar cells 

Mouse N-ant  (Gerasimenko et 

al., 2015) 

Cholecystokinin 0.5-2.5 

pM 

Pancreatic 

acinar cells 

Mouse Baf 

GPN 

(Yamasaki et al., 

2004) 

Cholecystokinin 2-5pM Pancreatic 

acinar cells 

Mouse NAADP (Cancela et al., 

1999) 
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Cross-linked 

CD3  

 

5 μg/ml 

αCD3; 50 

μg/ml 

streptavi-

din 

Naïve CD4 or 

CD8 T cells (Ned-

19 only) 

Mouse Baf 

N-ant  

(Ali et al., 2016) 

Cross-linked 

CD3  

 

5 μg/ml 

αCD3; 50 

μg/ml 

streptavi-

din 

Effector CD4 T 

cells 

Mouse N-ant  (Ali et al., 2016) 

ET-1 10 nM Cortical 

astrocytes 

Rat GPN 

 Baf 

N-ant  

(Barceló-Torns et 

al., 2011) 

ET-1 100 nM Pulmonary 

arterial smooth 

muscle cell 

Rat Baf (Kinnear et al., 

2004) 

ET-1 100 nM Coronary arterial 

smooth muscle 

cells 

Bovine Baf (Zhang et al., 2006) 

ET-1 100 nM Renal afferent 

arterioles 

Rat Baf 

N-ant 

(Thai et al., 2009) 

ET-1 (following 

IRL1620) 

10 nM Peritubular 

smooth muscle 

cells 

Rat Baf 

NAADP 

 

(Gambara et al., 

2008) 

Extracellular 

NAADP 

3 μM Naïve CD4 T cells Mouse Baf 

 N-ant  

(Ali et al., 2016) 

Extracellular 

NAADP 

3 μM Effector CD4 T 

cells 

Mouse Baf 

 N-ant  

(Ali et al., 2016) 

FasL 10 ng/mL Coronary arterial 

myocytes 

Mouse Baf (Zhang et al., 2010) 

GLP-1 10 nM Pancreatic β 

cells 

Mouse GPN 

Baf 

NAADP 

(Kim et al., 2008a) 

Glucose 

 

5-15mM Pancreatic Islets Mouse N-ant  (Wang et al., 2012) 

Glucose 

 

10 mM Pancreatic β 

cells 

Mouse GPN 

Baf 

N-ant  

(Arredouani et al., 

2015) 

Glucose 20 mM Pancreatic β 

cells MIN6 

Mouse Baf (Yamasaki et al., 

2004) 

Glucose 10 mM Pancreatic β 

cells 

Mouse N-ant (Naylor et al., 

2009) 

Glucose 20 mM Pancreatic β 

cells MIN6 

Mouse NAADP (Masgrau et al., 

2003) 
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Glutamate 10 μM Hippocampal 

Neurons and 

Glia (separately) 

Rat Baf 

GPN 

(Pandey et al., 

2009) 

Histamine 

 

100 μM EA.hy926 

endothelial cells 

Human N-ant  (Esposito et al., 

2011) 

Histamine 

 

100 μM Umbilical vein 

endothelial cells 

(HUVEC) 

Human 

 

N-ant  (Favia et al., 2014) 

Histamine 100 μM Myometrial Human Baf 

GPN 

(Soares et al., 

2007) 

IL-8 10 pM Lymphokine-

activated killer 

cells 

Mouse Baf (Rah et al., 2010) 

Insulin 

 

100 nM 3T3-L1 adipose-

differentiated 

Mouse Baf, N-

ant  

(Song et al., 2012) 

Insulin 

 

200 nM Pancreatic β-

cells 

Mouse NAADP (Shawl et al., 2009) 

Insulin 200 nM Pancreatic Islet 

cells 

Human NAADP (Johnson and 

Misler, 2002) 

IRL1620 100 nM Peritubular 

smooth muscle 

cells 

Rat Baf 

NAADP 

(Gambara et al., 

2008) 

Ischemic 

reperfusion 

Anoxic, 

followed 

by 

normoxic 

buffer 

Ventricular 

Cardiomyocytes 

Rat N-ant  (Davidson et al., 

2015) 

Isoprenaline 200 nM Cardiac 

myocytes 

Mouse Baf 

 N-ant 

(Nebel et al., 2013) 

Isoprenaline 2 μM Cardiomyocytes Rat Baf  (Gul et al., 2016) 

Isoprenaline 

and  

Electrical 

stimulation 

2 nM 

1Hz 

Ventricular 

myocytes 

Guinea 

Pig 

Baf 

 N-ant  

(Capel et al., 2015) 

Noradrenaline 10 μM Renal afferent 

arterioles 

Rat Baf 

N-ant 

(Thai et al., 2009) 

Oxytocin 100 μM Myometrial Human Baf 

GPN 

(Soares et al., 

2007) 

Oxytocin  10 nM Uterine smooth 

muscle cells 

Rat Baf 

N-ant 

(Aley et al., 2010b) 

RANKL 1 nM RAW Mouse Baf (Notomi et al., 

2012) 

Sperm ~1-2 x108 

/ml 

Eggs Sea urchin NAADP (Churchill et al., 

2003) 
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Thrombin 

 

0.5 

units/ml 

Platelets Mouse Baf 

 N-ant  

(Mushtaq et al., 

2011) 

Thrombin 

 

10 μM Aortic 

endothelial cells 

(HAEC) 

Human  Baf 

 N-ant  

(Brailoiu et al., 

2010b) 

Thrombin 0.1 

unit/ml 

Platelets Human GPN (López et al., 2005) 

TMPH 100 μM EA.hy926 

endothelial cells 

Human Baf 

 N-ant, 

NAADP 

(Esposito et al., 

2011) 

VEGF 100 μg/L Umbilical vein 

endothelial cells 

Human Baf 

N-ant  

(Favia et al., 2014) 
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1.3.6 Ca2+ from the extracellular space  

Up to this point the focus has been on how Ca2+ signals are generated from intracellular Ca2+ 

stores. However, Ca2+ is also maintained at high concentrations extracellularly (~1-2mM) and 

enters the cell through various channels at the plasma membrane (Thomas, 2000). An important 

route of Ca2+ entry is that which serves to re-fill the ER when its Ca2+ store has been depleted in 

order to sustain Ca2+ signals (Shen et al., 2011). This store-operated calcium entry (SOCE) is 

mediated by three proteins working in concert: an ER membrane protein (STIM), a plasma 

membrane Ca2+ channel (Orai) and the ER Ca2+ uptake pump SERCA. STIM (stromal interaction 

molecule) controls the process through its interaction with luminal ER Ca2+ (Stathopulos et al., 

2008). When ER Ca2+ is released and luminal Ca2+ levels drop STIM-Ca2+ binding is reduced and  

STIM consequently undergoes conformational change. This leads to its oligomerisation, 

translocation and subsequent activation of Orai (Liou et al., 2007). As Ca2+ enters the cell through 

Orai, SERCA re-fills the ER. These three SOCE proteins are enriched at ER-plasma membrane MCS 

although it is unclear whether the interaction between STIM and Orai modulates pre-existing 

MCS or creates new ones (Prinz, 2014). Extended synaptotagmins also have a role in ER-plasma 

membrane MCS formation that is dependent on Ca2+ and PI(4,5)P2 (Giordano et al., 2013).  

 

In electrically excitable cells Ca2+ also enters through voltage-operated Ca2+ channels (VOCC). As 

the putative descendants of TPCs they possess a pore-forming α subunit consisting of a 4x6 MSR 

configuration, with cytosolic termini (Simms and Zamponi, 2014). These channels open in 

response to membrane depolarisation and can be categorised according to voltage-sensitivity, 

kinetics, channel conductance and pharmacology. T-type VOCCs function autonomously as a 

single α subunit and open in response to small electrical currents. Channel types L, N, P/Q or R 

are flanked by additional β and α2δ subunits and open in response to large voltage changes. For 

the contraction of myofilaments in muscle, L-type VOCCs communicate to RyRs on the 

sarcoplasmic reticulum (SR) through specialised MCS which allow CICR or voltage-induced Ca2+ 

release (VICR) (Burgoyne et al., 2015). In neurons a similar type of MCS is important for Ca2+ 

communication between N-methyl-D-aspartate receptors (NMDAR) on the plasma membrane 

and RyR (Moriguchi et al., 2006). NDMAR are an example of ligand-operated Ca2+ channels 

(LOCC) which also include nicotinic receptors (Pankratov and Lalo, 2014). These channels are 

gated by neurotransmitters glutamate and acetylcholine respectively.  

 

Ca2+ entry through the plasma membrane is also permitted by TRP channels. This family of 

channels has 28 members (including TRPML1) which are associated with diverse stimuli and 

functions (Nilius and Owsianik, 2011; Venkatachalam and Montell, 2007).  Although TRPML1 
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localises to the lysosomes most TRPs are residents of the plasma membrane and their activity 

appears to be intertwined with other Ca2+ signalling events (Gees et al., 2010). For instance, 

members of the TRPC (TRP canonical) subgroup of channels are activated by PLC and therefore 

may be relevant to IP3-mediated Ca2+ signals.  It is unclear how TRPCs are activated by PLC but 

there is evidence in flies that the conversion of membrane bound PI(4,5)P2 to DAG physically 

alters the plasma membrane to mechanically open the channels (Hardie and Franze, 2012; 

Svobodova and Groschner, 2016). Alternatively, PI(4,5)P2 may inhibit TRPCs, thus PI(4,5)P2 

metabolism might confer TRPC activation (Rohacs, 2013). In addition, TRPs may activate VOCCs 

by depolarising the cell, and be involved in SOCE (Gees et al., 2010; Yuan et al., 2009). The latter 

remains a contentious issue since the identification of Orai as a store-operated Ca2+ channel 

(SOCC).  

 

1.3.7 Ca2+ and mitochondrial function 

Unlike lysosomes and the ER, mitochondria do not rapidly release Ca2+ upon opening of ion 

channels in response to second messengers. However, they have important functions in the 

calcium signalling network including the shaping of Ca2+ transients and regulating cell death 

(Rizzuto et al., 2012).  These organelles can take up local Ca2+ released from the ER via IP3Rs or 

RyRs when the two organelles are in close proximity (Csordás et al., 2010; Szalai et al., 2000). To 

reach the mitochondrial matrix where Ca2+ regulates several downstream pathways Ca2+ ions 

must pass through an ion-permeable outer mitochondrial membrane (OMM) and an 

impermeable inner mitochondrial membrane (IMM). The OMM is permeable to ions ~5kDa and 

this is enabled by the presence of voltage-dependent anion channels (VDAC) (Colombini, 1980). 

To cross the IMM Ca2+ ions pass through the more selective mitochondrial Ca2+ uniporter (MCU) 

(De Stefani et al., 2011; Kirichok et al., 2004).  As mitochondrial Ca2+ uptake relies on its closeness 

with the ER several studies have focussed on identifying the molecular components of the ER-

mitochondrial MCS. One candidate, GRP75 (75kDa glucose-related protein), chaperones the 

interaction between IP3R and VDAC (Szabadkai et al., 2006). MFN2 (mitochondrial dynamin-

related family member mitofusin 2) has controversially been shown to both promote and inhibit 

ER-mitochondrial contacts and Ca2+ transfer (de Brito and Scorrano, 2008; Filadi et al., 2015; 

Naon et al., 2016). PML (promyelocytic leukaemia tumour suppressor) is reported to control IP3R 

Ca2+ release and mitochondrial uptake, possibly by regulating PKB (protein kinase B) activity 

(Giorgi et al., 2010). Interactions between ER VAP-B and OMM PTPIP51 (protein tyrosine 

phosphatase-interacting protein 51) are also important for maintaining ER-mitochondria MCS 

(De Vos et al., 2012). The importance of this MCS is perhaps highlighted by the 

neurodegenerative disorders Charcot-Marie Tooth disease and amyotrophic lateral sclerosis 
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(ALS) which can be caused by mutant forms of MFN2 and VAP-B (Chen et al., 2010; Züchner et 

al., 2004). Besides the ER, mitochondria can also take up Ca2+ from plasma membrane SOCE 

channels and VOCCs (Rizzuto et al., 2012). The makeup of mitochondria-plasma membrane MCS 

in mammals is currently unknown but in yeast Num1 and Mdm36 have been proposed as a 

tethering complex (Westermann, 2015).   

 

The consequences of rising mitochondrial Ca2+ are numerous, ranging from helpful to the 

potentially disastrous. One of the more cooperative outcomes is an increase of dehydrogenase 

activity which contributes to increased ATP production (Denton, 2009; Glancy and Balaban, 

2012). As many events triggered by rises in Ca2+ are energy-dependent this relationship may 

serve to keep ATP levels up with demand.  The more sinister role of rising mitochondrial Ca2+ is 

in promoting cell death. First, increased ATP production may be accompanied by increased 

production of harmful reactive oxygen species (ROS) which damage proteins, lipids and nucleic 

acids (Turrens, 2003). Second, a cell’s doom is often flagged by the increased permeability of the 

IMM in a phenomenon known as permeability transition (PT) (Biasutto et al., 2016). This can 

cause collapse of the mitochondrial electrochemical gradient that drives ATP synthesis, and 

release of pro-apoptotic factors such as cytochrome C into the cytosol. Many studies have 

shown that PT is preceded by increases in mitochondrial Ca2+, whether it comes from 

excitotoxicity or cytosolic Ca2+ waves caused by physiological stimuli  (Rizzuto et al., 2012).  

 

The ability of mitochondria to take up Ca2+ is also important for shaping Ca2+ signals. For 

example, once Ca2+ is released through IP3R there may be a high local Ca2+ concentration around 

the receptor. If this concentration is too high it will inhibit further release (Bezprozvanny et al., 

1991). If, however, mitochondria are close by and buffer the Ca2+ to lower the local 

concentration further release from the ER may be permitted. In an alternative scenario 

mitochondria may reduce the local Ca2+ concentration around IP3R to non-activating levels 

(Jouaville et al., 1995). The advantage of this is that more IP3 receptors will need to be stimulated 

simultaneously before Ca2+ levels are high enough to initiate CICR and produce a global Ca2+ 

signal. This prevents asynchronous firing of IP3Rs which could result in the failure of a signal to 

propagate. The shaping of Ca2+ signals by mitochondria appears to be an active process whereby 

mitochondria move to the vicinity of Ca2+ release (MacAskill et al., 2009). 

 

Of course Ca2+ entry into mitochondria, whatever the cause, must be balanced by Ca2+ extrusion. 

This is achieved by Ca2+/Na+ and Ca2+/H+ exchange activity conferred by NCLX and LETM1 
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respectively (Palty et al., 2010; Shao et al., 2016). The PT pore has also been reported to mediate 

mitochondrial Ca2+ release (Rizzuto, 2012). 

 

1.3.8 Signal Silencing 

Ca2+ uptake by mitochondria provides one way of modulating and possibly terminating cytosolic 

Ca2+ signals. As discussed previously lysosomes can also take up Ca2+ via CAX activity. In addition, 

the pumps sarco/endoplasmic reticulum Ca2+ -ATPase (SERCA), secretory pathway Ca2+-ATPase 

(SPCA) and plasma membrane Ca2+ ATPase (PMCA) can also remove Ca2+ from the cytosol to fill 

primarily the ER, Golgi and extracellular space respectively (Brini and Carafoli, 2009). These three 

pumps belong to the P-type family of ATPases that hydrolyse ATP to transport ions across a 

membrane. There are 3 gene isoforms for SERCA, with SERCA2 being the dominant presence in 

the brain (Baba-Aissa et al., 1996). All isoforms are predicted to have the same structure owing 

to highly conserved primary sequences (Periasamy and Kalyanasundaram, 2007). SERCA is 

functional as a monomer and possesses 10 helical MSRs which encompass two Ca2+ binding sites 

(Brini and Carafoli, 2009). The presence of two Ca2+ binding sites may explain the 2 Ca2+ ions that 

are transported for every ATP that is hydrolysed. A distinguishing property of SERCA is its 

inhibition by the lactone thapsigargin which sits in a cavity created by the MSR helices. (Brini 

and Carafoli, 2009; Chen et al., 2017; Thastrup et al., 1990). SPCA has two isoforms, with SPCA1 

evenly expressed in a wide variety of tissues (Vanoevelen et al., 2005). SPCA2 on the other hand 

has a more uneven expression pattern, with higher levels in the digestive system.  The third P-

type ATPase that reduces cytosolic Ca2+ is PMCA. Isoforms 1 and 4 are expressed ubiquitously 

whilst PMCA2 and 3 are restricted to the nervous system (Zacharias and Kappen, 1999). Both 

SPCA and PMCA are predicted to have similar structures to SERCA but they lack an acidic residue 

in MSR 5 which is crucial for Ca2+ binding (Brini and Carafoli, 2009). This reduces their number of 

binding sites to one which probably explains why they only transport one Ca2+ across the 

membrane for each hydrolysed ATP.  

 

Cytosolic Ca2+ is also extruded by the Ca2+/Na+ (NCX) exchanger in the plasma membrane. For 

every 3 Na+ ions that enter the cytosol NCX exports one Ca2+ (Khananshvili, 2014). As well as 

pumps and exchangers, cytosolic Ca2+ levels can be reduced by other Ca2+ binding proteins. 

Although there are many molecules that bind Ca2+ in order to carry out their function they are 

not all present at large enough concentrations to be considered buffers (Schwaller, 2010). 

Examples of cytosolic Ca2+ sensors that are include parvalbumin, calbindins and calretinin. These 

buffers appear to modulate Ca2+ signals in unique ways. For instance, parvalbumin modulates 

the decay of global Ca2+ signals from a monophasic decay to biphasic - it increases the rate of 
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the initial drop but quickly the decay is slowed, causing the signal to plateau before returning to 

basal Ca2+ levels (Collin et al., 2005; Lee et al., 2000). Calbindin-D28K on the other hand has been 

shown to reduce the peak amplitude of Ca2+ transients (Airaksinen et al., 1997). Ca2+ buffers 

inside organelles are also important for shaping Ca2+ signals. ER resident calreticulin is one such 

buffer which affects the activity of SERCA and Ca2+ signals in response to bradykinin (John et al., 

1998; Mesaeli et al., 1999). Calnexin is an ER membrane protein which also regulates SERCA in 

response to IP3R activity (Roderick et al., 2000). These two Ca2+-sensitive ER proteins function as 

chaperones, recognising polysaccharides tagged to misfolded nascent proteins (McCaffrey and 

Braakman, 2016). Another ER Ca2+ buffer, BiP, is also important in protein re-folding but binds 

instead to exposed hydrophobic protein patches. Problems may therefore arise if ER Ca2+ levels 

are disturbed as protein folding may be impaired. Depletion of ER Ca2+ and protein aggregation 

both contribute to ER stress and may trigger the unfolded protein response (UPR) which is 

regulated by BiP  (Rutkowski and Kaufman, 2004). The UPR signalling cascades aim to restore ER 

homeostasis by pausing the majority of protein synthesis, increasing ER-associated protein 

degradation (ERAD), and increasing protein folding (Wang and Kaufman, 2016). If, however, UPR 

is prolonged and homeostasis is not reached, apoptosis ensues. This is mediated by increases in 

IP3R Ca2+ release and mitochondrial Ca2+ uptake.    

 

In summary, the ability to fine-tune Ca2+ levels to prevent mitochondrial or ER stress is clearly 

important to prevent cell death. In addition, the control of Ca2+ is critical to avoid non-lethal 

disruption to a myriad of Ca2+ dependent processes including membrane trafficking and 

lysosome-mediated degradation. Therefore, understanding the upstream causes of de-

regulated Ca2+ may be an essential part of understanding cell stress and degeneration. 

 

1.4 LYSOSOMES, Ca2+ AND NEURODEGENERATION  

Neurodegeneration is often accompanied by pathologies such as protein or lipid accumulation, 

mitochondrial dysfunction and oxidative stress. De-regulated Ca2+ is also now emerging as an 

important contributing factor. 

 

Sustained Ca2+ influx through NMDAR is already linked to neurodegeneration in stroke, epilepsy, 

multiple sclerosis, Alzheimer’s disease, Huntington disease and PD (Mehta et al., 2013). Caused 

by toxic levels of the excitatory neurotransmitter glutamate, this excitotoxicity is associated with 

mitochondrial Ca2+ overload. Although this may momentarily increase ATP synthesis it also 

increases ROS production and opens the mitochondrial PT pore leading to cell damage and cell 
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death. It is plausible that other changes to Ca2+ homeostasis may contribute to the same 

destructive pathway through the mitochondria. In addition, disruptive Ca2+ fluxes may impair 

proteostasis in the ER or membrane trafficking which may impact degradation or 

neurotransmission. Ca2+-regulated ATP synthesis is also particularly important in neurons to 

keep up with the high energy demand of these large and electrically excitable cells (Surmeier et 

al., 2017a). It is conceivable that lysosomal Ca2+ release and its involvement in vesicular 

trafficking and global Ca2+ signalling is important in the context of neurodegeneration. Indeed, 

in lysosomal storage disorders such as mucolipidosis type IV, and in PD, there is accumulating 

evidence that Ca2+ and lysosomal channels are pivotal in bringing about phenotypic changes. 

Such changes include lipid accumulation, de-regulated autophagy, mitochondrial 

fragmentation, and even apoptosis. These are described in the following sections.  

 

1.4.1 Mucolipidosis Type IV 

Mucolipidosis type IV (MLIV) is caused by mutations in the lysosomal Ca2+ channel TRPML1. It is 

an autosomal recessive disease and carrier frequency is relatively high (between 1:90 and 1:130) 

amongst Ashkenazi Jews (Bach, 2005; Bargal et al., 2001; Edelmann et al., 2002). In this 

population two founding mutations with origins in northern Poland and neighbouring Lithuania 

constitute 95% of MLIV mutant alleles, and both result in the loss of a functional protein 

(Edelmann et al., 2002). Diffuse neurodegeneration in MLIV is associated with psychomotor 

problems, ophthalmic degeneration and aberrant secretion of hydrochloric acid in the stomach 

(achlorhydria) (Bach, 2005). Pathogenesis likely begins before birth and symptoms are present 

from a very young age (Frei et al., 1998; Kohn et al., 1977). At present there is no medical 

treatment available. A range of therapies including physical, speech and vision are 

recommended as well as iron supplements to counter the effect of achlorhydria.  

   

MLIV can be classed as a lysosomal storage disorder (LSD) and it is characterised by the 

accumulation of mucopolysaccharides, gangliosides and phospholipids (Bach et al., 1975, 1977; 

Bargal and Bach, 1997a). Before MCOLN1 (encoding TRPML1) was identified as the causative 

gene this accumulation was linked to defects in membrane trafficking and not to dysfunctional 

lysosomal hydrolases which are responsible for many other LSDs (Bargal and Bach, 1997b; Chen 

et al., 1998). Since then a deeper understanding of TRPML1’s role in membrane trafficking has 

evolved (see earlier section on TRPML1).   

 

Perhaps particularly relevant to this neurodegenerative disorder are reports of aberrant 

autophagy. A growing number of studies have observed defective autophagy with associated 
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protein accumulation, ROS production or fragmented mitochondria in MLIV patient cells or 

disease models. Various mechanisms have been put forward to explain how these observations 

may be linked or how TRPML1 may cause them. Autophagic dysfunction was to blame for the 

accumulation of ubiquinated proteins in MLIV cells (Curcio-Morelli et al., 2010a; Vergarajauregui 

et al., 2008). This impaired autophagy was reportedly due to 1) delayed fusion between 

autophagosomes and late endosomes/lysosomes and 2) sustained generation of 

autophagosomes. Elsewhere impaired autophagy in MLIV cells was reported to result in the 

accumulation of fragmented mitochondria (Jennings et al., 2006). They further demonstrated 

that the MLIV mitochondria did not have the usual capacity to buffer Ca2+ in response to Ca2+ 

signals stimulated by bradykinin. This, they showed, made MLIV cells more sensitive to Ca2+ - 

triggered apoptosis which could be inhibited by membrane-permeable BAPTA. Coblentz and 

colleagues also observed fragmented mitochondria in MLIV cells (Coblentz et al., 2014). 

However, in an alternative approach, Coblentz et al considered the iron-permeability of TRPML1 

(Dong et al., 2008). They proposed that with no functional TRPML1, Fe2+ accumulates in the 

lysosomes. This re-distribution of iron then leads to increased ROS production which in turn 

causes mitochondrial fragmentation. Regulation of autophagy by TRPML1 has also been 

attributed to its ability to sense ROS (Zhang et al., 2016). Defective CMA has also been reported 

in MLIV cells, which may be due to impaired interactions between TRPML1 and chaperones 

Hsc70 and Hsc40 (Venugopal et al., 2009).  

 

As the exact mechanisms linking TRPML1 to MLIV phenotypes are up for debate, the channel 

remains a focus of investigation. Promisingly, the activation of mutant TRPML1 (F408Δ) by 

synthetic agonist MK6-83 corrected the diffuse accumulation of lipids in MLIV fibroblasts (Chen 

et al., 2014). However, this highlights two issues. First and profoundly is that whilst the F408Δ 

MLIV mutation still allows the formation of a functional lysosome-localised channel, many MLIV 

mutations do not (Chen et al., 2014; Edelmann et al., 2002). Therefore, activation of TRPML1 is 

not a viable universal therapy for MLIV patients. Secondly, although Ca2+ release through 

TRPML1 is understood to regulate membrane fusion there has been no investigation into 

whether activation of this Ca2+ channel can cause global Ca2+ signals in the same way that TPCs 

can and what the consequences may be (Brailoiu et al., 2009; Calcraft et al., 2009). This may be 

particularly important given the context of cells already under stress with impaired autophagy, 

damaged mitochondria, and an increased sensitivity to apoptosis.   

 

Another neurodegenerative disease that may be associated with downregulated TRPML1 

activity is Niemann-Pick Type C disease (NPC). As for MLIV, NPC is an autosomal recessive LSD 
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and pathogenesis may start before birth (Colin et al., 2015).  It is caused by mutations in NPC1 

or NPC2 which are thought to work together to extrude cholesterol from the endolysosomes 

(Infante et al., 2008; Kwon et al., 2009; Rosenbaum and Maxfield, 2011; Sleat et al., 2004; Storch 

and Xu, 2009; Vanier, 2010). Not only does cholesterol accumulate in NPC, but sphingomyelin, 

sphingosine and glycosphingolipids too (Davidson et al., 2009; Lloyd-Evans et al., 2008; 

Patterson et al., 2007; Vruchte et al., 2004). Neurodegeneration in NPC is most notable in 

cerebella Purkinje neurons and is linked to difficulties with muscle movement, speech and 

dementia (Vanier, 2010).   

 

Autophagy has been a focus of many NPC studies. Increased levels of the autophagosome 

marker, LC3, has been repeatedly reported in NPC1-/- mice, NPC human fibroblasts, iPSCs and 

other NPC models (Davidson et al., 2009; Ishibashi et al., 2009; Liao et al., 2007; Maetzel et al., 

2014; Ordonez et al., 2012; Pacheco et al., 2007; Sarkar et al., 2013). Reduced lysosome 

hydrolase activity has also been reported (Elrick et al., 2012; Liao et al., 2007) and there are 

many more studies that demonstrate fusion and trafficking defects in NPC (Choudhury et al., 

2004; Ganley and Pfeffer, 2006; Ko et al., 2001; Sobo et al., 2007; Tamari et al., 2013; Walter et 

al., 2003, 2009). 

 

Mitochondrial damage also features in NPC neurons and fibroblasts, and may be a consequence 

of impaired autophagy (Ordonez et al., 2012). Interestingly, Ordonez and colleagues found that 

whilst protein levels of apoptosis inducing factor (AIF) were increased in NPC model neurons this 

was not mirrored in the NPC fibroblasts. An earlier study also identified aberrant mitochondria 

in NPC (Yu et al., 2005): Mitochondrial membrane cholesterol was elevated and membrane 

potential and ATP synthesis was reduced. Furthermore, this was linked to shortened neurites  

which could be lengthened by the addition of ATP. 

 

Regarding lysosomal Ca2+ and NPC, it has been reported that Ca2+ release evoked by GPN or 

bafilomycin A is reduced in NPC fibroblasts, lymphocytes and Purkinje neurons (Lee et al., 2010a; 

Lloyd-Evans et al., 2008). In addition, Lloyd-Evans and colleagues demonstrated that NAADP-

induced Ca2+ signals were inhibited in NPC fibroblasts.  Reduced lysosomal Ca2+ in NPC fibroblasts 

and Purkinje Neurons has since been confirmed (Höglinger et al., 2015; Lee et al., 2014; Visentin 

et al., 2013; Xu et al., 2012). Reduced lysosomal Ca2+ release has also been reported in NPC 

Natural Killer cells, , Chinese Hamster Ovary (CHO) cells and mouse macrophages (Shen et al., 

2012; Speak et al., 2014). However, Shen et al found that lysosomal Ca2+ release evoked by GPN 

or ammonium chloride (NH4Cl) was no different in cells lacking NPC1  (NPC1-/-) compared to 
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controls (Shen et al., 2012). What they did find though was that Ca2+ release in response to the 

TRPML1 agonist, ML-SA1, was reduced. Shen and colleagues also showed that the membrane 

trafficking defects in NPC1-/- cells could be reversed by ML-SA1. The same research group has 

since linked TRPML1 to NPC as a regulator of autophagy (Wang et al., 2015b). 

 

Given that the activation of TRPML1 may hold therapeutic potential for MLIV and NPC, as well 

as other diseases of the nervous system, it is important to understand the consequences fully 

(Bae et al., 2014; Zou et al., 2015). This includes finding out whether TRPML1 activation can 

generate global Ca2+ signals which may have deleterious effects in neurons that are already 

compromised by disease.  

 

1.4.2 Parkinson’s Disease 

Upon some grounds Parkinson’s disease (PD) appears dissimilar to MLIV and NPC. First, PD is a 

disease associated with old age whereas MLIV and NPC appear in children and young adults. In 

predominantly Caucasian populations the prevalence of PD increases from ~1/1000 at 50-59 

years of age, to 30/1000 at 80+ (Pringsheim et al., 2014). Secondly, MLIV and NPC are caused by 

inherited mutations in one or two select genes. In PD however, only the minority of cases are 

caused this way, and the rest are seemingly sporadic (Gandhi and Wood, 2010). However, all 

three disorders have been connected with defective autophagy and dysfunctional mitochondria. 

Furthermore, mutations in lysosomal proteins have been linked to PD, and disturbed Ca2+ 

homeostasis has emerged as part of PD pathology. Moreover, meta-analysis of expression data 

and genome-wide association studies (GWAS) has highlighted the relevance of the Ca2+ signalling 

network to PD (Edwards et al., 2011). 

 

The motor symptoms of PD such as rigidity, bradykinesia, ataxia and tremor are associated with 

severe neurodegeneration of the substantia nigra pars compacta (SNc) and the consequential 

depletion of dopamine (DA). As such, neurodegeneration of the SNc has been the focus of much 

research.  However, PD pathology is not limited to the SNc nor even the brain (Braak et al., 2003; 

Sampson et al., 2016). Critically there is no cure for PD. Treatment focuses on replenishing DA 

or mimicking its action, which can only stave off the motor symptoms for so long (Brichta et al., 

2013). Non-motor symptoms including depression and insomnia are treated separately, as and 

when they manifest.  
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1.4.2.1 Genetics and PD 

The route into describing PD pathogenesis is often guided by the genetic mutations that have 

been linked to familial PD. This brings some order to describing numerous discoveries which are 

often complex and interrelated. It should be noted that with the rapid accumulation of PD-linked 

genes it is no longer possible to classify them all into one simple system (Kalinderi et al., 2016; 

Marras et al., 2012).  Some of the PD-linked genetic mutations have been associated with 

monogenic PD repeatedly and are widely accepted as causative. However, some are found in 

unaffected family members too. Many of the most recently identified genes have only been 

reported in a single family and are awaiting further reports for confirmation. In addition, some 

mutations are associated with parkinsonism that does not fit a classical PD diagnosis (Edvardson 

et al., 2012; Lesage et al., 2016; Quadri et al., 2013; Ramirez et al., 2006). Another issue 

complicating PD diagnosis is that Lewy deposits, which are held as the canonical PD hallmark, 

can only be viewed at autopsy (Spillantini et al., 1997).  Furthermore, there are exceptions where 

Lewy bodies are not present in people who have been diagnosed with familial PD (Poulopoulos 

et al., 2012). Of particular relevance here mutations in the lysosomal genes GBA1 and ATP13A2 

have been linked to PD. In addition, mutant LRRK2 in PD has been linked to lysosome and Ca2+ 

de-regulation. 

 

1.4.2.1.1 GBA1 

GBA1 encodes the lysosomal enzyme glucocerebrosidase (GCSase) which catabolises 

glucocerebroside (GlcCer). Mutations in GBA1 can cause Gaucher’s disease (GD) which is the 

most common LSD (Stern, 2014). Like MLIV and NPC, GD is inherited in an autosomal recessive 

manner, presents early on in life and is a disease of neurodegeneration. Importantly, GBA1 

mutations also increase the risk of developing PD (Nichols et al., 2009; Sidransky et al., 2009). 

GBA1’s link to PD is further strengthened by the appearance of its locus in genome-wide 

association studies (GWAS) (Nalls et al., 2014).  

 

In GD improper folding of GCSase is connected to its retention in the ER,  degradation by the 

proteasome and impaired trafficking to the lysosomes (Ron and Horowitz, 2005). Interestingly, 

it has been reported that not only are GCSase levels reduced in the SNc of GBA1-PD patients but 

in sporadic PD patients too (Gegg et al., 2012). In the same study levels of Ca2+-sensitive BiP, a 

protein of the unfolded protein response (UPR), were found to be increased in the PD putamen.  

Elsewhere, in the anterior cingulate cortex of late stage PD, a reduction in GCSase is associated 

with decreased levels of cathepsins and CMA protein LAMP2 (Murphy et al., 2014). In addition, 

this was accompanied by increased levels of α-synuclein (α-syn), a major constituent of Lewy 

deposits (Spillantini et al., 1997). Accumulation of α-syn has also been reported in iPSC neurons 
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from people with GBA1-PD, accompanied by GlcCer build-up, disturbed autophagic flux and 

heightened sensitivity to mitochondrial complex 1 inhibition (Schöndorf et al., 2014).  

 

An association between GCSase and Ca2+ signalling has also been established. In a neuronal 

model of GCSase inhibition, Ca2+ release induced by glutamate or caffeine was augmented 

compared to controls (Korkotian et al., 1999). Furthermore, this model was more sensitive to 

glutamate-induced cell death. Later, enhanced Ca2+ release induced by the RyR agonist, 

palmitoyl CoA, was reported in rat brain microsomes that were treated with exogenous GlcCer, 

and in microsomes derived from GD patient brain tissue (Lloyd-Evans et al., 2003).  In the GBA1-

PD neurons investigated by Schöndorf and colleagues RyR dysfunction was once again 

associated with increased GlcCer levels; both basal Ca2+ and caffeine-stimulated Ca2+ release 

through RyRs were raised (Schöndorf et al., 2014).  More recently it was reported that fibroblasts 

from GBA1-PD patients exhibit enhanced ER Ca2+ content and cADPR-evoked Ca2+ signals, again 

supporting a GBA1-RyR link (Kilpatrick et al., 2016b). What is more, augmented ER Ca2+ appeared 

to be balanced by reduced lysosomal Ca2+ content, and was associated with altered lysosome 

morphology. Taken together, these reports form a case for the involvement of lysosomes and 

disturbed Ca2+ in PD pathogenesis. 

 

1.4.2.1.2 ATP13A2 

Another gene that supports a role for lysosomes and Ca2+ in PD is ATP13A2. Mutations in this  

lysosomal P-type ATPase can cause PD or hereditary parkinsonism known as Kufor-Rakeb 

syndrome (Djarmati et al., 2009; Fonzo et al., 2007; Ramirez et al., 2006). Similarly to GBA1, 

pathogenic mutations result in the synthesis of truncated proteins that are retained in the ER 

and degraded by the proteasome (Ramirez et al., 2006). This has been supported in more recent 

work which also demonstrates that expression of Ca2+-sensitive BiP and other UPR proteins are 

increased in Kufor-Rakeb patient cells (Park et al., 2011). This upregulation of Ca2+-sensitive 

proteins may disturb Ca2+ signalling. In yeast and Caenorhabditis elegans, ATP13A2 has been 

shown to be protective in the presence of toxic α-syn (Gitler et al., 2009). 

 

Reduced expression of ATP13A2 in various models has been linked to mitochondrial dysfunction 

and increased ROS production, which was attributed to impaired autophagic flux (Gusdon et al., 

2012). Indeed, dysfunctional ATP13A2 has been associated with increased numbers of LC3-

positive vesicles, impaired lysosome-mediated degradation, accumulation of α-syn and 

decreased cell viability (Usenovic et al., 2012). Elsewhere, in fibroblasts from ATP13A2-PD 

patients the levels of multiple lysosome markers are raised, lysosomal pH is increased and 

cathepsin activity is reduced (Dehay et al., 2012). Recent work proposes that lysosome and 
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autophagy defects caused by the loss of a functional ATP13A2 are the result of decreased 

Synaptotagmin 11 expression which is regulated in part by mammalian target of rapamycin 

(mTOR)  and transcription factor EB (TFEB) (Bento et al., 2016). Such trafficking defects may also 

result from disturbed Ca2+ fluxes, which appear to be important in inter-organellar fusion and 

fission (Pryor et al., 2000). Whilst there is not yet a plethora of evidence that pathogenic 

ATP13A2 affects cellular Ca2+, overexpression and silencing of ATP13A2 does cause a drop in 

basal Ca2+ in neurons (Ramonet et al., 2012).  

 

1.4.2.1.3 LRRK2 

A third PD-linked gene that has been associated with lysosomal function is LRRK2. LRRK2 

mutations that cause autosomal dominant PD are positioned within the kinase and GTPase 

domains of the protein (Martin et al., 2014a). The G2019S mutation increases kinase activity and 

is the most common PD-associated mutation found in ~5% of familial PD cases and ~1% of 

sporadic (Bardien et al., 2011; Healy et al., 2008). Unlike some other PD-related genes LRRK2 

function cannot be easily pigeon-holed. In order to delineate its role in PD numerous studies 

have sought to identify LRRK2 binding partners, and works offering digestible visualisations of 

this data have been published (Manzoni et al., 2015; Porras et al., 2015).  

 

Repeatedly, LRRK2 is implicated in vesicular trafficking. A host of LRRK2 interactors are 

associated with synaptic vesicle endocytosis (Gallop et al., 2006; Lee et al., 2005; Matta et al., 

2012; Piccoli et al., 2011) and LRRK2 has been shown to bind with and phosphorylate Rab 

GTPases to modulate its function (Dodson et al., 2012; Gómez-Suaga et al., 2014; MacLeod et 

al., 2013; Shin et al., 2008; Steger et al., 2016). For example, the slowing of synaptic vesicle 

endocytosis caused by overexpression of LRRK2 wildtype (WT) or mutant LRRK2 could be 

reversed by overexpression of Rab5b (Shin et al., 2008).  Neurite shortening and DA neuron 

survival in LRRK2 G2019S cells could also be improved by overexpressing Rab7 or retromer 

component Rab7L1 (MacLeod et al., 2013). In addition, disturbed retrograde trafficking and 

lysosome swelling in LRRK2 G2019S neurons could be reversed by overexpressed Rab7L1 or 

VPS35. In contrast to the data published by Macleod and colleagues, overexpressed Rab7L1 

exacerbated Golgi clustering in cells transfected with LRRK2 G2019S due to upregulated 

autophagy (Beilina et al., 2014). Like Rab7L1, VPS35 is a retromer component, but VPS35 is also 

associated with monogenic PD (Kalinderi et al., 2016). Besides retrograde transport VPS35 is 

involved in CMA and the formation of mitochondria-derived vesicles (MDVs) which transport 

cargo to lysosomes for degradation (Sugiura et al., 2014). In models with reduced or mutant 

VPS35 expression observations of impaired autophagy (Zavodszky et al., 2014), mitochondrial 
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fragmentation (Wang et al., 2016), disrupted recycling of neurotransmitter receptors (Munsie 

et al., 2015), accumulation of α-syn, reduced locomotor scores and SNc neuronal loss (Tang et 

al., 2015) have all been reported.  

 

Research in flies has further added to the LRRK2-Rab link: It was demonstrated that 

overexpression of Rab7 or LRRK2 G2019S promotes perinuclear lysosome clustering (Dodson et 

al., 2012). In human patient fibroblasts LRRK2 G2019S has also been associated with disturbed 

lysosome morphology that could be improved by inhibiting Rab7 (Hockey et al., 2015). 

Interestingly, this phenotype was associated with augmented global Ca2+ signals in response to 

NAADP. Furthermore, knockdown of TPC2 or treatment of the fibroblasts with membrane-

permeable BAPTA also appeared to improve lysosome morphology. 

 

The link between LRRK2 and TPCs has been reported elsewhere in relation to impaired 

autophagy.  In HEK293T cells both LRRK2 WT and LRRK2 G2019S increase the number of LC3-

positive vesicles (Gómez-Suaga et al., 2012). Notably, this LRRK2-induced autophagy was 

independent of mTOR and instead worked through calcium/calmodulin-dependent protein 

kinase kinase (CaMKK) signalling. Moreover, this disturbed autophagy could be blocked by 

overexpressing mutant TPC2, and recapitulated by treating cells with NAADP. Gómez-Suaga et 

al. also found that LRRK2 upregulated Ca2+-dependent protein synthesis and that inhibition of 

mTOR alleviated the autophagy disturbance. Importantly, LRRK2 activity sensitized cells to death 

when the proteasome was blocked, which could be significant in the context of proteasome 

block by α-syn (Stefanis et al., 2001; see SNCA section). Contrary to this study, inhibition of mTOR 

has been shown to exacerbate autophagy defects in LRRK2 G2019S cells and inhibition of LRRK2 

kinase activity has been shown to increase protein synthesis and autophagic markers (Manzoni 

et al., 2013; Plowey et al., 2008). Extracellular-signal regulated kinase (ERK) has also been 

proposed as part of the LRRK2-autophagy pathway (Plowey et al., 2008). In addition, LRRK2 has 

been implicated in the turnover of the TGN via autophagy (Beilina et al., 2014) and degradation 

of pathogenic LRRK2 via CMA is impaired (Orenstein et al., 2013). The latter causes accumulation 

of α-syn around the lysosomes  (Orenstein et al., 2013). 

 

LRRK2, Ca2+ and mitochondria have also been functionally linked (Cherra et al., 2013): In neurons 

expressing LRRK2 G2019S mitochondrial membrane potential was reduced, as was Ca2+ 

buffering capacity in response to depolarisation. Cellular mitochondrial content was reduced 

and autophagy was increased. Remarkably, Ca2+ chelation by cell-permeable BAPTA reversed 

the defects of mitochondrial membrane potential, mitochondrial content, autophagy, and 
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restored dendrite length in the LRRK2 G2019S neurons. Chelation of extracellular Ca2+ or block 

of L-type Ca2+ channels also restored mitochondrial content and neurite length.  

 

Exactly how LRRK2 interacts with its effectors is not always clear. In some studies its kinase 

activity has been implicated (Gómez-Suaga et al., 2012; Matta et al., 2012). As the LRRK2 G2019S 

mutation increases its kinase activity, this could be a veritable mode of LRRK2 pathogenesis 

(Greggio and Cookson, 2009). LRRK2 kinase substrates include ezrin/radixin/moesin (ERM) 

proteins (Jaleel et al., 2007; Parisiadou et al., 2009), extracellular signal-regulated kinase (ERK) 

(Reinhardt et al., 2013), translation initiation factor binding partner (4E-BP) (Imai et al., 2008), 

Futsch (Lee et al., 2010b) and ribosomal protein 15 (Martin et al., 2014b) thereby implicating 

LRRK2 in the regulation of cytoskeleton dynamics, transcription and translation. However, other 

pathogenic LRRK2 mutations do not alter kinase activity, therefore there might be an alternative 

pathogenic output, possibly from its ROC GTPase domain.  As LRRK2 autophosphorylates at 

many sites in its ROC domain kinase activity may actually serve to regulate LRRK2 GTPase activity 

(Taymans, 2012). Incidentally, pathogenic mutations in the ROC domain modulate interactions 

between LRRK2 and DVL proteins of the Wnt signalling pathway (Sancho et al., 2009). DVL 

proteins lie upstream of all Wnt signalling pathways including that which leads to increases in 

intracellular Ca2+ (Wallingford and Habas, 2005). 

 

As discussed, the PD-related genes GBA1 and ATP13A2 build a case for the involvement of 

lysosomes and Ca2+ in PD.  This is supported by evidence that deregulated Ca2+ and lysosomal 

TPC Ca2+ channels are implicated in LRRK2-PD.  In addition, the influence of LRRK2 appears to be 

widespread in processes such as autophagy, autophagy of mitochondria (mitophagy), 

endocytosis and retrograde transport, which all converge on the lysosome. The majority of other 

PD-related genes are also associated with such lysosome-centric pathways. Furthermore, SNCA, 

PINK1, PRKN and PARK7 all have established links to familial PD and are associated with Ca2+ 

dysregulation (Kalinderi et al., 2016).   

 

1.4.2.1.4 SNCA 

SNCA encodes the protein α-synuclein (α-syn) which is a major component of Lewy deposits that 

form in the neuronal soma (Lewy bodies) or neurites (Lewy neurites) (Spillantini et al., 1997). In 

its native form α-syn has a role in neurotransmission (Bendor et al., 2013; Lashuel et al., 2013). 

It has been shown to act as a chaperone for SNARE complexes on pre-synaptic vesicles (Burré et 

al., 2010) and interacts with Rab3a, which regulates its cycling between membrane-bound and 

-unbound states (Chen et al., 2013). Importantly, mutations or multiplications of SNCA can cause 
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dominantly inherited PD that is clinically similar to sporadic PD (Chartier-Harlin et al., 2004; 

Krüger et al., 1998; Polymeropoulos et al., 1997; Zarranz et al., 2004). Furthermore, α-syn-

containing Lewy deposits are present in sporadic PD brains.  

 

The damaging consequences of accumulating α-syn are plenty. Overexpressed WT or mutant 

SNCA colocalises with mitochondrial membranes and has been associated with reduced 

mitochondrial complex 1 activity, increased mitophagy, and the release of cytochrome C and 

nitric oxide (Chinta et al., 2010; Parihar et al., 2008). Another prominent issue with α-syn is the 

difficulty of its degradation, which may be exemplified by the presence of ubiquitin in Lewy 

deposits (Spillantini et al., 1998).  Some of this ubiquitin is likely attached to α-syn, which should 

be degraded by the proteasome, CMA or autophagy (Cuervo et al., 2004; Rott et al., 2011). 

However, Cuervo and colleagues reported that the uptake of mutant α-syn into lysosomes is 

inhibited, and crucially, this may block the degradation of other substrates by CMA. Mutant α-

syn also appears to block the proteasome, induce an increase in autophagic structures, and 

disrupt lysosome-mediated degradation (Stefanis et al., 2001).  Whether such inhibition of the 

degradative pathways precedes α-syn aggregation or is a consequence is unclear.  What is 

known is that mutations in α-syn, as well as  oxidative stress, phosphorylation, nitrative stress, 

iron, ubiquitination, cross-linking and truncation, are all thought to promote its aggregation 

(Oueslati et al., 2010).   

 

So what is the problem with α-syn aggregation?  As an aggregate α-syn forms fibrils with β-

strand secondary structure (Comellas et al., 2012; Giasson et al., 2001). Before forming β-strand 

fibrils however, it can form smaller ring-shaped oligomers that insert into membranes (Danzer 

et al., 2007). Such α-syn pores may form in synaptic vesicle membranes and release DA into the 

cytosol (Mosharov et al., 2006). Free DA is a potential problem as it contributes to the 

production of ROS and reactive quinones (Bisaglia et al., 2014).  

 

Besides permitting DA into the cytosol, α-syn pores likely open the membranes to unusual Ca2+ 

fluxes. Indeed, ring-oligomers have been linked to raised cytosolic Ca2+ concentrations, and cell 

death (Danzer et al., 2007). A year earlier it was reported that cells stably expressing mutant 

A53T α-syn also exhibited higher basal Ca2+ levels, and that depolarisation-induced Ca2+ signals 

were larger (Furukawa et al., 2006). The latter has since been reported for cells overexpressing 

α-syn WT, as well as depleted ER Ca2+ and inhibited SOCE (Hettiarachchi et al., 2009).  More 

recently both monomeric and oligomeric α-syn has been reported to induce Ca2+ influx in 

neurons, but only the oligomers were associated with apoptosis (Angelova et al., 2016).   
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1.4.2.1.5 PINK1, PRKN and PARK7 

The presence of mitochondrial dysfunction in PD is well-recognised. This is in part due to the 

mutations in PINK1, PRKN and PARK7 that can cause early-onset PD with autosomal recessive 

inheritance (Kalinderi et al., 2016; Kitada et al., 1998; Pickrell and Youle, 2015; Valente et al., 

2004). These three genes may be considered as guardians of the mitochondria with their roles 

in Ca2+ dynamics also coming to light.  

 

PINK1 is a ubiquitin kinase, Parkin (encoded by PRKN) is a ubiquitin ligase, and together they 

regulate the degradation of compromised mitochondria via mitophagy  (Pickrell and Youle, 

2015). PINK1 deficiency has also been associated with de-regulated mitochondrial Ca2+, ATP 

synthesis and permeability transition (PT) (Gandhi et al., 2009; Gautier et al., 2012; Heeman et 

al., 2011).  For example, in response to rising cytosolic Ca2+ induced by extracellular stimuli, 

PINK1-/-  cells are sensitised to PT pore opening (Gandhi et al., 2009). Therefore, dysfunctional 

PINK1 may pre-dispose neurons to Ca2+-induced cell death. In another study PINK1-deficient 

cells exhibited reduced mitochondrial Ca2+ uptake in response to physiological stimuli, which 

was associated with impaired ATP synthesis (Heeman et al., 2011). Parkin  has also been 

associated with Ca2+ as it promotes ER-mitochondria Ca2+ coupling, and ATP synthesis in 

response to histamine (Calì et al., 2013).  

 

DJ-1 (encoded by PARK7) has been implicated in maintaining a healthy mitochondria population 

as a protector against oxidative stress in various guises. It may act as a sponge for ROS as it 

becomes oxidised on its cysteine residues (Blackinton et al., 2009), upregulate synthesis of the 

antioxidant glutathione (Zhou and Freed, 2005), down-regulate DA synthesis (Jeong et al., 2006), 

sequester death protein Daxx in the nucleus (Junn et al., 2009) and repress production of nitric 

oxide during neuroinflammation (Kahle et al., 2009). In DJ-1-/- MEFs damaged mitochondria and 

disrupted autophagy has been reported (Krebiehl et al., 2010; Thomas et al., 2011). DJ-1 is also 

thought to regulate the expression of uncoupling proteins (UCP) which modestly depolarise the 

mitochondrial membrane potential to slow down ATP synthesis and reduce associated ROS 

production (Guzman et al., 2010). These UCPs may protect against Ca2+-induced mitochondrial 

oxidation and consequential cell death in the SNc (see Age and PD section).  

 

Other PD-related genes that are less well-established in the causality of PD are listed overleaf 

and brief descriptions are appended (Table 1.3; Appendix A). As for the genes previously 

discussed, many of them are associated with cellular processes that converge upon the 
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lysosomes such as lysosome-mediated degradation and vesicular trafficking. Safe-guarding of 

mitochondrial health, combatting oxidative stress and links to Ca2+ have also been reported.   

 

 

Whilst this genetic information is no doubt useful for deciphering the aetiology of familial PD a 

general hope is that these genes are stepping stones to understanding the pathogenesis of 

sporadic PD. However, there remain unanswered questions that may be relevant to both familial 

and sporadic PD. First, not all mutations in the aforementioned genes are fully penetrant.  The 

LRRK2 G2019S mutation is one such example (Goldwurm et al., 2011). Therefore, what are the 

additional mechanisms involved in PD pathogenesis? Perhaps environmental factors contribute. 

Second, PD is a disease associated with ageing, so what are the underlying age-dependent 

processes that are involved? And third, why are the neurons of the SNc particularly vulnerable 

to degeneration? As research begins to answer some of these questions the lysosomes and Ca2+ 

once again make an appearance under the spotlight. 

 

1.4.2.2 Environmental Factors and PD 

Exposure to pesticides, solvents, coolants, metals or air pollutants has been linked to an 

increased risk of developing PD (Goldman, 2014). Whilst such risks are often disputed there are 

some biochemical insights about these compounds which may be relevant to PD pathogenesis. 

Table 1.3. Additional genes implicated in PD or parkinsonism 

Gene Product Function Reference(s) regarding a 

PD/parkinsonism association 

PLA2G6 Ca2+ 

Oxidative stress 

Mitochondrial health 

(Paisan-Ruiz et al., 2009) 

SYNJ1 Ca2+ 

Vesicular trafficking 

(Krebs et al., 2013; Quadri et al., 

2013) 

HTRA2 Degradation 

Mitochondria health 

(Strauss et al., 2005) 

FBX07 Degradation 

Mitochondrial health 

(Fonzo et al., 2009) 

UCHL1 Degradation (Leroy et al., 1998) 

VPS13C Mitochondrial health (Lesage et al., 2016) 

CHCHD2 Oxidative stress 

Mitochondrial health 

(Funayama et al., 2015) 

EIF4G1 Translation (Chartier-Harlin et al., 2011) 

DNAJC13 Vesicular trafficking (Vilariño-Güell et al., 2014) 

DNAJC6 Vesicular trafficking (Edvardson et al., 2012) 

TMEM230 Vesicular trafficking (Deng et al., 2016) 
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The link between environmental toxins and PD was strengthened in the 1970s when an opioid 

contaminant caused acute parkinsonism in young adults (Ballard et al., 1985; Davis et al., 1979a). 

The active contaminant derivative, MPP+, is thought to elicit its parkinsonian effect by inhibiting 

mitochondrial complex I (Goldman, 2014). It is also similar in structure to the pesticide Paraquat 

which has been associated with increased PD risk. Other pesticides have been shown to promote 

ROS production (Cicchetti et al., 2005; McCarthy et al., 2004; McCormack et al., 2002), inhibit 

mitochondrial complex I (Betarbet et al., 2000), inhibit ubiquitin pathways (Chou et al., 2008) 

and cause selective loss of SNc neurons (Betarbet et al., 2000; McCormack et al., 2002). 

Furthermore, pesticide exposure has been associated with altered autophagic flux which may 

serve as a protective or destructive mechanism (González-Polo et al., 2007; Wu et al., 2015a).  

 

In addition to pesticide exposure, iron is another environmental toxin that has been associated 

with PD. Higher iron levels in PD patients have been reported, which may catalyse the 

production of damaging free radicals or quinones from DA (Dexter et al., 1991; Paris et al., 2005; 

Ward et al., 2014). Head injury may also be associated with an increased risk of developing PD 

(Jafari et al., 2013; Marras et al., 2014). This might compromise the blood brain barrier and 

expose the brain to more toxins, or the associated neuroinflammation may stress neurons. Viral 

infections have also been proposed as a possible contributing factor to parkinsonism and PD 

(Jang et al., 2009; Tsai et al., 2016; Wu et al., 2015b). Perhaps relevant to PD is the presence of 

anti-viral protein MxA in Lewy bodies (Haller et al., 2015; Wakabayashi et al., 2013). MxA has 

been shown to inhibit early stages of Influenza A infection by retaining its genome in perinuclear 

vesicles, some of them Rab7-positive (Xiao et al., 2013). For some viruses, the endolysosomal 

system is a favoured conduit to reach the nucleus (Grove and Marsh, 2011). For example, 

influenza has adapted so that it is released into the cytosol only when it encounters the low pH 

of late endosomes (Lakadamyali et al., 2004). Ebola virus activation also appears to be pH-

dependent but this is due to its requirement of cathepsins which are active in the acidic 

lysosome (Chandran et al., 2005; Kaletsky et al., 2007). Recently molecular inhibition of TPCs 

was shown to inhibit Ebola infectivity (Sakurai et al., 2015).  Supporting a role for TPC-mediated 

Ca2+ release in Ebola infection, infectivity was also blocked by compounds which inhibited TPC 

currents and NAADP-induced Ca2+ signals.  

 

1.4.2.3 Age and PD 

Assaults from toxins, head injuries and viruses may aggravate cellular stress. Over a lifetime 

events such as these add up and may cause a fair amount of wear and tear on the brain. With 

or without these events ageing is associated with a decline or remodelling of numerous 
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biological processes. As a consequence it is likely that with age cells are more sensitive to 

additional stressors and less able to survive them.  Mutated DNA, impaired mitochondrial 

function and impaired proteostasis are generally accepted as ageing phenomena that affect the 

whole body (López-Otín et al., 2013). Examples of this in the substantia nigra (SN) include 

increased deletions of mitochondrial DNA (mtDNA) or reduced levels of cytochrome c oxidase 

(COX) (Bender et al., 2006; Kraytsberg et al., 2006). In the rodent SN, proteasomal activity 

declines with age,  and in rhesus monkeys, deposits of ubiquitinated proteins increase with age 

(Kanaan et al., 2007; Zeng et al., 2005). Although interesting these reports do not consistently 

study other brain structures so it is not known whether these ageing characteristics are highly 

specific to the SNc. Indeed, the SNc does share characteristics with other brain regions but it is 

believed that its particular set of specialisms places it on the precipice of neuronal death in PD 

(Reeve et al., 2014). First, the SNc neurons are dopaminergic. When broken down DA can be 

converted to ROS or other harmful free radicals (Bisaglia et al., 2014; Paris et al., 2005; Ward et 

al., 2014).  Consequent cumulative damage to lipids, proteins and nucleic acids may whorl the 

descent to cell death. In addition, expression of the dopamine transporter (DAT), which is 

important for uptake of free DA into vesicles, decreases with age (Ma et al., 1999). Increased 

iron levels in the SNc with age have been reported  which may exacerbate oxidative stress (Bilgic 

et al., 2012; Daugherty and Raz, 2013).  Both iron and DA can bind to, and accumulate with, 

neuromelanin - the dark pigment that affords the substantia nigra its name. As with other 

aggregates or deposits it is unclear whether these neuromelanin complexes are protective by 

sequestering harmful species, are dangerous hubs of toxicity, or both depending on size and 

content (Fedorow et al., 2006; Zecca et al., 2002).   

 

The SNc is also specialised in terms of its Ca2+ signalling network. Intriguingly, although the splice 

variant SERCA2b is widespread in the brain, it is at low levels in the SN (Baba-Aissa et al., 1996). 

In addition, the more vulnerable ventral section of SNc has lower levels of Ca2+ buffer calbindin-

D28K (Foehring et al., 2009).  These differences may have substantial consequences in SNc 

neurons that exhibit changes in Ca2+ handling as they age. 

 

The SNc is an autonomous pacemaker generating action potentials at a frequency of 2-10 Hz 

(Surmeier et al., 2017b). In adult neurons this activity is accompanied by intracellular Ca2+ 

oscillations mediated by L-type VOCCs Cav1.2 and Cav1.3. The consistent influx of Ca2+ through 

these channels may be energetically expensive for the neurons as they require more ATP to 

pump Ca2+ back out of the cytosol via P-type ATPases. Furthermore, the increases in intracellular 

Ca2+ may overload the mitochondria, disrupt the mitochondrial membrane potential, open the 

PT pore and lead to cell death. The many other Ca2+-dependent cellular processes may also be 
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especially vulnerable in this environment. Cav1.3 is of particular interest because its mRNA levels 

are greater than that of Cav1.2 in the SNc (Chan et al., 2007). In addition, Cav1.3 is open at 

relatively polarising membrane potentials and therefore never fully closes (Surmeier et al., 

2017a). Compounding this issue is the fact that the longer C-terminal Cav1.3 splice variant is less 

sensitive to Ca2+-dependent inactivation, whilst the shorter variant is active at even more 

negative potentials (Singh et al., 2008). Intriguingly though, these L-type Ca2+ channels are not 

absolutely necessary for SNc pacemaking, which in juvenile neurons is driven by VONC, and 

hyperpolarisation and cyclic nucleotide gated cation (HCN) channels (Chan et al., 2007; Guzman 

et al., 2010). Chan et al “rejuvenated” mouse neurons with isradipine – a dihydropyridine (DHP) 

drug that inhibits L-type Ca2+ channels. This treatment induced a switch back to dependence on 

VONC and HCN channels for pacemaking activity, and reduced mitochondrial oxidative stress in 

DJ-1-/- neurons (Chan et al., 2007; Guzman et al., 2010). This could be a potentially viable 

therapeutic approach to easing stress on the SNc. In fact there is some evidence that DHPs 

reduce the risk of developing PD (Pasternak et al., 2012). However, the Ca2+ influx permitted by 

Cav1 channels may be required to promote ATP synthesis and keep up with energy expenditure 

(Denton, 2009; Glancy and Balaban, 2012). Ca2+ transients are also linked to the expression of 

tyrosine hydroxylase – the enzyme required for DA synthesis (Aumann and Horne, 2012). 

Therefore, blocking these channels could cause problems of its own. Indeed, in the MitoPark 

mouse model of PD Cav1.3 expression in the SN increases with age and this increase is more 

pronounced compared to the SN of control mice (Branch et al., 2016).  Therefore, upregulated 

Cav1.3 expression may be intended as a compensatory mechanism. In humans Cav1.2 and 

Cav1.3 are found in a smaller percentage of neurons in the PD SNc compared to controls but the 

intensity of Cav1.2 and Cav1.3 staining is greater suggesting that overall expression is unchanged 

(Hurley et al., 2013). 

 

Importantly, the SNc is not alone in being an autonomous pacemaker or having Cav1.3 currents. 

For example, the locus coeruleus (LC) is also an autonomous pacemaker with Cav1.3-mediated 

Ca2+ oscillations, and LC neurons are also lost in PD (Sulzer and Surmeier, 2013). However, the 

LC is differentiated from the SNc as it is not dopaminergic and Cav1.2 mRNA levels are greater 

in mouse LC neurons compared to Cav1.3 (Sanchez–Padilla et al., 2014). Ventral tegmental area 

(VTA) neurons are however dopaminergic autonomous pacemakers that express Cav1.3 but this 

region also has other properties to distinguish it from the SNc. First, Ca2+ currents in the VTA are 

not as reliant upon L-type Ca2+ channels compared to the SNc (Philippart et al., 2016). Second, 

basal oxidative phosphorylation is lower in the VTA, and third, VTA neurons are less branched 

than the SNc which may correlate to relatively lower energetic demands (Pacelli et al., 2015). 

Fourth, VTA neurons experience less mitochondrial oxidative stress mediated by L-type Ca2+ 
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channels (Guzman et al., 2010). These distinguishing factors may favour VTA neuron survival 

when the brain is exposed to other stressors.  The increased mitochondrial oxidative stress in 

the SNc is further worsened in DJ-1-/- neurons (Guzman et al., 2010). This may be attributed to 

reduced expression of uncoupling proteins (UCP) with the DJ-1 knockout, which are thought to 

ease mitochondrial stress by modestly depolarising the mitochondrial membrane. When 

comparing WT neurons the expression of UCPs 4 and 5 is lower in the VTA compared to the SNc 

which might support the idea that UCP expression is a compensatory mechanism for Ca2+-

induced mitochondrial stress. 

 

1.5 SUMMARY 

Local lysosomal Ca2+ release has emerged as an important component of lysosomal membrane 

fusion and trafficking. The generation of global Ca2+ signals by lysosomal Ca2+ release is also 

becoming better understood. Together, local and global Ca2+ signals mediated by the lysosomes 

have the potential to affect numerous parts of cellular life including lysosome-mediated 

degradation, mitochondrial well-being and correct protein folding in the ER. In 

neurodegenerative diseases associated with the accumulation of pathogenic molecules, 

mitochondrial dysfunction and impaired protein folding it is plausible that disrupted lysosome 

Ca2+ signalling lies upstream of these phenotypic changes or is an exacerbating factor (Fig. 1.5).  
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Figure 1.5 Lysosomes, Ca2+ and neurodegeneration 

As Ca2+ stores lysosomes have the potential to influence multiple cellular processes. By releasing Ca2+ 

through channels such as TRPML1 and TPCs into their local environment they may regulate their 

fusion with other organelles. This fusion is important for membrane trafficking and lysosome-

mediated degradation. If it is disturbed this might lead to the accumulation of pathogenic molecules 

or dysfunctional organelles such as mitochondria.  In addition to generating local Ca2+ signals 

lysosomal Ca2+ release can initiate global Ca2+ signals by communicating with the ER. These signals may 

have considerable cell-wide impact upon Ca2+-sensitive processes. Under or over-loading the 

mitochondria with Ca2+ may cause damage to these organelles. Altered global Ca2+ signals may also 

disturb correct protein folding in the ER.  The consequences of deregulated lysosomal Ca2+ signalling 

may contribute to neuronal stress and eventual degeneration.  
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1.6 AIMS 

Lysosomal membrane fusion and trafficking underpins numerous cellular processes including 

the degradation of pathogenic molecules and defective mitochondria - two entities that are 

often present in neurodegenerative diseases such as MLIV and PD. Altered activities of the 

lysosomal Ca2+ release channels, TRPML1 and TPC2, have been implicated in these diseases and 

lysosomal Ca2+ release is an integral part of lysosomal fusion and trafficking. Therefore, these 

channels present themselves as targets for pharmacological interventions which may improve 

membrane trafficking and downstream phenotypes that precede neurodegeneration.  However, 

the consequences of altered TRPML1 and TPC activity on physiological global Ca2+ signalling is 

unclear. This is true both in the context of neurodegenerative disease or pharmacological 

manipulation. Understanding the impact of these channels on global Ca2+ signalling is important 

for generating a rounded view of how they might be linked to pathogenicity. For instance, as 

well as affecting lysosome-mediated degradation, disturbed TRPML1 or TPC activity may cause 

damage by modulating global Ca2+ levels and instigating cell-wide disruption to Ca2+-sensitive 

processes. By extrapolation the pharmacological modulation of these channels may also have 

wide-spread effects that need to be avoided in a clinical setting. 

 

In this thesis I explore the importance of TRPML1 and TPCs in global Ca2+ signalling, and the 

potential relevance of the latter to inherited and sporadic PD. My aims are as described below: 

 

1. Determine whether TRPML1 activation causes global Ca2+ signals. TRPML1 has been 

reported to mediate local Ca2+ signals and is implicated in neurodegenerative diseases 

such as MLIV. However, whether TRPML1 can also generate global Ca2+ signals, and the 

potential impact of this in disease has not been addressed. Using novel synthetic 

compounds and molecular interventions I investigate whether TRPML1 activation can 

initiate global Ca2+ signals. 

 

2. In patient-derived fibroblasts determine whether lysosome morphology is disturbed 

in sporadic PD, and if TPC-dependent global Ca2+ signalling is altered in familial or 

sporadic PD.  Disturbed lysosome morphology and upregulated TPC activity has been 

associated with the LRRK2 G2019S mutation in fibroblasts from patients with familial 

PD. However, whether disturbed lysosome morphology is a feature of sporadic PD is 

unknown, as is the relevance of upregulated TPC activity to global Ca2+ signalling in PD. 



67 
 

Therefore, using in silico methods, I characterise lysosome morphology in sporadic PD 

patient fibroblasts, and by using pharmacological and molecular interventions, I assess 

the possible influence of TPCs on physiological global Ca2+ signals in PD patient 

fibroblasts.  

 

3. In a neuronal model of PD determine whether TPC-dependent global Ca2+ signalling is 

altered.  Upregulated TPC activity in the presence of LRRK2 G2019S has been reported 

in fibroblasts and HEK293T cells. However, this and the relevance to global Ca2+ 

signalling in PD has not been explored in a neuronal setting. Using a neuronal model of 

LRRK2 G2019S PD I investigate whether physiological global Ca2+ signalling is disturbed 

as a consequence of altered TPC activity. The assessment of TPC contribution to Ca2+ 

signalling is impeded by the lack of selective TPC inhibitors. As part of my investigation 

I therefore examine the efficacy of putative novel TPC blockers in these neuronal cells, 

which may inform the development of selective compounds. 
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CHAPTER 2: TRPML1 and Global Ca2+ Signalling  

2.1 INTRODUCTION 

Mutations in the lysosomal Ca2+ channel TRPML1 are known to cause mucolipidosis type IV 

(MLIV). This lysosomal storage disorder (LSD) affects people at a very young age causing severe 

psychomotor problems, ophthalmic degeneration and aberrant secretion of hydrochloric acid in 

the stomach (achlorhydria) (Bach, 2005; Frei et al., 1998; Kohn et al., 1977). Reduced TRPML1 

activity has been linked to another early-onset LSD – Niemann-Pick type C disease (NPC) (Shen 

et al., 2012). This disease is caused by mutations in NPC1 or NPC2 which are thought to be 

involved in cholesterol efflux from the endolysosomes  (Rosenbaum and Maxfield, 2011).  

 

Despite different genetic causes these neurodegenerative diseases both exhibit defective 

lysosomal fusion and trafficking (Morgan et al., 2011). The defect in MLIV cells can be 

recapitulated  by treating healthy cells with the fast-acting Ca2+ chelator BAPTA (LaPlante et al., 

2004). This supports the idea that Ca2+ released through TRPML1 into the local vicinity of the 

lysosomes is important for normal lysosome fusion and trafficking but is impaired in MLIV 

(LaPlante et al., 2004; Luzio et al., 2007b; Pryor et al., 2000). However, the measurement and 

verification of such local Ca2+ signals mediated by TRPML1 is not trivial.  

 

One tool that reportedly records local lysosomal Ca2+ signals is overexpressed TRPML1 fused to 

genetically-encoded Ca2+ indicators GCaMP3 (Bae et al., 2014; Medina et al., 2015; Shen et al., 

2012) or GECO (Cao et al., 2015b).  These probes, together with the contemporary development 

of synthetic TRPML1 agonists and antagonists, have paved the way for modern TRPML1 research 

(Chen et al., 2014; Grimm et al., 2010; Samie et al., 2013; Shen et al., 2012). Indeed, it was by 

using the GCaMP3-TRPML1 fusion protein with the TRPML1 agonist ML-SA1 that TRPML1-

mediated local Ca2+ signals were shown to be reduced in NPC cells (Shen et al., 2012). 

Importantly these indicators, agonists and antagonists have also progressed the understanding 

of MLIV, HIV-related cognition impairments, autophagy and Alzheimer’s disease (Bae et al., 

2014; Chen et al., 2014; Lee et al., 2015; Medina et al., 2015).  

 

Despite establishing TRPML1 as a mediator of local lysosomal Ca2+ release there has been little 

investigation into whether activation of this channel also generates global Ca2+ signals.  There is 

precedent for exploring this as lysosomal Ca2+ release stimulated by the mobilising messenger 

NAADP, or the lysosomotrope GPN, can trigger global Ca2+ signals (Kilpatrick et al., 2013; 
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Morgan, 2016). Furthermore, there is a smattering of data that indicates TRPML1-activated 

global Ca2+ signalling is possible: Obscured in the 2012 study by Shen and colleagues ML-SA1 

caused modest Ca2+ signals in Chinese hamster ovary (CHO) cells and mouse macrophages (Shen 

et al., 2012). In addition, this signal was inhibited in TRPML1 (and NPC1) knockout mouse 

macrophages. HEK239T cells overexpressing TRPML1 have also responded globally to ML-SA1 

(Onyenwoke et al., 2015) and in mouse blastocysts very small average Ca2+ signals were 

stimulated by ML-SA1 (Lee et al., 2015).  

 

If disturbed, global Ca2+ signals have the potential to cause cell-wide disruption to a myriad of 

Ca2+-sensitive processes. Therefore, if global Ca2+ signals are regulated by TRPML1 their 

deregulation caused by TRPML1 dysfunction may contribute to neurodegeneration. 

Furthermore, as TRPML1 activation is pursued as a way to improve trafficking defects and 

possibly modify neurodegenerative disease any effect of  TRPML1 activation on global Ca2+ 

signalling should be carefully considered (Cao et al., 2015b; Chen et al., 2014; Shen et al., 2012).   

The aim of this chapter is to investigate whether TRPML1 activation causes global Ca2+ signals 

(Fig. 2.I).  
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Figure 2.I Introduction 

Dysfunction of the lysosomal Ca2+ channel 

TRPML1 has been linked to neurodegeneration. 

There is evidence that dysfunctional TRPML1 

disturbs local Ca2+ signals that emanate from the 

lysosomes. This may be a route by which TRPML1 

contributes to neurodegeneration (curved left-

hand arrow). 

However, it is unclear whether dysfunctional 

TRPML1 also disturbs global Ca2+ signals and 

contributes to neurodegeneration via this global 

route (straight right-hand arrow).  

A first step to exploring this global possibility is to 

determine whether TRPML1 mediates global Ca2+ 

signals (Phase 1).  
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2.2 METHODS and ANALYSIS 

2.2.1 Cell culture  

2.2.1.1 HeLa 

HeLa cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM), supplemented with 

10% v/v fetal bovine serum, 100 units/ml penicillin and 100 μg/ml streptomycin (all Gibco) at 

37oC in a humidified atmosphere with 5% CO2. Cells were given fresh media every 3-4 days, 

passaged using trypsin (Gibco), and plated at 50,000 or 100,000 cells/ml onto 13 mm glass 

coverslips coated with poly-L-lysine (Sigma) (in a 24-well plate, 0.5 ml/coverslip) 1-4 days prior 

to imaging.  

 

2.2.1.2 Fibroblast 

Primary human skin fibroblast cultures were generated from biopsies and obtained from Drs 

Michelle Beavan, Alisdair McNeill, Jan-Willem Taanman and Tatiana Papkovskaia (Department 

of Clinical Neuroscience, UCL). Fibroblasts were maintained in Dulbecco’s Modified Eagle 

Medium (DMEM), supplemented with 10% v/v fetal bovine serum, 100 units/ml penicillin and 

100 μg/ml streptomycin (all Gibco) at 37oC in a humidified atmosphere with 5% CO2. Cells were 

given fresh media every 3-4 days, passaged by scraping, and plated onto a 25 mm glass coverslip 

(in a 6-well plate, 2ml/coverslip) 6 days prior to imaging. On the day of imaging cells were ~80-

90% confluent. 

 

2.2.1.3 SH-SY5Y 

SH-SY5Y cells were maintained in 1:1 mixture of DMEM and Ham’s F12 media, supplemented 

with 10% v/v fetal bovine serum, 100 units/ml penicillin and 100 μg/ml streptomycin and 1% 

(v/v) nonessential amino acids (all Gibco) at 37oC in a humidified atmosphere with 5% CO2. Cells 

were given fresh media every 2-3 days, passaged using trypsin (Gibco) and plated at 75,000 

cells/ml onto 13 mm glass coverslips coated with poly-L-lysine (Sigma) (in a 24-well plate, 

0.5ml/coverslip) 2 days prior to imaging.  

 

2.2.1.4 Neuronal 

Murine neuronal cultures were prepared by Dr Stephen Mullin (Institute of Neurology, UCL) as 

described (Magalhaes et al., 2016).  Briefly, day 15 embryonic cortexes were dissected, and 

homogenised after removing meninges. Following centrifugation at 1000 rpm for 5 minutes, 

pellets were resuspended in neurobasal media (Invitrogen) supplemented with B27 (Invitrogen), 

glutamax (Sigma) and antimycotic/antibiotic solution (Sigma). Neurons were seeded onto 25 
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mm glass coverslips coated with poly-ornithine (Sigma) 6 days prior to imaging. Cells were 

maintained at 37oC in a humidified atmosphere with 5% CO2 and fed with fresh media every 4 

days. 

2.2.2 Transfection  

HeLa cells were transfected with plasmids the day before imaging/fixing using Lipofectamine 

2000 (Invitrogen) according to the manufacturer’s instructions. Plasmids used are listed below: 

  

2.2.3 Cell labelling 

For live cell imaging cells were immersed at room temperature in HEPES-buffered saline (HBS;  

pH 7.4) containing (from Sigma) 1.25 mM KH2PO4, 2 mM CaCl2, 2 mM MgSO4, 3 mM KCl, 156 mM 

NaCl, 10 mM glucose, and 10 mM HEPES. To measure changes in cytosolic Ca2+ and Fe2+ cells 

were incubated in HBS with Fura-2 AM (2.5μM) and 0.005% v/v pluronic acid (both Invitrogen) 

at room temperature for 1 hour. To detect lysosome distribution cells were incubated in HBS 

with Lysotracker® red (100 nM) (Invitrogen) for 15 minutes. After labelling cells were washed 

quickly 3 times with HBS and mounted in an imaging chamber (1 ml chamber for 13 mm 

coverslips; 2 ml chamber for 25 mm coverslips; Biosciences Tools). For fixed cell imaging cells 

were fixed for 10 minutes with 4% (w/v) paraformaldehyde (VWR) in phosphate buffered saline 

(PBS) (Sigma). Nuclei were labelled by incubation for 5 minutes with 1 μg/ml 4',6-diamidino-2-

phenylindole (DAPI) (Sigma). Cells were washed three times in PBS before being mounted on 

microscope slides with 1,4 diazabicyclo[2,2,2]octane (DABCO) (Sigma) and sealed with 

colourless, transparent nail varnish.   

 

Table 2.1 Plasmids 

ID Protein Tag Position of tag: 

Amino (N) 

/Carboxyl(C) 

Reference 

GCaMP3-

ML1 

TRPML1 WT GCaMP3 N (Shen et al 2012) 

ML1 WT TRPML1 WT GFP N (Yamaguchi et al., 2011) 

ML1 mutant TRPML1 mutant 

(D471K) 

GFP N (Yamaguchi et al., 2011) 

LAMP1 LAMP1 GFP C (Falcon-Perez et al., 2005) 

RFP-LAMP1 LAMP1 mRFP C (Sherer et al., 2003) 
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2.2.4 Microscopy: Confocal 

Images were captured using an LSM510 confocal scanner (Zeiss) attached to a Zeiss Axiovert 

200M inverted microscope fitted with a 63x Plan Apochromat water-immersion objective. 

Excitation and emission wavelengths for fluorescent markers are detailed below: 

 

12-bit images were taken at a 3x optical zoom. For colocalisation analysis, z-stacks (8-12 slices 

per stack) were obtained at 1 μm intervals.   

 

Colocalisation analysis was conducted on confocal images using the Fiji software package for 

ImageJ. Negative controls comprised the same images but with the red channel rotated 90o to 

the right.  Each plot point represents one cell. 

 

2.2.4.1 Pearson’s correlation coefficient 

Pearson’s correlation coefficients were obtained from complete z-stacks using the ImageJ plugin 

Coloc2. Before execution, regions of interest (ROI) were manually drawn around each cell in the 

green channel to exclude extracellular pixels from the calculations.   

 

2.2.4.2 Percentage of colocalised vesicles 

For each z-stack the percentage of colocalised vesicles was calculated from the middle slice or 

from the two middle slices, which was then averaged (mean). This was done using the ImageJ 

plugin SQUASSH (Rizk et al., 2014). Before execution, ROIs were manually drawn around each 

cell to exclude extracellular pixels from the calculations.  Calculation for the complete z-stack 

was not possible due to excessive computing time required. The parameters that were adjusted 

in SQUASSH are detailed on the next page. 

  

 

 

 

Table 2.2 Confocal Microscopy Excitation/Emission wavelengths 

Probe Excitation wavelength (nm) Emission filter wavelength (nm) 

DAPI 364 385-470 

GFP 488 505-550 

mRFP 543 560-615 

Lysotracker Red 543 560-615 
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All parameters except PSF (point spread function) were chosen experimentally or as advised by 

Rizk et al (Rizk et al., 2014).  

 

2.2.5 Microscopy: Epifluorescence 

Epifluorescence images were captured every 3 seconds at room temperature with a cooled 

coupled device camera (TILL photonics) attached to an Olympus IX71 inverted fluorescence 

microscope that was fitted with a 20x objective and a monochromatic light source. Cells 

transfected with GCaMP3 or GFP proteins were identified before imaging commenced by taking 

snapshots of their fluorescence as follows:  

 

Excitation and emission wavelengths for probes tracking cytosolic Ca2+, Fe2+ and acidic organelles 

are detailed below:  

 

Table 2.5 Epifluorescence Microscopy Excitation/Emission wavelengths 

Probe Recording Excitation 

wavelength (nm) 

Emission filter 

wavelength (nm) 

GCaMP3 Ca2+ 470 515 long pass 

Fura-2 (for simultaneous 

GCaMP3 plus Fura-2 imaging) 

Ca2+ 

(High noise/signal) 

340/380 515 long pass 

Fura-2 Ca2+ 340/380 440 long pass 

Table 2.3 SQUASSH Parameters 

Background subtraction 20 pixels / 1.86 μM 

Regularization 0.1 

Minimum object intensity 0.2 

Local intensity estimation automatic 

Noise model Poisson 

PSF Computed for GFP  

Region filter Remove region with intensities <0.1 

Table 2.4 Epifluorescence Microscopy Excitation/Emission wavelengths 

Probe Excitation wavelength (nm) Emission filter wavelength (nm) 

GCaMP3 470 515 long pass 

GFP 488 515 long pass 
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Fura-2 Fe2+ 360 440 long pass 

Lysotracker Red Acidic Organelles 560 590 

 

Cells were challenged with ML-SA1 (20 μM; Merck), MK6-83 (20 μM; a kind gift from Professor 

Christian Grimm, Ludwig-Maximilian University of Munich), GW405833 hydrochloride (aka ML-

SI1; 100 μM; Sigma), ML-SI3 (100/10 μM; a kind gift from Dr Haoxing Xu, University of Michigan), 

GPN (200 μM; Santa Cruz Biotechnology), histamine (10 μM; Sigma) BTP2 (20 μM; Sigma), 

thapsigargin (1 μM; Merck), FeCl2 (100 μM; Sigma) and FeCl3 (100 μM; Sigma). All compounds 

except histamine, FeCl2 and FeCl3 were dissolved in DMSO (Sigma). The exceptions were 

dissolved in H2O. The maximal volume of vehicle added in any experiment was 1% (v/v). 

 

All Fe2+ experiments were conducted in the absence of extracellular Ca2+. For all other 

experiments the absence of extracellular Ca2+ is indicated where appropriate in the figures. 

Where displayed, Ca2+ was replaced with 1 mM EGTA (Sigma).  

 

One coverslip was used per experiment and fluorescence was recorded from all cells in the field 

of view. Each plot point corresponds to the mean response in an individual experiment.  

 

2.2.5.1 Ca2+ - GCaMP3  

To track changes in Ca2+ concentration as indicated by GCaMP3 fluorescence ROIs were manually 

drawn around each cell, plus one for background subtraction. Fluorescence was calculated using 

TILLvisION software and averaged over a 60 second period before stimulus addition to acquire 

a basal value (F0).  GCaMP3 fluorescence change (ΔF) is normalised to basal (ΔF/F0) for the final 

data presentation. 

 

2.2.5.2 Ca2+ - Fura-2  

To track changes in cytosolic Ca2+ concentration ROIs were manually drawn around each cell, 

plus one for background subtraction. The ratio of Fura-2 bound by Ca2+ (ex: 340 nm) and 

unbound (ex: 380 nm) was calculated using TILLvisION software. The Fura-2 ratio was averaged 

over a 60 second period before stimulus addition to acquire a basal value. The change of the 

Fura-2 ratio between this basal value and the value at the peak of the signal (Δ [Ca2+] (ratio)) was 

calculated to quantify the magnitude of response. Cells were assigned responding status if this 

magnitude was ≥ 0.1. Time to peak was measured from the point of stimulus addition. 
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2.2.5.3 Fe2+ - Fura-2   

To track Fe2+ entry ROIs were drawn around each cell, plus one for background subtraction. Fura-

2 fluorescence (ex: 360 nm) was calculated using TILLvisION software. For a 60 second period 

immediately after cells were immersed in Ca2+ free HBS Fura-2 fluorescence was averaged to 

acquire a basal value (F0). Fluorescence was normalised to basal (F/F0) and the fluorescence 

value 144 seconds after Fe addition was tabulated to quantify Fe2+ entry.   

 

2.2.5.4 Acidic Organelles - Lysotracker Red  

To track acidic organelles for each cell one ROI was drawn around the cell plus one adjacent to 

it for cell-unique background subtraction.  Lysotracker fluorescence was averaged over a 60 

second period before stimulus addition to acquire a basal value (F0). Fluorescence was 

normalised to basal (F/F0). 

 

2.2.6 Data Presentation 

The presented data combines representative results from single experiments and averaged 

results from multiple experiments. Where data is represented by plot points the mean is 

displayed as a superimposed horizontal black bar. 
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2.3 RESULTS 

2.3.1 The TRPML1 agonist ML-SA1 evokes global Ca2+ signals in cells 

overexpressing GCaMP3-ML1 

A fusion protein comprising the lysosomal Ca2+ channel TRPML1 and the Ca2+ indicator GCaMP3 

(GCaMP3-ML1) has been used to report Ca2+ signals emanating from the lysosomes (Bae et al., 

2014; Medina et al., 2015; Shen et al., 2012). Shen and colleagues demonstrated that in cells 

expressing GCaMP3-ML1 the TRPML1 agonist ML-SA1 caused localised lysosomal Ca2+ release. 

Using HeLa cells I tested this fusion probe, also in conjunction with ML-SA1 stimulation. As 

shown in Figure 2.1A ML-SA1 induced robust increases in GCaMP3 fluorescence, consistent with 

previous studies (Medina et al., 2015; Shen et al., 2012). In these experiments HeLa cells were 

also loaded with the cytosolic Ca2+ indicator Fura-2 to measure bulk changes in Ca2+, and 

therefore global Ca2+ signals (Grynkiewicz et al., 1985). The simultaneous recording of GCaMP3 

and Fura-2 fluorescence was conducted using the same emission filter (515 long pass) for both 

indicators. This was optimal for GCaMP3 but not for Fura-2, which resulted in high noise-to-

signal data (Fig. 2.1B).  Surprisingly though, activation of GCaMP3-ML1 with ML-SA1 appeared 

to induce Fura-2 responses, indicative of global Ca2+ signals (Fig. 2.1B). To verify this result the 

experiment was repeated, this time omitting GCaMP3 recordings in favour of an appropriate 

Fura-2 emission filter (440 long pass). Before imaging commenced a snapshot of GCaMP3 

fluorescence was captured to identify the cells expressing the ML1 construct. With the 440 nm 

long pass filter Fura-2 signals in cells expressing GCaMP3-ML1 were even more clear upon ML-

SA1 stimulation (Fig. 2.1C and D). The Fura-2 trace shows a clear rise of cytosolic Ca2+ in a digital 

manner (Fig. 2.1D), with 75% of cells responding. In untransfected cells from the same field of 

view cytosolic Ca2+ increases were also observed (Fig.2.1E), with 25% of cells responding. 

Notably, of these responding untransfected cells, some exhibited the same digital signature as 

the transfected GCaMP3-ML1 cells (Fig. 2.1F cf. Fig. 2.1D). This indicated possible mis-

identification of transfected vs non-transfected HeLa. In a second category of responding 

untransfected cells the signal was not digital but complex and of low magnitude (Fig. 2.1G). This 

posed the possibility that endogenous TRPML1 was also mediating global Ca2+ signals induced 

by ML-SA1. For all subsequent measurements of intracellular Ca2+ cytosolic Fura-2 and the 440 

nm long pass filter were used to record global Ca2+ signals. 
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Figure 2.1 The TRPML1 agonist ML-SA1 evokes global Ca2+ signals in cells overexpressing 

GCaMP3-TRPML1 (legend on next page) 
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2.3.2 The TRPML1 agonist ML-SA1 evokes global Ca2+ signals in 

untransfected cells 

To probe whether endogenous TRPML1 could mediate global Ca2+ signals untransfected HeLa 

were stimulated with ML-SA1. Indeed, global Ca2+ signals were evoked in a concentration-

dependent manner (Fig. 2.2A and B). However, the magnitudes of signal were highly variable 

and the percentage of cells responding was low, with only 21% at 20 μM and 28% at the higher 

concentration of 80 μM. To verify the specificity of these signals the cells were challenged with 

TRPML1 inhibitor ML-SI3 (Samie et al., 2013).  The inhibitor ML-SI1 could not be used as it caused 

its own complex Fura-2 Ca2+ signals that would complicate analysis of the subsequent ML-SA1 

response (Fig. 2.2C). ML-SI3 did not elicit its own Ca2+ signals, and did inhibit ML-SA1-evoked 

endogenous global Ca2+ signals (Fig. 2.2D). However, on one occasion there was no clear ML-SA1 

signal to be inhibited, attesting to the variability of the response (Fig.2.2E).  

 

 

(A-B) HeLa cells overexpressing GCaMP3-ML1 were stimulated with ML-SA1 (20 μM). (A) GCaMP3 

fluorescence traces of individual cells (n=16). Data presented as change in fluorescence from basal 

(ΔF/F0). GCaMP3 fluorescence was recorded using a 515 nm long pass emission (Em) filter. (B) Fura-2 

fluorescence traces of the same cells represented in A. Data presented is the ratio of Fura-2 

fluorescence when excited at 340 nm and Fura-2 fluorescence when excited at 380 nm (Fura-2: 

(ratio)). Fura-2 fluorescence was recorded using a sub-optimal 515 nm long pass emission (Em) filter. 

(C) Pseudo-coloured images representing the Fura-2 ratio in HeLa following transfection of GCaMP3-

ML1 and ML-SA1 (20 μM) stimulation. Time series shows Fura-2 ratio at the point of ML-SA1 addition 

(90 s into imaging) and at subsequent 15 s intervals. Blue equates to a low Fura-2 ratio and red equates 

to a high ratio. Fura-2 fluorescence was recorded using a 440 nm long pass emission filter (Em). (D-E) 

Fura-2 traces of HeLa cells (D) expressing (transfected) (n=34) or (E) not expressing (untransfected) 

(n=161) GCaMP3-ML1, that correspond to the field of view in C. Fura-2 fluorescence was recorded 

using a 440 nm long pass emission (Em) filter. (F and G) The responding untransfected cells in E 

categorised according to (F) “digital” (n=14) and (G) “complex” (n=26) responses.   
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Figure 2.2 The TRPML1 agonist ML-SA1 evokes global Ca2+ signals in untransfected cells 

 (A) Cytosolic Ca2+ traces of individual untransfected HeLa cells stimulated with ML-SA1 at a range of 

concentrations. Each panel displays one representative experiment. (B) Data quantifying magnitude 

of responses exemplified in A. Each plot point represents one experiment, n=3/7/3 (8 μM /20 μM/ 80 

μM). A total of 251/576/262 (8 μM/20 μM/80 μM) cells from 6 independent platings were analysed. 

(C) Cytosolic Ca2+ traces of HeLa cells upon addition of ML-SI1 or ML-SI3 (both 100 μM), n=74/116 

(ML-SI1/ML-SI3).  (D) Traces of HeLa cells stimulated with ML-SA1 (20 μM) following addition of DMSO 

or ML-SI3 (10 μM). (E) Data quantifying magnitude of the ML-SA1 responses exemplified in D, n=3/3 

(DMSO/ML-SI3). A total of 283/302 (DMSO/ ML-SI3) cells from 3 independent platings were analysed.  
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2.3.3 Overexpressed TRPML1 and mutant TRPML1 colocalise with 

lysosomes  

Due to the variability of endogenous ML-SA1-evoked Ca2+ signals the investigation returned to 

TRPML1 overexpression in order to dissect the make-up of these signals.  HeLa were transfected 

with GFP fused to the N-terminus of TRPML1 (ML1 WT), or inactive pore mutant TRPML1 

(D471K) (ML1 mutant). Compared to Ca2+-sensitive GCaMP3, GFP fluorescence was brighter at 

basal Ca2+ levels (data not shown). This facilitated the identification of transfected cells vs non-

transfected cells for Ca2+ imaging. When examined by confocal microscopy ML1 WT or ML1 

mutant displayed punctate distributions similar to that of lysosome-associated membrane 

protein 1 (LAMP1) in fixed cells (Fig. 2.3A).  In live cells loaded with Lysotracker Red (LTR; a 

fluorescent dye used for labelling acidic organelles such as the lysosomes) both ML1 WT and 

ML1 mutant displayed some degree of colocalisation, suggestive of lysosomal localisation (Fig. 

2.3B). However, false positive or negative colocalisation is a possible caveat when using multi-

channel imaging to capture a dynamic system such as the endolysosomal system. Therefore, 

multi-channel imaging was also conducted in fixed cells co-expressing ML1 WT or ML1 mutant, 

with mRFP fused to the C-terminus of LAMP1 (Fig. 2.3C). Under these conditions colocalisation 

was also observed and quantified by Pearson’s correlation coefficient and the percentage of 

colocalising vesicles (Fig. 2.3D and E). Collectively, these data indicate localisation of GFP-fused 

ML WT and ML1 mutant at the lysosomes. 

 

 

 

 

 



82 
 

 

 

Figure 2.3 Overexpressed TRPML1 and mutant TRPML1 colocalise with lysosomes 

 (Legend on next page)  
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2.3.4 Overexpressed TRPML1 WT potentiates agonist-evoked global Ca2+ 

signals but TRPML1 mutant does not 

As a control for cells overexpressing GFP-ML1 WT or GFP-ML1 mutant some cells were 

transfected with putatively inert GFP-LAMP1. When stimulated with TRPML1 agonist ML-SA1 a 

small fraction of LAMP1 cells responded (9%) (Fig. 2.4A and B) in a manner akin to untransfected 

cells (Fig. 2.2A and B). In ML1 WT cells ML-SA1-induced signals were hugely potentiated (Fig. 

2.4A and B), displaying a similar digital signal to those in GCaMP3-ML1-expressing cells (Fig. 

2.1D). Requirement of TRPML1 for these signals was indicated by a complete lack of response in 

cells overexpressing the ML1 mutant (Fig. 2.4A and B). Comparable results were obtained when 

using a structurally distinct TRPML1 agonist, MK6-83 (Chen et al., 2014) (Fig. 2.4C and D). 

Specificity of ML-SA1 and MK6-83-evoked signals in ML1 WT cells was demonstrated by the 

blocking effect of TRPML1 inhibitor ML-SI3 (Fig. 2.4E-H). 

 

 

(A) Confocal images of fixed cells overexpressing GFP-LAMP1 (LAMP1), GFP-TRPML1 WT (ML1 WT) or 

GFP-TRPML1 mutant (ML1 mutant) (all green). Nuclei stained blue (DAPI). Scale bar = 10 μm. (B-C) 

TRPML1 colocalisation with lysosomal markers.  Images are accompanied by red and green 

fluorescence intensity plots which represent the paths indicated between the white triangles. (B) 

Images of live cells expressing ML1 WT or ML1 mutant (green) and labelled with Lysotracker Red (LTR) 

(red). (C) Middle images from representative z-stacks of fixed cells co-expressing ML1 WT or ML1 

mutant (green) with mRFP-LAMP1 (red). (D-E) Data quantifying colocalisation in C with (D) Pearson’s 

correlation coefficients and (E) the percentage of red vesicles colocalising with green vesicles. Each 

plot point represents one cell, with a total of 10/12 (ML1 WT/ML1 mutant) cells from 2 independent 

platings.  The negative controls (-ve control) were generated from the same images but with the red 

channel rotated 90o to the right.  
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Figure 2.4 Overexpressed TRPML1 WT potentiates agonist-evoked global Ca2+ signals but 

TRPML1 mutant does not (legend on next page) 
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2.3.5 Extracellular Ca2+ contributes to TRPML1-mediated global Ca2+ 

signals 

An initial step to dissect the components of these TRPML1-mediated global Ca2+ signals was to 

ascertain the contributions of intracellular Ca2+ release and extracellular Ca2+ entry. As usual, 

ML-SA1-evoked Ca2+ signals in ML1 WT cells were large and digital in the presence of 

extracellular Ca2+ (Fig. 2.5A and B). However, in the absence of extracellular Ca2+, the response 

was much smaller and more transient. This finding suggests only a small proportion of the 

TRPML1-mediated Ca2+ signal comes from release of intracellular Ca2+ stores. 

 

(A) Cytosolic Ca2+ traces of individual HeLa cells overexpressing GFP-fused LAMP1, ML1 WT or ML1 

mutant, stimulated with ML-SA1 (20 μM). Each panel displays one representative experiment.  (B) 

Data quantifying magnitude of responses exemplified in A. Each plot point represents one 

experiment, n=4/6/3 (LAMP1/ML1 WT/ML1 mutant). A total of 134/264/99 (LAMP1/ML1 WT/ML1 

mutant) cells from 5 independent platings  were analysed. (C) Cytosolic Ca2+ traces of HeLa cells 

overexpressing ML1 WT or ML1 mutant, stimulated with MK6-83 (20 μM). (D) Data quantifying 

magnitude of responses exemplified in C, n=3/3 (ML1 WT/ML1 mutant). A total of 111/94 (ML1 

WT/ML1 mutant) cells from 2 independent platings were analysed. (E and G) Average cytosolic Ca2+ 

traces (mean of experiments ± S.E.M) of HeLa cells overexpressing ML1 WT, stimulated with (E) ML-

SA1 (20 μM) or (G) MK6-83 (20 μM), following DMSO or ML-SI3 (10 μM). (F and H) Data quantifying 

magnitude of the ML-SA1 responses. (F) Data for E, n=3/3 (DMSO/ML-SI3). A total of 99/85 

(DMSO/ML-SI3) cells from 2 independent platings were analysed. (H) Data for G, n=3/3 (DMSO/ML-

SI3. A total of 107/101 (DMSO/ML-SI3) cells from 3 independent platings were analysed. 

Figure 2.5 Extracellular Ca2+ contributes to TRPML1-mediated global Ca2+ signals 

(A) Cytosolic Ca2+ traces of individual HeLa cells overexpressing ML1 WT, stimulated with ML-SA1 (20 

μM), either in the presence (+ Ca2+) or absence (- Ca2+) of extracellular Ca2+ (Ca2+ was replaced with 

1mM EGTA). Each panel displays one representative experiment.  (B) Data quantifying magnitude of  
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2.3.6 Lysomotropic GPN inhibits TRPML1-mediated global Ca2+ signals  

To investigate the relatively small intracellular Ca2+ release during TRPML1-mediated Ca2+ signals 

experiments shown in Figures 2.6A and C were conducted in the absence of extracellular Ca2+. 

Following the vehicle DMSO, ML-SA1 induced a small Ca2+ signal in cells overexpressing ML1 WT 

(Fig. 2.6A). However, when ML-SA1 stimulation followed the TRPML1 inhibitor ML-SI3 this signal 

was blocked. Furthermore, ML-SA1 stimulation failed to induce a response in cells expressing 

the inactive ML1 mutant, thus attesting to the specificity of the signal. Given the lysosomal 

localisation of ML1 WT and ML1 mutant (Fig. 2.3) it was suspected that the lysosomes would be 

required for the ML-SA1-evoked Ca2+ release.  To assess this the peptide GPN was used to 

compromise the lysosomes. GPN is a lysosomotrope which is cleaved by cathepsin C to generate 

products that cause lysosomal membrane disruption and leakage of luminal content (Jadot et 

al., 1984). As shown in Figure 2. 6B GPN caused a marked loss of LTR fluorescence, consistent 

with an effect on the lysosomes. Following GPN addition the ML-SA1 Ca2+ signal was inhibited 

indicating that lysosomes are involved in TRPML1-mediated Ca2+ release (Fig. 2.6C). Notably 

though, it appeared that post-GPN ML-SA1 responses were not blocked to the same degree as 

post-ML-SI3 responses or signals in the ML1 mutant cells (Fig. 2.6D). This suggested there may 

be some effect of ML-SA1 on Ca2+ release channels other than TRPML1. To investigate whether 

ML-SA1 or ML-SI3 might affect Ca2+ signals mediated by other channels Ca2+ signals induced by 

IP3-forming histamine were examined in their presence (Bristow et al, 1991; Ishida et al 2014; 

Soares et al, 2007; Johnson et al, 1990). As shown in Figures 2.6E and F there was no major 

change to the magnitude of histamine Ca2+ signals following ML-SA1 or ML-SI3.   

 

responses exemplified in A. Each plot point represents one experiment, n=4/10 (+ Ca2+/- Ca2+). A total 

of 70/231 (+ Ca2+/- Ca2+) cells from 10  independent platings were analysed. 
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Figure 2.6 Lysomotropic GPN inhibits TRPML1-mediated global Ca2+ signals  

(legend on next page) 
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2.3.7 SOCE blocker BTP2 does not inhibit TRPML1-mediated global Ca2+ 

signals 

As Ca2+ entry appeared to be the major component of TRPML1-mediated global Ca2+ signals 

experiments were conducted to decipher the route. To assess whether store-operated Ca2+ 

entry (SOCE) contributed, the SOCE blocker BTP2 was employed (Ishikawa et al., 2003). In the 

first instance the ability of BTP2 to block SOCE was tested: In the absence of extracellular Ca2+ 

the SERCA inhibitor thapsigargin was used to deplete ER Ca2+ (Fig. 2.7A). Ca2+ was subsequently 

returned to the extracellular medium, inducing a second increase in Fura-2 fluorescence, 

indicative of SOCE. As expected SOCE was inhibited in the presence of BTP2 (Fig. 2.7.A and B). 

However, the magnitude of ML-SA1-evoked Ca2+ signals in ML1 WT cells was not reduced in the 

presence of BTP2 (Fig. 2.7C and D). This suggested that SOCE was not a major contributor to 

TRPML1-mediated Ca2+ signals. It was noted though that the rate of cytosolic Ca2+ increase in 

response to ML-SA1 was slowed by BTP2 (Fig. 2.7E and F). 

 

 (A) Cytosolic Ca2+ traces of individual HeLa cells, stimulated with ML-SA1 (20 μM) in the absence of 

extracellular Ca2+ (Ca2+ was replaced with 1mM EGTA). Left: ML-SA1 response following DMSO in cells 

overexpressing ML1 WT. Centre: ML-SA1 response following ML-SI3 (10 μM) in cells overexpressing 

ML1 WT. Right: ML-SA1 response in cells overexpressing ML1 mutant. Each panel displays one 

representative experiment. (B) Average Lysotracker Red (LTR) fluorescence traces (mean of 2 

experiments) of untransfected HeLa cells upon addition of DMSO or GPN (200 μM). Data presented 

as ratio of fluorescence compared to basal fluorescence (F/F0). A total of 67/88 (DMSO/GPN) cells 

from 2 independent platings were analysed. (C) Cytosolic Ca2+ traces of individual HeLa cells 

overexpressing ML1 WT, stimulated with ML-SA1 (20 μM) following GPN (200 μM), in the absence of 

extracellular Ca2+ (Ca2+ was replaced with 1mM EGTA). (D) Data quantifying magnitude of ML-SA1 

responses exemplified in A and C. Each plot point represents one experiment, n=9/3/3/3 (DMSO/ML-

SI3/ML1 mutant/GPN). A total of 315/60/71/91 cells (DMSO/ML-SI3/ML1 mutant/GPN) from 10 

independent platings were analysed. (E) Cytosolic Ca2+ traces of untransfected HeLa cells, stimulated 

with histamine (10 μM), following DMSO, ML-SA1 (20 μM) or ML-SI3 (10 μM). (F) Data quantifying 

magnitude of histamine responses exemplified in E, n=3/3/3 (DMSO/ML-SA1/ML-SI3). A total of 

228/283/235 (DMSO/ML-SA1/ML-SI3) cells from 3 independent platings were analysed.  
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Figure 2.7 The SOCE blocker BTP2 does not inhibit TRPML1-mediated global Ca2+ signals 

(A) Average cytosolic Ca2+ traces (mean of experiments ± S.E.M) of HeLa cells overexpressing ML1 WT. 

In the absence of extracellular Ca2+ cells were challenged with DMSO or BTP2 (20 μM) followed by 

thapsigargin (1 μM). Subsequently, Ca2+
 was returned to the extracellular medium by addition of CaCl2 

(2 mM). (B) Data quantifying magnitude of the CaCl2 response in A. Each plot point represents one 

experiment, n=3/3 (DMSO/BTP2). A total of 76 cells per condition from 3 independent platings were 

analysed. (C) Average cytosolic Ca2+ traces (mean of experiments ± S.E.M) of HeLa cells overexpressing 

ML1 WT, stimulated with ML-SA1 (20 μM) in the presence of DMSO or BTP2 (20μM). (D) Data 

quantifying magnitude of the ML-SA1 response in C, n=3/3 (DMSO/BTP2). A total of 139/112 

(DMSO/BTP2) cells from 3 independent platings were analysed. (E) Section of C, expanded on the x 

axis to show rate of increasing cytosolic Ca2+. (F) Data quantifying time taken to reach peak ML-SA1 

signal in C,  n=3/3 (DMSO/BTP2). 
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2.3.8 TRPML1 agonists permit divalent cation entry 

In light of the large Ca2+ entry component of ML-SA1-evoked Ca2+ signals, but the small 

contribution of SOCE, the possibility that TRPML1 directly mediates divalent cation entry was 

explored. This was done by exploiting the permeability of TRPML1 to Fe2+, and the ability of Fe2+ 

to quench Fura-2 fluorescence. Briefly, Fura-2 has a stronger affinity for heavy metal ions 

compared to Ca2+ (Grynkiewicz et al., 1985) and when bound to Fe2+ Fura-2 emits negligible 

fluorescence (Kress et al., 2002). Therefore, if there is a rise in cytosolic Fe2+, this can be recorded 

as a diminishing Fura-2 signal (quench). This technique was used in cells expressing plasma 

membrane-targeted TRPML1 to confirm the channel’s permeability to Fe2+ (Dong et al., 2008).  

Here, to measure Fura-2 quench and associated Fe2+ entry, all experiments were conducted in 

the absence of extracellular Ca2+, and Fura-2 was excited at its isosbestic wavelength (360 nm). 

This was to ensure that any changes to Fura-2 fluorescence were independent of Ca2+. HeLa 

expressing ML1 WT were first stimulated with ML-SA1 to activate TRPML1, before addition of 

FeCl2 to the extracellular medium. Fura-2 fluorescence dropped sharply upon FeCl2 addition (Fig. 

2.8A.1). When the cells were challenged with FeCl3 instead of FeCl2 there was no such drop (Fig. 

2.8A2). Quench was also inhibited in the presence of TRPML1 inhibitor ML-SI3 (Fig. 2.8.A3) or in 

cells expressing the inactive ML1 mutant (Fig. 2.8A4; summary data in Fig. 2.8B and C). Fura-2 

quench induced by MK6-83 was less pronounced (Fig. 2.8D and E) but was also blocked in the 

presence of ML-SI3 or in the ML1 mutant cells. These results provide evidence that active 

TRPML1 permits entry of divalent cations through the plasma membrane. 
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 Figure 2.8 TRPML1 agonists permit divalent cation entry (legend on next page) 
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(A) Fura-2 quench traces of individual HeLa cells overexpressing (1-3) ML1 WT or (4) ML1 mutant. 

Stimulation with ML-SA1 (20 μM) was followed by addition of (1,3 and 4) FeCl2 or (2) FeCl3 (both  

1 mM), in the presence of (1,2 and 4) DMSO or (3) ML-SI3 (10 μM).  Each panel displays one 

representative experiment. (B) Average Fura-2 quench traces (mean of experiments ± S.E.M) 

corresponding to A. (C) Data quantifying quench in A and B. Each plot point represents one 

experiment, n=7/3/3/3 (DMSO/FeCl3/ML-SI3/ML1 mutant). A total of 158/134/80/56 

(DMSO/FeCl3/ML-SI3/ML1 mutant) cells from 6 independent platings were analysed. (D) Average 

Fura-2 quench traces (mean of experiments ± S.E.M) of cells stimulated with alternative TRPML1 

agonist MK6-83. (E)  Data quantifying quench in D, n=4/3/3 (DMSO/ML-SI3/ML1 mutant). A total of 

87/59/72 (DMSO/ML-SI3/ML1 mutant) cells from 4 independent platings were analysed. 
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2.3.9 Divalent cation entry is inhibited by SOCE blocker BTP2, but is not 

induced by ER Ca2+ depletion 

TRPML1-mediated Fe2+ entry, as detected by Fura-2 quench, may be considered as a proxy for 

TRPML1-mediated Ca2+ entry (Fig. 2.8). To probe such a comparison the effect of SOCE blocker 

BTP2 on ML-SA1-evoked Fura-2 quench was tested. In ML1 WT cells BTP2 had a modest effect 

on ML-SA1-evoked Ca2+ signals (Fig. 2.7). In contrast though, BTP2 clearly blocked ML-SA1-

evoked Fura-2 quench (Fig. 2.9A and B). However, the idea that Fe2+ entry was store-operated 

was refuted by a lack of quench following ER Ca2+ depletion by thapsigargin (Fig. 2.9C and D).  

Figure 2.9 Divalent cation entry is inhibited by SOCE blocker BTP2, but is not induced by ER 

Ca2+ depletion 

(A and C) Average Fura-2 quench traces (mean of experiments ± S.E.M) of HeLa cells overexpressing 

ML1 WT. (A) Addition of ML-SA1 (20 μM) was followed by FeCl2 (1 mM), in the presence of DMSO or 

BTP2 (20 μM). (B) Data quantifying Fura-2 quench in A. Each plot point represents one experiment, 

n=3/3 (DMSO/BTP2). A total of 63/64 (DMSO/BTP2) cells from 2 independent platings were analysed. 

(C) Cells were challenged with FeCl2 (1 mM), following DMSO or thapsigargin (1 μM). (D) Data 

quantifying quench in C, n=3/3 (DMSO/thapsigargin). A total of 86/59 (DMSO/thapsigargin) cells from 

3 independent platings were analysed.  
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2.3.10  The TRPML1 agonist ML-SA1 evokes global Ca2+ signals in multiple 

untransfected cell types  

Having uncovered the ability of TRPML1 to mediate global Ca2+ signals in HeLa cells the effect of 

agonist ML-SA1 was explored in other cell types. ML-SA1-evoked increases in cytosolic Ca2+ were 

observed in fibroblasts, SH-SY5Y cells and mouse neurons (Fig. 2.10).  

 

 

 

 

 

 

 

 

 

 

Figure 2.10 The TRPML1 agonist ML-SA1 evokes global Ca2+ signals in multiple 

untransfected cell types 

(A) Cytosolic Ca2+ traces of individual fibroblasts (n=14), SH-SY5Ys (n=90) or mouse neurons (n=90), 

stimulated with ML-SA1 (300μM).  
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2.4 DISCUSSION 

Activation of the lysosomal Ca2+ release channel TRPML1 has been reported to generate local 

lysosomal Ca2+ signals, and its dysfunction has been implicated in neurodegenerative diseases 

such as MLIV and NPC  (Bae et al., 2014; LaPlante et al., 2004; Medina et al., 2015; Shen et al., 

2012). Here I show that TRPML1 activation can also cause global Ca2+ signals. Moreover, it is Ca2+ 

influx that is the major contributor to these signals despite TRPML1’s predominantly intracellular 

and lysosomal localisation.   

 

To preferentially measure lysosomal Ca2+ release in intact cells the genetically-encoded Ca2+ 

indicator, GCaMP3, has been fused to the lysosomal Ca2+ release channel TRPML1 (GCaMP3-

ML1) (Shen et al., 2012). In cells overexpressing this construct the TRPML1 agonist ML-SA1 

evokes an increase in GCaMP3 fluorescence, suggesting that TRPML1 mediates local lysosomal 

Ca2+ signals (Bae et al., 2014; Medina et al., 2015; Shen et al., 2012). Using the same probe in 

HeLa cells I also observed rising GCaMP3 fluorescence in response to ML-SA1 (Fig. 2.1A). 

However, by measuring the fluorescence of Fura-2 in these cells, global rises in cytosolic Ca2+ 

were also apparent (Fig. 2.1B-D). These data raise the possibility that GCaMP3-ML1 does not 

only detect local lysosomal Ca2+ signals but global Ca2+ signals originating from other 

compartments. In fact, in the data (albeit limited) demonstrating the preferential detection of 

lysosomal Ca2+ by GCaMP3-ML1, ER Ca2+ release could also be recorded by the probe (Shen et 

al., 2012). In addition, large Ca2+ signals induced by the Ca2+ ionophore ionomycin were detected 

by the probe. These ionomycin signals are unlikely to represent lysosomal Ca2+ alone as their 

magnitude is ~8-fold greater than signals induced by lysosomotrope GPN (Shen et al., 2012). 

Notably, detection of Ca2+ entry by GCaMP3-ML1 was not assessed by Shen and colleagues as 

the experiments were conducted in low external Ca2+. In this chapter (except where indicated), 

Ca2+ signals mediated by endogenous or overexpressed TRPML1 were recorded in the presence 

of extracellular Ca2+, thus providing a more physiologically-relevant backdrop. Indeed, the 

manifestation of endogenous global TRPML1 Ca2+ signals in the presence of extracellular Ca2+ 

may be relevant to TRPML1’s role in neurodegenerative disease (Fig. 2.2). 

 

TRPML1 reportedly localises to the lysosomes which is dependent upon its dileucine motifs 

(Falardeau et al., 2002; Thompson et al., 2007; Vergarajauregui and Puertollano, 2006; Zeevi et 

al., 2009). Consistent with this I found that GFP-fused ML1 WT and ML1 mutant co-localised with 

the acidic organelle probe Lysotracker red (LTR) and overexpressed mRFP-LAMP1 (Fig. 2.3B-E). 

To control for the GFP-ML1 transfection GFP fused to putatively inert LAMP1 was also 
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overexpressed. In HeLa transfected with LAMP1, ML-SA1-induced Ca2+ signals were similar to 

the endogenous signals (Fig. 2.4A cf. Fig .2.2). This implies that in this context LAMP1 is indeed 

an inactive protein. In cells overexpressing ML1 WT, TRPML1 agonists ML-SA1 and MK6-83 

evoked the same large digital Ca2+ signals that were seen in cells expressing GCaMP3-ML1 

(Fig.2.4A cf. Fig.2.1D). Unfortunately, the TRPML1 inhibitor ML-SI1 was unsuitable for confirming 

the specificity of these signals as it elicited its own Ca2+ signals (Fig. 2.2C). This may be due to its 

partial agonist activity at cannabinoid receptor type 2 (CB2) - a receptor that can elicit global Ca2+ 

signals when activated (ML-SI1 is also known as GW405833 hydrochloride; Clayton et al., 2002; 

Valenzano et al., 2005; Zoratti et al., 2003). 

 

Despite the prevalent lysosomal localisation of ML1 WT intracellular Ca2+ release made a 

relatively small contribution to the ML-SA1-induced global Ca2+ signals (Fig. 2.5). Rather, it was 

Ca2+ entry that constituted the major portion of the response. Lysosome involvement was 

however indicated when the intracellular Ca2+ release was inhibited by the lysosomotrope GPN 

(Fig. 2.6A-D). It was noted though that GPN did not block ML-SA1-induced Ca2+ release to the 

same degree as ML-SI3 nor the ML1 mutant. This may indicate that ML-SA1 stimulates Ca2+ 

release from channels other than TRPML1. To probe this the effect of ML-SA1 or ML-SI3 on Ca2+ 

signals induced by IP3-forming histamine was assessed (Bristow et al., 1991; Ishida et al., 2014; 

Johnson et al., 1990). The magnitude of the histamine signal was slightly greater in the presence 

of ML-SA1 but unaffected by ML-SI3 (Fig. 2.6E and D). This suggests that ML-SI3 does not inhibit 

Ca2+ signals mediated by IP3 receptors. To extrapolate, the residual ML-SA1-evoked Ca2+ signal 

that is left in the wake of lysosome disruption, but blocked by ML-SI3, is not likely due to ML-

SA1 activation of the IP3 receptor. This may be clarified by assessing the effect of ML-SA1 or ML-

SI3 on Ca2+ signals evoked by membrane-permeable IP3 derivatives. Similar experiments centred 

on ryanodine receptors may also be informative.  

 

That ML-SA1 does not directly activate IP3 receptors does not however discount their 

involvement in ML-SA1-evoked Ca2+ signals. Indeed, acute treatment of HeLa with 2-APB to block 

the IP3 receptors does reduce the magnitude of subsequent ML-SA1-evoked Ca2+ signals 

(Kilpatrick et al., 2016a). Depletion of ER Ca2+ by thapsigargin also inhibits the response.  This 

indicates that activation of this lysosomal Ca2+ channel (TRPML1) induces ER Ca2+ release, 

perhaps in a similar mode to Ca2+ signals triggered by NAADP (Morgan, 2016) .  

 

In regard to the extensive Ca2+ entry caused by ML-SA1 in ML1 WT cells SOCE was considered as 

a possible entry route. As part of the investigation the pyrazole BTP2 was used. BTP2 can block 
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thapsigargin-induced SOCE (Ishikawa et al., 2003) which was also demonstrated here (Fig. 2.7A 

and B). Intriguingly, BTP2 also modulated the Ca2+ signal evoked by thapsigargin which appeared 

slightly potentiated. This raises the possibility that BTP2 inhibits a route of cytosolic Ca2+ 

extrusion besides SERCA or inhibits another mechanism of Ca2+ signal silencing. Nevertheless, 

although BTP2 inhibited SOCE, its inhibitory effect on the large ML-SA1-evoked Ca2+ signals in 

ML1 WT cells was very modest (Fig. 2.7C-F). This suggests that whilst SOCE may have a small role 

in TRPML1-mediated Ca2+ entry it is not the principle route.  Ca2+ entry mediated directly by 

TRPML1 at the plasma membrane was also explored. TRPML1 activation and addition of Fe2+ 

into the extracellular medium resulted in a quench of Fura-2 fluorescence. This is indicative of 

Fe2+ entry through TRPML1 at the plasma membrane, into the cytosol (Dong et al., 2008; Kress 

et al., 2002). To surmise, if divalent Fe2+ can enter the cell directly through TRPML1 at the plasma 

membrane, so may Ca2+. 

 

Adding a layer of complexity to TRPML1-mediated cation entry are two results regarding the 

Fe2+ entry/Fura-2 quench. First, SOCE blocker BTP2 substantially inhibited Fura-2 quench 

following ML-SA1 stimulation (Fig. 2.9A and B). This result may be interpreted to mean that Fura-

2 quench represents store-operated cation entry.  Discounting this notion however was the 

result that ER Ca2+ depletion by thapsigargin did not induce Fura-2 quench (Fig. 2.9D). Therefore, 

Fura-2 quench was not likely representative of store-operated cation entry. A possible 

explanation for these contradictory results is that BTP2 directly inhibits TRPML1 in a similar 

manner to its inhibitory effect on TRPCs, and that the principle SOCE channels are not Fe2+-

permeable (He et al., 2005). Why though BTP2 blocks TRPML1-mediated Fe2+ entry but not 

TRPML1-mediated Ca2+ signals, which are largely composed of Ca2+ entry, is unknown. It is 

possible that TRPML1-mediated entry of Ca2+ or Fe2+ is differentially regulated by the TRPML1-

mediated intracellular Ca2+ release. Perhaps the coordination between Ca2+ release and Ca2+ 

entry somehow overrides BTP2’s inhibitory effect on TRPML1 at the plasma membrane. By 

inhibiting the intracellular Ca2+ release with GPN its differential regulation of TRPML1-mediated 

Ca2+ and Fe2+ entry may be uncovered.   

 

That TRPML1 at the plasma membrane mediates considerable Ca2+ or Fe2+ entry, is at odds with 

the largely lysosomal habitation of ML1 WT and ML1 mutant (Fig. 2.3). It may also challenge the 

report that PM-targeted TRPML1 is inactive in the context of rescuing trafficking defects (Pryor 

et al., 2006).  However, TRPML1 expression at the plasma membrane has been reported 

(Kiselyov et al., 2005). Moreover, this expression is more pronounced with the constitutively 

active form of the channel and may be a result of upregulated lysosomal exocytosis (Dong et al., 
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2009; LaPlante et al., 2006). Perhaps then, by activating lysosomal TRPML1 with ML-SA1 or MK6-

83, lysosomal exocytosis is triggered and TRPML1 is directed to the plasma membrane where it 

permits Ca2+ or Fe2+ entry. The possibility of such a change in TRPML1 localisation should be 

investigated using total internal reflection fluorescence (TIRF) microscopy (Brailoiu et al., 2010a; 

Sreetama et al., 2016). In the argument against TRPML1 activity at the plasma membrane, 

TRPML1 currents are greater in acidic environments (such as the lysosomes) compared to 

neutral ones (such as the plasma membrane) (Chen et al., 2014; Dong et al., 2008; Feng et al., 

2014a; Xu et al., 2007). It should be noted however that acidic pH has been shown to inhibit 

TRPML1 activity and that elevated lysosomal pH has been linked to larger ML-SA1-evoked Ca2+ 

signals (Lee et al., 2015; Raychowdhury et al., 2004). Returning to the argument against plasma 

membrane TRPML1 activity,  it has also been suggested that TRPML1 is less active here due to 

the presence of PI(4,5)P2  and high extracellular Ca2+ (Li et al., 2017; Zhang et al., 2012).  

 

There is also a possibility that endogenous TRPML3 mediates the Ca2+ entry. Unlike TRPML1 and 

2, which predominantly localise to the lysosomes, TRPML3 has been reported to localise at the 

plasma membrane (Grimm et al., 2007; Kim et al., 2007, 2009). Furthermore, the predecessors 

of ML-SA1 and MK6-83 were identified using recombinant TRPML3, and ML-SA1 is capable of 

activating whole cell currents in cells overexpressing TRPML3 (Grimm et al., 2010; Shen et al., 

2012). An argument to counter this is the requirement of a low Na+ medium for TRPML3 activity, 

which was not used here (Grimm et al., 2010; Kim et al., 2007).  In addition, ML-SA1 and MK6-

83 failed to evoke Ca2+ signals in cells overexpressing the ML1 mutant (Fig.2.4A-D). Yet, the 

complete lack of signal in ML1 mutant cells suggests it has a dominant negative effect on 

endogenous TRPML1. This effect may also inhibit endogenous TRPML3 through hetero-

oligomerisation (Curcio-Morelli et al., 2010b; Venkatachalam et al., 2006). Finally, in the case 

against TRPML3 involvement, this isoform is not permeable to Fe2+ (Dong et al., 2008). 

Therefore, the sharp entry of divalent cations in Figure 2.8 is presumed to be mediated by 

TRPML1 alone.  However, to discount TRPML3 involvement in Ca2+ entry TRPML1-mediated Ca2+ 

signals must be examined in cells with reduced TRPML3 expression.  

 

Here, global Ca2+ signals mediated by TRPML1 have been generated using synthetic TRPML1 

agonists. The physiological relevance of these global Ca2+ signals is dependent upon the 

identification of endogenous TRPML1 agonists that generate similar signals. Currently, one 

prominent candidate is phosphatidylinositol 3,5-bisphosphate (PI(3,5)P2) (Dong et al., 2010).  

However, although PI(3,5)P2 activates TRPML1 currents, it has not been shown to initiate its own 

Ca2+ signals. The Ca2+ mobilising messenger NAADP has also been shown to elicit TRPML1-
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dependent global Ca2+ signals, although this has been contended (Yamaguchi et al., 2011; Zhang 

et al., 2009, 2011). Another approach to determine the relevance of TRPML1 to global Ca2+ 

signalling is to assess the channel’s contribution to physiological signals elicited by extracellular 

stimuli. A handful of studies have done this by knocking out TRPML1, or using MLIV mutants. For 

example, in TRPML1-deficient cells, Ca2+ signals induced by cholecystokinin and endothelin-1 

(ET-1) are inhibited (Park et al., 2016; Zhang et al., 2009), and in F408Δ MLIV fibroblasts Ca2+ 

signals were inhibited in response to thrombin (LaPlante et al., 2004). LaPlante and colleagues 

acknowledged that this could be due to impaired Ca2+ mobilisation from late 

endosomes/lysosomes, sub-optimal targeting of mutant TRPML1 to these compartments, or a 

more indirect effect via a remodelled Ca2+ signalling network.  Elsewhere, bradykinin-evoked 

Ca2+ signals were no smaller in MLIV cells but were slightly delayed (Soyombo et al., 2006).  

Besides reducing TRPML1 expression or using TRPML1 mutants such studies may benefit from 

the use of TRPML1 inhibitor ML-SI3, which as shown here can robustly block TRPML1-mediated 

global Ca2+ signals.  

 

As a final point, the use of GCaMP3-ML1 or GECO-ML1 to measure Ca2+ signals emanating from 

TRPML1 in disease models may not be wholly appropriate. This is because overexpression of 

TRPML1 or activation of TRPML1 has been shown to alter disease phenotypes (Cao et al., 2015b; 

Chen et al., 2014; Shen et al., 2012). Similarly overexpression of GCaMP3- or GECO-ML1 might 

be expected to cause phenotypic changes and conceivably remodel the Ca2+ signalling network.  

Therefore, Ca2+ release as measured by these constructs may be influenced by their own 

overexpression and not represent a pure read-out of TRPML1 Ca2+ signalling in disease. Here, 

ML-SA1-evoked Ca2+ signals in cells overexpressing lysosomal LAMP1 were comparable to 

endogenous responses (Fig. 2.4A cf. 2.2A and B). Therefore, LAMP1 may be a more appropriate 

protein to fuse to GCaMP3 or GECO to compare TRPML1-mediated Ca2+ signals in health and 

disease (McCue et al., 2013).  

 

To summarise, the lysosomal Ca2+ channel TRPML1 has previously been associated with local 

lysosomal Ca2+ release and is relevant to neurodegenerative diseases such as MLIV and NPC.  In 

this chapter I demonstrated that TRPML1 activation can also cause global Ca2+ signals. 

Furthermore, these signals are largely composed of Ca2+ entry across the plasma membrane 

despite the predominant lysosomal localisation of the channel.  These new aspects of TRPML1 

signalling may shed new light upon the channel’s role in neurodegenerative disease and should 

be considered in the development of TRPML1-targeting therapeutics.   
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CHAPTER 3: TPCs and Global Ca2+ Signalling   

- in Familial and Sporadic PD Fibroblasts 

3.1 INTRODUCTION 

The LRRK2 G2019S (LRRK2-GS) mutation accounts for ~5% of familial PD and ~1% of sporadic PD 

cases (Bardien et al., 2011; Healy et al., 2008).  Furthermore, the symptoms of familial LRRK2-

GS PD are indistinguishable from those of sporadic PD. Therefore, LRRK2 is a rational focus of 

PD research both to delineate the aetiology of familial PD and as a possible bridge to uncovering 

the pathogenic mechanisms of sporadic PD.  

 

Mutant LRRK2’s mode of pathogenicity is unclear as the LRRK2 enzyme has been linked to a 

plethora of cellular processes (Manzoni et al., 2015; Porras et al., 2015).  Reports though of a  

functional association with Rab GTPases have implicated LRRK2 in the regulation of lysosomal 

trafficking and morphology (Dodson et al., 2012; Gómez-Suaga et al., 2014; MacLeod et al., 

2013; Shin et al., 2008; Steger et al., 2016). For example, in flies, the overexpression of 

pathogenic LRRK2-GS and Rab7 promotes perinuclear lysosome clustering which is thought to 

promote autophagy (Dodson et al., 2012; Korolchuk and Rubinsztein, 2011). In addition, 

lysosomal morphology defects in LRRK2-GS PD patient fibroblasts can be improved by inhibiting 

Rab7 (Hockey et al., 2015).  

 

Recently, data has surfaced to implicate the lysosomal Ca2+ channel TPC2 in LRRK2 PD. First, 

there is evidence that TPCs interact with Rab7 (Lin-Moshier et al., 2014). Moreover, defective 

lysosome morphology in LRRK2-GS PD fibroblasts could be improved by  reducing TPC2 

expression as an alternative to Rab7 inhibition (Hockey et al., 2015). This defect could also be 

improved by chelating local Ca2+ with cell-permeable BAPTA. These findings suggest that 

upregulated local Ca2+ release through TPC2 is a feature of LRRK2-GS PD. As part of the 

endolysosomal system lysosomes are interconnected with numerous cellular processes. 

Therefore, lysosome morphology disturbances may signify poor lysosomal health that might 

impact the cell globally. Indeed, TPC2 and local Ca2+ have been implicated in LRRK2-dependent 

autophagy defects (Gómez-Suaga et al., 2012). Such defects may contribute to 

neurodegeneration by permitting the accumulation of pathogenic molecules, or the survival of 

defective mitochondria that are less able to buffer Ca2+ or synthesise ATP (Cherra et al., 2013; 

Heeman et al., 2011; Rott et al., 2011). In fact, in the study by Gómez-Suaga and colleagues, the 
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LRRK2-dependent autophagy defect sensitised cells to death when under further proteostatic 

stress (Gómez-Suaga et al., 2012). Therefore, TPC2 over-activity and local Ca2+ signalling may be 

particularly relevant in the context of PD and the vulnerable SNc.  

 

One question arising from the observation of disturbed lysosome morphology in familial LRRK2-

GS PD fibroblasts, is whether it is also disturbed in sporadic PD. Indeed, a coveted outcome of 

PD research is to identify unifying mechanisms of disease across all patients regardless of 

genotypes.  Sporadic PD constitutes ~90% of PD cases and therefore the identification of 

appropriate therapeutic targets in these patients has the potential to improve quality of life for 

millions (Gandhi and Wood, 2010).  

 

The lysosome morphology defects in LRRK2-GS PD fibroblasts were ascribed to upregulated 

TPC2 activity and local Ca2+ signals (Hockey et al., 2015; Pryor et al., 2000). In addition, these 

cells exhibited augmented global Ca2+ signals in response to the mobilising messenger NAADP 

(Hockey et al., 2015). Although there has been some controversy around TPC activation there is 

evidence that NAADP causes TPC-dependent global Ca2+ signals (Brailoiu et al., 2009; Calcraft et 

al., 2009; Jha et al., 2014). Taken together this may indicate that upregulated TPC activity in 

LRRK2-GS PD fibroblasts is responsible for augmented global Ca2+ signals as well as local ones. 

However, whether physiological global Ca2+ signals evoked by extracellular stimuli are also 

augmented is unknown, and is a focus of this chapter.  

 

Although various extracellular stimuli have been associated with NAADP synthesis (Table 1.1) 

there is very little data about those which require TPCs to evoke their global Ca2+ signals. 

Therefore, an intermediate aim of this chapter is to identify an extracellular agonist that requires 

TPCs to elicit physiological global Ca2+ signals. The final aim is to determine whether such TPC-

dependent, physiological global Ca2+ signals are augmented in familial and sporadic PD 

fibroblasts. If so this would support the notion that TPC activity is upregulated in PD. 

Furthermore, augmented global Ca2+ signals may cause cell-wide disruption to Ca2+-dependent 

processes such as protein folding or ATP synthesis (Glancy and Balaban, 2012; Wang and 

Kaufman, 2016). Such signals may also cause mitochondrial Ca2+ overload and promote cell 

death (Rizzuto et al., 2012). Therefore, upregulated TPC activity may contribute to 

neurodegeneration by augmenting global Ca2+ signals as well as local ones (Fig. 3.I). 
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Figure 3.I Introduction 

The lysosomal Ca2+ channel TPC2 has been 

implicated in PD that is linked to dysfunction of the 

enzyme LRRK2.  

 

There is some evidence that upregulated TPC 

activity disturbs local Ca2+ signalling, which may 

contribute to neurodegeneration (curved left-hand 

arrow). Upregulated TPC activity may also 

contribute to neurodegeneration by disturbing 

global Ca2+ signals (straight right-hand arrow). 

 

This global route to neurodegeneration is a 

possibility as it has been reported that TPCs are 

required for global Ca2+ signals stimulated by 

NAADP (Phase 1). However, there is very little 

information on whether TPCs are important for 

physiological global Ca2+ signals evoked by 

extracellular stimuli (Phase 2). Furthermore, it is 

not known whether TPC-dependent, physiological 

global Ca2+ signals are augmented in PD and thus 

are of pathophysiological importance (Phase 3). In 

this chapter these two phases are addressed. 



103 
 

3.2 METHODS and ANALYSIS 

3.2.1 Recurrent methods 

Fura-2 labelling and data presentation are as described in Chapter 2.  

3.2.2 Cell culture 

3.2.2.1 Fibroblast 

Fibroblasts were maintained and passaged as described in Chapter 2.  Primary human skin 

fibroblast cultures were generated from biopsies and obtained from Drs Michelle Beavan, 

Alisdair McNeill, Jan-Willem Taanman and Tatiana Papkovskaia (Department of Clinical 

Neuroscience, UCL).  Data from affected fibroblasts were compared to that of age-matched 

controls never more than 2 passages apart. Sporadic PD patients were not genotyped as there 

was no family history of the disease. Details of the patient fibroblasts are listed in the table 

below: 

#=sisters; F=female; M=male 

Cells were plated onto 13 mm glass coverslips (in a 24-well plate, 0.5 ml/coverslip) 5-7 days prior 

to imaging or fixation. Cells were ~80-90% confluent on the day of imaging or fixation. Some Ctrl 

fibroblasts were treated with vacuolin (5μM; VWR) or vehicle (DMSO; Sigma) for 5 hours prior 

to fixation.   

 

3.2.3 Immunocytochemistry 

Fibroblasts were fixed for 10 minutes with 4% w/v paraformaldehyde, washed three times in 

phosphate-buffered saline (PBS) and then permeabilised for 10 minutes with 40 μM β-escin. 

Table 3.1 Patient-derived fibroblasts 

ID Status Age Sex 

Ctrl1 Healthy Control  52 F 

Ctrl2 # Healthy Control  50 F 

Ctrl3 Healthy Control  55 F 

LRRK2-GS PD1 # Familial LRRK2 G2019S PD 52 F 

LRRK2-GS PD2 # Familial LRRK2 G2019S PD 48 F 

Ctrl4 Healthy Control 82 F 

Ctrl5 Healthy Control 78 M 

sp PD1 Sporadic PD 81 F 

sp PD2 Sporadic PD 79 M 
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Cells were washed again (x3 in PBS) and blocked for 1 hour with PBS supplemented with 1% 

(w/v) bovine serum albumin (BSA) and 10% (v/v) foetal bovine serum (FBS). Fibroblasts were 

sequentially incubated for 1 hour at 37oC with anti-LAMP1 antibody (mouse, Developmental 

Hybridoma Bank H4A3 clone supernatant; 1/10 dilution) and anti-mouse Alexa Fluor® 647 dye 

(donkey, Invitrogen; 1/1000 dilution) in blocking solution. Nuclei were labelled by incubation for 

5 minutes with 1 μg/ml 4',6-diamidino-2-phenylindole (DAPI) (Sigma). Cells were washed three 

times in PBS containing 0.1% (v/v) Tween in between incubations. Coverslips were mounted 

onto microscope slides with DABCO (1,4 diazabicyclo[2,2,2]octane) and sealed with colourless, 

transparent nail varnish.   

 

3.2.4 Microscopy: Confocal       

Images were captured using an LSM510 confocal scanner (Zeiss) attached to a Zeiss Axiovert 

200M inverted microscope fitted with a 63x Plan Apochromat water-immersion objective. 

Excitation and emission wavelengths for fluorescent markers are detailed below: 

 

Microscope settings (including master gain, detectors, filters and pinhole) were kept constant 

on a given day to compare affected and control groups. Zoomed images were taken at a 4x 

optical zoom.  

 

The pairings between data from control and affected/treated groups are determined by the day 

of image acquisition. Paired groups were also simultaneously passaged, plated, treated, fixed, 

and subjected to immunocytochemistry. Each data point corresponds to mean values from all 

cells in a group that were imaged on a single day. Where two fibroblast lines were used for one 

group the mean of the two cell line means was calculated for the result.  

  

3.2.4.1 Automated image analysis for LAMP1 intensity 

12-bit immunofluorescence images were analysed using the Fiji software package of ImageJ. For 

each cell a region of interest (ROI) was manually drawn to contain its lysosome population. One 

background ROI per image was also drawn. The channel displaying LAMP1 immunofluorescence 

was saved with ROIs overlaid as a TIFF file. These files were processed by the Multiple Image 

Table 3.2 Confocal microscopy excitation/emission wavelengths 

Probe Excitation wavelength (nm) Emission filter wavelength (nm) 

DAPI 364 LP 385  

AlexaFluor 647 633 LP 650 or BP 655-719 
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Processor plugin, and a macro (Fig. 3.M.1) was employed with mean grey value set as the output 

in results. Results were compiled and analysed in Microsoft Excel.  

 

3.2.4.2 Automated image analysis for lysosome size and frequency 

Briefly, TIFF files were created as for LAMP1 intensity analysis but with background ROIs 

omitted. These images were converted from 12 to 8-bit to enable processing by the Auto Local 

Threshold plugin which binarised them into white objects and black background. Average object 

size per cell and object frequency per cell were measured from these binary images using the 

“Analyse Particle” function. The method is described in detail below. 

 

3.2.4.2.1 Generating binary images by local thresholding   

To ensure this image processing and analysis could identify changes in lysosome size fibroblasts 

were treated with vacuolin before fixation, immunocytochemistry and microscopy, as described 

in METHODS and ANALYSIS sections 3.2.2-3.2.4 (Fig. 3.M.2). Vacuolin enlarges LAMP1-positive 

structures therefore any viable mode of image processing and analysis should report this in the 

results (Cerny et al., 2004; Huynh and Andrews, 2005).  

 

Figure 3.M.2 LAMP1-positive structures are enlarged in fibroblasts treated with vacuolin 

Representative immunofluorescence images of LAMP1 staining (white) in Ctrl fibroblasts treated with 

DMSO or vacuolin (5 μM) for 5 hours before fixing.  Nuclei are stained blue (DAPI). Right-hand images 

are 4x optical zooms of individual cells in left-hand images. Scale bar = 10 μm.  

Figure 3.M.1 Macro commands for LAMP1 intensity analysis 
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Binary images were generated according to local contrasts. This has advantages over global 

thresholding which employs a single grey value cut-off to define structures. When the ImageJ 

thresholder (accessed by: Image>Adjust>Threshold) is in default mode the intensity chosen is 

based on an iterative intermeans algorithm (Li, 1998; T.W Ridler and Calvard, 1978). Source code 

can be viewed here: 

https://imagej.nih.gov/ij/source/ij/plugin/Thresholder.java; 

https://imagej.nih.gov/ij/source/ij/process/AutoThresholder.java 

Initially a low threshold is chosen by the algorithm. The image pixels are then defined as objects 

if their grey level values are above this threshold or as background if their grey level values are 

below.  A calculation based on the average grey values of object and background pixels is then 

executed. 

 

If:  (Av. OBJECT GREY VALUE + Av. BACKGROUND GREY VALUE) / 2 < THRESHOLD 

 

the threshold is incremented by 1 grey value and the process is iterated. 

 

If however: (Av. OBJECT GREY VALUE + Av. BACKGROUND GREY VALUE) / 2 = THRESHOLD 

 

the process stops here and that threshold is the implemented global threshold that appears in 

the ImageJ console. The user can use the unique automated threshold that is generated for each 

image or chose a threshold experimentally.  Using a simplified representation of a 16x16 pixel 

8-bit image (Fig. 3.M.3A) this global thresholding can be readily visualised. The global threshold 

set by the iterative algorithm for this image would be 112. Consequently all pixels with a grey 

value of 112 and above are transformed into an object and appear white in the generated binary 

image (Fig. 3.M.3B and C). All pixels with a grey value less than 112 are transformed into black 

background. Two issues with this method that are illustrated in Figure 3.M.3C are that objects 

of low fluorescence intensity are ignored and objects of high intensity can be artificially 

aggregated. Although by eye there appears to be a dim object in the top left (circled, red) it is 

assigned as background. At the bottom of the image there appears to be two distinct brighter 

objects (arrows, red). However, some of the pixels in between are assigned as object, therefore 

they appear as one object in the binary image. An additional problem is that only the brighter 

apices of particles may be defined as object, which can then skew size data  (Fassina et al., 2012).  
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Figure 3.M.3 Schematic of global thresholding in ImageJ 

(A) A simplified representation of a 16x16 pixel 8-bit image. Grey level values for each pixel are 

indicated. (B) Workflow of binary image generation by global thresholding in ImageJ. (C) Shrunk 

version of A and binary image generated by following schematic in B with the minimum grey threshold 

set at 112. Red circle surrounds a simplified representation of a dim object. Red arrows indicate a 

simplified representation of two bright objects close together. 
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Binary images of the vacuolin-treated fibroblasts generated by global thresholding are displayed 

in Figure 3.M.4B. These images provide an impression of the originals but are not true to the 

objects and background seen by eye. Therefore, subsequent analysis may result in 

morphometric data that are artefacts of image processing and highly dependent on LAMP1 

immunofluorescence intensity. Where this type of thresholding is used further processing is 

often required. For example, artificial clusters that are not resolved must be manually eliminated  

(Kukic et al., 2013) or can be filtered out by high  circularity values (Seo et al., 2014). These 

methods are likely time consuming and may exclude many important structures that do not fulfil 

the “perfect” criteria. 

 

Local thresholding (accessed by: Image>Adjust>Auto Local Threshold) accounts for variability of 

fluorescence intensity in the environment surrounding each pixel. Therefore, it can avoid the 

issues with global thresholding described here. It was determined experimentally that the 

Bernsen algorithm for local thresholding generated the truest binary representations of 

lysosome morphology in fibroblasts (Sezgin and Sankur, 2004).  Source code can be viewed here:  

https://github.com/fiji/Auto_Threshold/blob/master/src/main/java/fiji/threshold/Auto_Local_

Threshold.java 

The Bernsen algorithm in ImageJ works by creating a circular “window” around each pixel (“X”) 

(Fig. 3.M.5A). For analysis in this chapter a window with a 5-pixel radius was chosen 

experimentally. This equates to a radius of 1.43 μm2 and an area of 6.42 μm2. As a rule of thumb, 

the radius of the window should be set so that the objects being analysed can just fit inside it. 

Using too large a window can increase processing time and overlook small dim objects (Bieniecki 

and Grabowski, 2005). Too small a window can incorrectly segment an object that is larger than 

the window.  

Figure 3.M.4 Immunofluorescence images converted to binary by global thresholding  

(A) As for Fig. 3.M.2. (B) Binary images of A generated by auto global thresholding in ImageJ.  
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Figure 3.M.5 Schematic of Bernsen local thresholding in ImageJ 

(A) A simplified representation of a 16x16 pixel 8-bit image as appears in Fig .3.M.3A. To define a pixel 

“X” as object or background calculations about grey values within a circular window (pink; radius = 5 

pixels) are executed. (B) Workflow of binary image generation by Bernsen local thresholding in 

ImageJ. (C) Shrunk version of A as appears in Fig.3.M.3C, and binary image generated by following 

schematic in A with a 5-pixel radius and the default local contrast threshold set at 15.  
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Within each window the minimum (MIN) and maximum (MAX) grey values are identified.  The 

local contrast is then calculated: 

 

LOCAL CONTRAST = MAX – MIN 

 

The local mid-grey for this window is also calculated: 

 

LOCAL MID-GREY = (MAX + MIN) / 2 

 

To determine whether pixel “X” should be set as an object or background the algorithm runs 

through conditional statements about the local contrast and local mid-grey values, as depicted 

in Figure 3.M.5B. Note the default contrast threshold in ImageJ is 15. By running through these 

statements to set each pixel as an object or background the image is binarised as shown in Figure 

3.M.5C. Notably, by using this method on the simplified 8-bit image the dim particle in the top 

left is assigned as an object in the binary image and the two particles in the bottom of the image 

are also separated.   

 

3.2.4.2.2 Watershed segmentation 

Watershed segmentation is used to separate particles in close proximity and was implemented 

here to separate any residual object aggregates following the local thresholding. In ImageJ the 

watershed function implements the EDM (Euclidean Distance Map) and Maximum Finder 

plugins. Source code can be viewed here: 

https://imagej.nih.gov/ij/source/ij/plugin/filter/EDM.java 

https://imagej.nih.gov/ij/developer/source/ij/plugin/filter/MaximumFinder.java.html 

This segmentation involves 2 sequential functions (Fig. 3.M.6A): 

 1) An EDM is created in which each object pixel is assigned a value that equates to its 

distance from the nearest background pixel.  

2) The maxima of the EDM are known as Ultimate Eroded Points (UEP) which are 

identified. The algorithm then descends from the UEPs through sequential EDM levels in a 

“dilation”. At each EDM level it determines whether it has encountered a dilation from another 

UEP. If so, a line is marked between the dilating UEPs and the pixels in this line are set to 

background. An example of the outcome of this watershedding is shown in Figure 3.M.6B.  
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Local thresholding with the Bernsen algorithm plus watershed segmentation generates binary 

images that Include both dim and bright objects and avoid artificial object aggregation (Fig. 

3.M.7). The Multiple Image Processor and the macro in Figure 3.M.8 were used to generate 

these binary images and analyse them, with area set as the output in results. The binary images 

were compared to their immunofluorescence counterparts periodically to check for likeness. 

Example binary images for each experiment are available in Appendix B. Results were compiled 

and analysed in Microsoft Excel. 

 

 

 

 

 

 

 

Figure 3.M.6 Schematic of watershed segmentation in ImageJ 

(A) Workflow of watershed segmentation in ImageJ. From a binary image that displays conjoined 

objects (far left panel) an Euclidean Distance Map (EDM) is generated. Subsequently the Ultimate 

Eroded Points (UEP) are identified and dilated. Blue polygons represent sequential dilations, starting 

from the UEP (dark blue) to the edge of the objects (light blue). At the point where dilations from 2 

UEPs meet pixels are assigned to background and the objects are separated (far right panel). (B) A 

digital zoom of LAMP1 staining in vacuolin-treated Ctrl fibroblasts to show transformation by Bernsen 

auto local thresholding and successful object separation by watershed segmentation. 
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The data identified enlarged objects in vacuolin-treated fibroblasts compared to controls (Fig. 

3.M.9A). As well as average data for each cell, ImageJ outputs area data for each object. This 

large dataset was used to gain better insight into the type of objects that caused the increase in 

average object size.    

 

 

 

 

 

 

 

 

 

 

Figure 3.M.7 Immunofluorescence images converted to binary by Bernsen local 

thresholding and watershed segmentation 

(A) As for Fig. 3.M.2. (B) Binary images of A generated by auto local thresholding using the Bernsen 

algorithm (5-pixel radius with the default contrast threshold) and watershed segmentation in ImageJ.  

Figure 3.M.8 Macro commands for lysosome size and frequency analysis 
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Figure 3.M.9 Automated image processing and analysis confirms enlarged lysosomes in 

vacuolin-treated fibroblasts (legend on next page) 
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3.2.4.2.3 Distinguishing between lysosome morphotypes  

LAMP1-positive objects can be categorised per appearance. For instance, a sub-population 

appear as small dots each with apparently homogenous immunofluorescence intensity 

(Fig.3.9C).  These “dots” are 0-0.8 μm2. Other structures are bubble-like with a dimmer core and 

brighter periphery. These “bubbles” are within the 0.8-5 μm2 range. Finally, clusters of LAMP1-

positive objects generally have an area of more than 5 μm2. By categorising the object data 

within these size bins it is possible to determine whether the average object size increase in 

vacuolin-treated fibroblasts is due to enlargement of individual lysosomes or a greater number 

of clusters formed. In vacuolin-treated fibroblasts the relative frequency of lysosome “dots” is 

reduced compared to controls, whereas the frequency of “bubbles” increases (Fig. 3.9D). This 

data therefore closely corresponds to what can be seen by eye.  

 

3.2.5 siRNA transfection 

Fibroblasts were plated at 100,000 cells/ml (For epifluorescence microscopy: 13 mm glass 

coverslips in 24-well plates, 0.4 ml/well; For quantitative PCR analysis: no coverslips, 6-well 

plates, 1.5ml/well) and transfected with siRNAs using Lipofectamine® RNAiMAX (Invitrogen) for 

24h. Fibroblasts were re-transfected in fresh media for a further 24 hours and cultured for 48 

hours in the absence of siRNA before experimentation. A control siRNA duplex (AllStars 

Neg.Control) was purchased from Qiagen. Details of targeting siRNAs on the next page. 

 

 

 

 (A and B) Data quantifying LAMP1-positive objects in DMSO or vacuolin-treated Ctrl fibroblasts from 

images exemplified in Fig. 3.M.2. For details on data pairings please refer to METHODS and ANALYSIS 

section 3.2.4. Striped plot points represent the use of two different fibroblast lines to provide the 

result. A total of 233/242 (DMSO/vacuolin) cells from 3 experiments and 3 independent platings were 

analysed. (A) Average object size per cell. (B) Average object frequency per cell. (C) Digital zooms of 

LAMP1-positive objects in images exemplified in Fig.3.M.2. Nuclei staining omitted. In the far left 

panel masks representing the binary images generated from Bernsen local thresholding and 

watershed segmentation are superimposed in yellow (0-infinity µm2 All). In the remaining panels the 

same masks are filtered to display only the objects within the indicated size range. Each size range is 

assigned a morphotype descriptive (“dots”, “bubbles” or “clusters”). Scale bar = 10 μm. (D) Data 

quantifying the relative frequency of lysosome morphotypes. A total of 19,833/18,079 

(DMSO/vacuolin) objects from the same 3 experiments represented in A and B were analysed. 
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3.2.6 Quantitative PCR 

siRNA-transfected fibroblasts were harvested by scraping and pipet transfer to Maxymum 

Recovery tubes (Axygen). Cells were centrifuged at RCF=300 for 5 minutes, supernatant was 

discarded and pellets stored at -80oC. Upon thawing RNA was extracted using the RNeasy Mini 

Kit and RNase-Free DNase Set (both Qiagen) as per the manufacturer’s instructions but omitting 

the homogenisation steps and repeating the final elution step. cDNA was synthesised using 

Superscript III RT kit (Invitrogen), Random Primers (Promega) and Oligo dT (12-18) primers 

(Invitrogen). cDNA was amplified using SYBR® Green JumpStart™ Taq ReadyMix™ (Sigma) and 

primers for human TPC1, TPC2 and housekeepers UBC and GAPDH (Sigma) as detailed below 

(Brailoiu et al., 2009): 

 

 

Samples were denatured at 94oC for 2 minutes followed by 39 cycles of denaturation (94oC, 15 

s), annealing (60oC, 30 s) and extension (72oC, 30 s).  The reaction was replicated three times for 

each sample.  

 

Amplification thresholds for each run were set automatically by Bio-Rad CFX Manager software. 

Anomalous reaction replicates were excluded from analysis. Threshold cycles (Ct) were used to 

calculate transcript levels via exponential expression transform (Expression = 2-Ct). Expression 

was corrected for any amplification occurring in samples that had not been treated with reverse 

transcriptase (-RT) and should not contain any cDNA. TPC1 and 2 expression was normalised to 

UBC expression. 

 

Table 3.3 TPC-targeting siRNAs 

ID Brand Product 

Name 

Target 

gene 

Target 

exon 

Target sequence (5’-3’) 

TPC1 siRNA Qiagen Hs_TPCN1_5 TPC1 10 CGAGCTGTATTTCATCATGAA 

TPC2 siRNA Qiagen Hs_TPCN2_6 TPC2 2 CAGGTGGGACCTCTGCATTGA 

Table 3.4 Quantitative PCR primers 

Gene Forward Primer (5’-3’) Reverse Primer (5’-3’) 

HsaTPC1 TTCTGTGTTTTGCTTTAGGG ATTCCGCTTCCATTAGATCC 

HsaTPC2 GTTTGACATGGAGAGAACCTTGAC GATGAAAATAACTGGCAATCAGAACC 

HsaUBC GAAGATGGACGCACCCTGTC CCTTGTCTTGGATCTTTGCCTT 

HsaGAPDH TGTGAACCATGAGAAGTATGAC ATGAGTCCTTCCACGATACC 
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3.2.7 Microscopy: Epifluorescence 

3.2.7.1 Ca2+ - Fura-2  

Cytosolic Ca2+ was measured using Fura-2 and analysed as described in Chapter 2. Cells were 

challenged with GPN (200 μM; SantaCruz Biotech), NH4Cl (100mM; Sigma), ML-SA1 (200μM; 

Merck), thapsigargin (1 μM; Merck), and bradykinin (10nM; Sigma). All compounds except NH4Cl 

and bradykinin were dissolved in DMSO (Sigma). NH4Cl and bradykinin were dissolved in H2O. 

The maximal volume of vehicle added in any experiment was 1% (v/v). The absence of 

extracellular Ca2+ is indicated where appropriate in the figures. Where displayed, Ca2+ was 

replaced with 1 mM EGTA (Sigma). Excitation and emission wavelengths for Fura-2 detailed 

below:  

 

Time to peak and percentage of oscillating cells were analysed only from cells displaying a 

magnitude ≥0.1. Cells were deemed oscillatory if more than one peak was recorded during 

imaging. For this, a peak was defined as an increase in Fura-2 ratio of ≥0.1, followed by a 

decrease of ≥0.1. 

 

3.2.8 Statistical Analysis 

Analysis was performed using IBM SPSS Statistics 22. Tests to determine statistical significance 

were performed on datasets in which more than three experiments had been conducted per 

group/condition and experimental means were clearly different between groups, but where 

values from individual experiments in one group shared the range of another. Paired-Samples T 

tests were performed on confocal microscopy data where the differences between the paired 

values were normally distributed. Where the differences were not normally distributed, 

statistical significance was determined by a Wilcoxon Signed Ranks test. A One-Way ANOVA was 

performed to determine the statistical significance of data from more than two groups that 

exhibited normal distribution and equal variance. For data from more than two groups that were 

not normally distributed statistical significance was determined by a Kruskal-Wallis H test 

followed by Mann-Whitney U post-hoc tests. 

 

 

Table 3.5 Epifluorescence microscopy excitation/emission wavelengths 

Probe Recording Excitation wavelength 

(nm) 

Emission filter 

wavelength (nm) 

Fura-2 Ca2+ 340/380 440 long pass 
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3.3 RESULTS 

3.3.1 Disturbed lysosome morphology is associated with increased LAMP1 

immunofluorescence in LRRK2-GS but not sporadic PD patient fibroblasts 

Fibroblasts are an amenable cell type for investigating organelle morphology as they are 

relatively flat and large which simplifies imaging. Furthermore, primary human fibroblasts can 

be cultured from living patients by taking a skin biopsy. Together this makes fibroblasts an 

attractive, physiologically relevant model of human disease. In recently published work 

disturbed lysosome morphology was reported in familial PD patient fibroblasts harbouring the 

LRRK2-GS mutation (Hockey et al., 2015). To assess this fibroblasts were fixed and stained with 

an antibody raised to LAMP1 (lysosome-associated membrane protein 1). This disturbed 

morphology was associated with increased LAMP1 fluorescence intensity compared to age-

matched healthy controls. Using the same methods I independently examined lysosome 

morphology in these cells. Representative images of LRRK2-GS PD fibroblasts exhibit greater 

lysosome populations and a higher occurrence of larger lysosomes and lysosome clustering 

compared to controls (Fig. 3.1A). This was associated with an increase in LAMP1 intensity (Fig. 

3.1C). Whilst the finding of disturbed morphology in familial PD fibroblasts is important the 

LRRK2-GS mutation is responsible for only a small fraction of PD cases. A general hope in PD 

research is that clues provided by familial PD lead to the discovery of pathogenic pathways that 

are also common to sporadic PD, which accounts for ~90% of cases (Gandhi and Wood, 2010). 

Interestingly the LRRK2-GS mutation is found in  ~1% of sporadic cases and the symptoms of 

familial LRRK2-GS PD patients are indistinguishable from those of sporadic PD  (Bardien et al., 

2011; Healy et al., 2008). It is possible therefore that disturbed lysosome morphology is a shared 

point of pathology in familial LRRK2-GS and sporadic PD. To examine lysosome morphology in 

sporadic PD (sp PD) the same LAMP1-staining method was used.  Representative images of sp 

PD fibroblasts in Figure. 3.1B show some larger clusters and subtle changes to lysosome size 

compared to age-matched controls. However, there was no clear increase in LAMP1 intensity, 

which was reflected in the quantification (Fig. 3.1D).  
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Figure 3.1 Disturbed lysosome morphology is associated with increased LAMP1 

immunofluorescence in LRRK2-GS but not sporadic PD patient fibroblasts 

(A and B) Representative immunofluorescence images of LAMP1 staining (white) in (A) LRRK2-GS PD 

or (B) sp PD and age-matched Ctrl fibroblasts (LRRK2-GS PD fibroblasts paired with Ctrl1, Ctrl2 and 

Ctrl3; sp PD fibroblasts paired with Ctrl4 and Ctrl5). Nuclei stained blue (DAPI). Right-hand images are 

4x optical zooms of individual cells in left-hand images. Scale bar = 10 μm. (C and D) Average LAMP1 

intensity of cells exemplified by A and B respectively. For details on data pairings please refer to 

METHODS and ANALYSIS section 3.2.4. Striped plot points represent the use of two different 

fibroblast lines to provide the result. (C) A total of 634/566 (Ctrl/LRRK2-GS PD) cells from 9 

experiments and 7 independent platings were analysed. 2 LRRK2-GS PD lines and 3 Ctrl lines were 

used. ***p<0.005 as determined by a Paired-Samples T test. (D) A total of 692/617 (Ctrl/sp PD) cells 

from 11 experiments and 8 independent platings were analysed. 2 sp PD lines and 2 Ctrl lines were 

used. Results were not statistically significant (n.s) as determined by a Paired Samples T test. 
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3.3.2 Automated lysosome analysis confirms enlarged lysosomes in 

sporadic PD fibroblasts 

As the sp PD fibroblasts did not exhibit high LAMP1 fluorescence intensity compared to age-

matched controls the immunofluorescence images were subjected to automated binarisation to 

quantify the LAMP1-positive objects. As described in depth in METHODS and ANALYSIS section 

3.2.4.2 automated local thresholding was implemented in ImageJ (Bernsen algorithm, 5-pixel 

radius, default contrast threshold) followed by watershed segmentation. Measurements of 

average object size and object frequency in each cell were then taken from the resultant binary 

images. Examples of the binary images generated in this process are shown in Figure 3.2B. This 

analysis revealed that in control fibroblasts the average size of LAMP1-positive objects was 0.553 

μm2 (Fig.3.2C).  In sp PD fibroblasts the average size was consistently larger, with an average of 

0.692 μm2.  There was however no consistent  difference in regard to object frequency per cell 

(Fig. 3.2D). As described in METHODS and ANALYSIS section 3.2.4.2.3, size data for each 

individual object in all cells was analysed to provide more information about the size increase of 

LAMP1 objects in sp PD fibroblasts. Briefly, objects were binned according to morphotype 

(“dots”: 0-0.8μm2; “bubbles”: 0.8-5 μm2; “clusters”: >5 μm2) and their relative frequency was 

tabulated. In sp PD cells a smaller proportion of structures fell into the “dots” category of small 

punctate lysosomes compared to controls (Fig. 3.2E). This was concomitant with a higher 

proportion of LAMP1-positive objects that belonged to the “bubbles” category of large, 

individual lysosomes. A higher proportion of LAMP1 objects also fell into the “clusters” category.  
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Figure 3.2. Automated lysosome analysis confirms enlarged lysosomes in sporadic PD 

fibroblasts (legend on next page) 
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(A) As for Fig.3.1.B. (B) Binary images corresponding to A, generated by Bernsen local thresholding 

and watershed segmentation. (C-D) Data quantifying LAMP1-positive objects in Ctrl and sp PD 

fibroblasts from binary images exemplified in B. For details on data pairings please refer to METHODS 

and ANALYSIS section 3.2.4. Striped plot points represent the use of two different fibroblast lines to 

provide the result. A total of 692/617 (Ctrl/sp PD) cells from 11 experiments and 8 independent 

platings were analysed.  2 sp PD lines and 2 Ctrl lines were used. (C) Average object size per cell. *** 

p<0.005 as determined by a Wilcoxon signed ranks test. (D) Average object frequency per cell. Not 

statistically significant (n.s.) as determined by a Paired-Samples T test. (E) Relative frequency of 

lysosome morphotypes. A total of 153,230/121,779 (Ctrl/spPD) objects from the 11 experiments 

represented in C and D were analysed. ***p<0.005, **<0.01 as determined by Paired-Samples T tests. 
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3.3.3 NH4Cl as a tool to deplete lysosomal Ca2+ 

Lysosome morphology appears to be disturbed in familial LRRK2-GS PD and sp PD fibroblasts. In 

LRRK2-GS PD cells this has been attributed to upregulation of TPC2 activity and increased local 

Ca2+ fluxes (Hockey et al., 2015). These cells also exhibit augmented global Ca2+ signals in 

response to NAADP. This may indicate that lysosomal Ca2+ channel TPC2 contributes to 

potentiated global Ca2+ signals in LRRK2-GS PD too (Calcraft et al., 2009). However, whether such 

TPC upregulation potentiates physiological global Ca2+ signals elicited by extracellular agonists 

is unknown. To investigate this I set out to identify an extracellular agonist that requires TPCs to 

elicit global Ca2+ signals, with the intention of comparing the agonist-evoked signals in PD and 

control fibroblasts. As a first step I sought an extracellular agonist that elicits Ca2+ signals through 

the lysosomes. To compromise the lysosomes and determine their contribution to various 

events cells can be stimulated with GPN to permeabilise the lysosomal membrane and cause 

leakage of luminal content (Haller et al., 1996; Jadot et al., 1984). However, in fibroblasts GPN 

gives rise to complex oscillatory Ca2+ signals that are long-lasting (Fig. 3.3A), as reported 

previously (Kilpatrick et al., 2013). This would complicate the examination of subsequent signals 

evoked by other stimuli. Furthermore, these complex GPN-evoked Ca2+ signals are generated 

from lysosomal Ca2+ release but also coupled Ca2+ release from the ER (Kilpatrick et al., 2013). 

An alternative, ammonium chloride (NH4Cl), can also be used to disrupt the lysosomes by 

increasing lysosomal pH and causing a concurrent reduction of lysosomal Ca2+ (Christensen et 

al., 2002). When fibroblasts were stimulated with NH4Cl simple and relatively transient Ca2+ 

signals were generated (Fig. 3.3A). Therefore NH4Cl would allow simple analysis of Ca2+ signals 

caused by subsequent stimuli. To probe the lysosomal nature of the NH4Cl-evoked Ca2+ signals 

cells were subsequently challenged with lysosomotrope GPN. As shown in Figure 3.3B and C 

GPN-evoked Ca2+ signals were present following addition of the vehicle, H2O.  However, 

following NH4Cl addition, the GPN-evoked Ca2+ signals were blocked.  Similar results were 

obtained with ML-SA1, an agonist of the lysosomal Ca2+ channel TRPML1 (Fig. 3.3D and E). The 

effect of NH4Cl on ER Ca2+ was also assessed. This was done by using the SERCA inhibitor, 

thapsigargin, to stimulate ER Ca2+ release after the NH4Cl transient. Although a subtle change in 

the thapsigargin-evoked Ca2+ signal was observed following NH4Cl the response was not blocked 

(Fig. 3.3F and G). 
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Figure 3.3 NH4Cl as a tool to deplete lysosomal Ca2+ (legend on next page) 
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(A) Cytosolic Ca2+ traces of individual Ctrl fibroblasts stimulated with GPN (200 μM) (n=17) or NH4Cl 

(100 mM) (n=18). (B, D and F) Average cytosolic Ca2+ traces (mean of experiments ± S.E.M) of Ctrl 

fibroblasts stimulated with (B) GPN (200 μM), (D) ML-SA1 (200 μM) or (F) thapsigargin (1 μM), 

following addition of H2O or NH4Cl (100 mM). (F) Conducted in the absence of extracellular Ca2+ (Ca2+ 

in was replaced with 1mM EGTA). (C, E and G) Each plot point represents one experiment. (C) Data 

quantifying magnitude of GPN responses in B, n=3/3 (H2O/NH4Cl). A total of 72 cells per condition 

from 3 independent platings were analysed. (E) Data quantifying magnitude of ML-SA1 responses in 

D, n= 4/3 (H2O/NH4Cl). A total of 78/63 (H2O/NH4Cl) cells from 3 independent platings were analysed. 

(G) Data quantifying magnitude of thapsigargin responses in F, n= 5/4 (H2O/NH4Cl). A total of 81/64 

(H2O/NH4Cl) cells from 2 independent platings were analysed. 
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3.3.4 Inflammatory mediator bradykinin evokes concentration-

dependent global Ca2+ signals which are blocked by NH4Cl 

A candidate extracellular agonist for the investigation of physiological global Ca2+ signalling in 

PD fibroblasts was bradykinin. This short, naturally occurring peptide mediates inflammation 

through activation of B1R and B2R GPCRs (Marceau and Regoli, 2004). In fibroblasts it elicits 

robust Ca2+ signals within the nanomolar range in a concentration-dependent manner (Fig. 3.4A 

and B). A sub-maximal dose of 10 nM was chosen for subsequent experiments to facilitate 

observations of inhibited or augmented signals. To investigate the contribution of the lysosomes 

to bradykinin-evoked Ca2+ signals fibroblasts were first stimulated with NH4Cl to compromise 

these organelles. Following the vehicle alone (H2O), robust bradykinin-evoked Ca2+ signals were 

observed (Fig. 3.4C and D). However, after NH4Cl addition, the bradykinin-evoked Ca2+ signals 

were inhibited. 
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Figure 3.4 Inflammatory mediator bradykinin evokes concentration-dependent global 

Ca2+ signals which are blocked by NH4Cl 

(A) Average cytosolic Ca2+ traces (mean of cells in a single experiment) of Ctrl fibroblasts stimulated 

with bradykinin at a range of concentrations. (B) Data quantifying magnitude of responses in A. Each 

plot point represents one experiment. The bradykinin concentration used in subsequent experiments 

(10 nM) is outlined in red. Data from 28-32 cells per experiment from 1 plating. (C) Average cytosolic 

Ca2+ traces (mean of experiments ± S.E.M) of Ctrl fibroblasts stimulated with bradykinin (10 nM), 

following addition of H2O or NH4Cl (100 mM).  (D) Data quantifying magnitude of bradykinin responses 

in A. Each plot point represents one experiment, n=3/3 (H2O/NH4Cl). A total of 65/52 (H2O/NH4Cl) 

cells from 2 independent platings were analysed.  
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3.3.5 Validation of TPC knockdown in fibroblasts by quantitative PCR 

As bradykinin-evoked global Ca2+ signals were inhibited by NH4Cl the next step was to assess the 

contribution of TPCs to the signals. To do this, fibroblasts transfected with siRNAs targeted to 

TPC1 and TPC2 were stimulated by bradykinin. cDNA was generated from the mRNA in these 

cells and measured by quantitative PCR (QPCR). An example of one analysis shows amplification 

curves for TPC1 and TPC2 and house-keeping genes ubiquitin C (UBC) and glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) (Fig. 3.5A). TPC transcript levels were normalised to UBC as 

is displayed in Figure 3.5B. Noticeably, TPC1 levels were higher than TPC2. In the final 

presentation (Fig. 3.5C and D) the data is expressed as a percentage of the TPC transcripts in 

cells treated with control siRNA, and as a ratio of TPC1 and TPC2 expression. QPCR confirmed 

selective knockdown of TPC1 and TPC2 by respective siRNAs.   
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Figure 3.5 Validation of TPC knockdown in fibroblasts by quantitative PCR 

(A) Representative QPCR amplification curves generated from samples of Ctrl fibroblasts transfected 

with control or TPC siRNA.  Prior to amplification RNA samples were incubated with reverse 

transcriptase (+RT) to synthesise cDNA, or without (-RT) as a negative control. Black horizontal line 

shows position of automatically set amplification threshold. (B) Data quantifying TPC transcripts  
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3.3.6 TPC knockdown inhibits bradykinin-evoked Ca2+ signals 

Having successfully knocked down TPC levels I examined bradykinin-evoked Ca2+ signals in these 

cells (Fig. 3.6A and B). Average signal magnitude was reduced in cells treated with TPC1 siRNA 

or TPC2 siRNA (Fig. 3.6C). Co-transfection of TPC1 and TPC2 siRNA also inhibited the magnitude 

although the effect was not additive. Time to reach the peak of the bradykinin-evoked signal 

was extended in cells transfected with TPC2 siRNA or co-transfected with TPC1 and TPC2 siRNAs 

(Fig. 3.6D). Quantification of the percentage of cells exhibiting oscillatory responses revealed an 

upward trend in TPC siRNA conditions, however it did not reach statistical significance (Fig. 3.6E). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(mean ± S.D) in A, corrected for amplification in -RT samples, and normalised to UBC. (C and D) 

Summary data quantifying TPC transcripts in 2 experiments from 2 independent platings.  (C) Data 

are normalised to TPC levels in fibroblasts transfected with control siRNA. (D) Ratio comparing 

transcript levels of TPC1 and TPC2. 
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Figure 3.6 TPC knockdown inhibits bradykinin-evoked Ca2+ signals (legend on next page) 
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3.3.7 Bradykinin-evoked Ca2+ signals are similar in LRRK2-GS PD and 

control fibroblasts 

The inhibition of bradykinin-evoked Ca2+ signals by reducing TPC expression suggests that TPCs 

are involved in such signalling. As disturbed lysosome morphology in LRRK2-GS PD fibroblasts is 

associated with upregulated TPC2 activity I investigated the possibility that TPC-dependent, 

bradykinin-evoked Ca2+ signals would be potentiated in these cells (Hockey et al., 2015). 

Bradykinin-evoked Ca2+ signals were largely unchanged in LRRK2-GS PD fibroblasts compared to 

controls (Fig. 3.7.A-D). Magnitude was inhibited in two experiments but the average was only 

marginally reduced compared to controls (Fig. 3.7C). In one experiment time to reach the signal 

peak was drastically delayed but there was very little difference when comparing the average 

(Fig. 3.7D). A reduction in the percentage of cells exhibiting oscillatory responses was the only 

result to reach statistical significance (Fig. 3.7E). 

 

 

 

 

 

 

 

(A and B) Cytosolic Ca2+ traces of Ctrl fibroblasts transfected with control or TPC siRNA and stimulated 

with bradykinin (10 nM). (A) Representative cytosolic Ca2+ traces of individual fibroblasts. (B) Average 

cytosolic Ca2+ traces (mean of experiments ± S.E.M). (C-E) Data quantifying bradykinin responses in B. 

Each plot point represents one experiment, n=14/15/15/13 (control/TPC1/TPC2/TPC1+2 siRNA). A 

total of 504/418/520/478 (control/TPC1/TPC2/TPC1+2 siRNA) cells from 5 independent platings were 

analysed. (C) Magnitude of bradykinin responses. (D)  Time to reach signal peak, analysed from 

fibroblasts with magnitude ≥0.1. (C and D) **p<0.01, ***p<0.005, or data that were not statistically 

significant (n.s) as determined by Kruskal-Wallis H tests followed by post hoc Mann-Whitney U tests. 

P values fell below a Bonferroni-corrected alpha of 0.0167. (E) Percentage of cells with oscillatory 

responses, analysed from fibroblasts with magnitude ≥0.1. Data that were not statistically significant 

(n.s) as determined by a one-way ANOVA. 
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Figure 3.7 Bradykinin-evoked Ca2+ signals are similar in LRRK2-GS PD and control 

fibroblasts 

(A and B) Cytosolic Ca2+ traces of Ctrl or LRRK2-GS PD fibroblasts stimulated with bradykinin (10 nM). 

(A) Representative cytosolic Ca2+ traces of individual fibroblasts. (B) Average cytosolic Ca2+ traces 

(mean of experiments ± S.E.M). (C-E) Data quantifying bradykinin responses in B, n=13/14 

(Ctrl/LRRK2-GS PD). A total of 276/282 (Ctrl/LRRK2-GS PD) cells from 6 independent platings were 

analysed. Each plot point represents one experiment. (C) Magnitude of bradykinin responses. Data 

that were not statistically significant (n.s) as determined by an Independent-Samples T test. (D) Time 

to reach signal peak, analysed from fibroblasts with magnitude ≥0.1. Data that were not statistically 

significant (n.s) as determined by a Mann Whitney U test.  (E) Percentage of cells with oscillatory  
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3.3.8 Bradykinin-evoked Ca2+ signals are similar in sporadic PD and control 

fibroblasts 

In addition to LRRK2-GS PD I assessed bradykinin-evoked Ca2+ signals in sp PD fibroblasts which 

also exhibit disturbed lysosome morphology (Fig. 3.2). Magnitude of response in these cells was 

slightly reduced but was not statistically different compared to controls (Fig. 3.8A-C). There was 

also no difference between sp PD fibroblasts and controls in time taken to reach the signal peak 

nor the percentage of oscillating cells (Fig. 3.8D and E). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

responses, analysed from fibroblasts with magnitude ≥0.1. **p<0.01 as determined by an 

Independent-Samples T test.  
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Figure 3.8 Bradykinin-evoked Ca2+ signals are similar in sporadic PD and control fibroblasts 

(A and B) Cytosolic Ca2+ traces of Ctrl or sp PD fibroblasts stimulated with bradykinin (10 nM). (A) 

Representative cytosolic Ca2+ traces of individual fibroblasts. (B) Average cytosolic Ca2+ traces (mean 

of experiments ± S.E.M). (C-E) Data quantifying bradykinin responses in B. Each plot point represents 

one experiment, n=7/7 (Ctrl/sp PD). A total of 87/88 (Ctrl/sp PD) cells from 5 independent platings 

were analysed. (B) Magnitude of bradykinin responses. (C) Time to reach signal peak, analysed from 

fibroblasts with magnitude ≥0.1. (D) Percentage of cells with oscillatory responses, analysed from 

fibroblasts with magnitude ≥0.1.  (D-E) Results were not statistically significant (n.s) as determined by 

Independent-Samples T tests. 
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3.4 DISCUSSION 

In familial LRRK2-GS PD patient fibroblasts upregulated TPC2 activity has been associated with 

disturbed lysosome morphology and augmented global Ca2+ signals in response to NAADP 

(Hockey et al., 2015). Here, I independently report disturbed lysosome morphology in these 

LRRK2-GS PD cells. In addition, I show that lysosome morphology is altered in sporadic PD 

fibroblasts compared to age-matched controls. To investigate the connection between 

upregulated TPC2 activity and global Ca2+ signaling in LRRK2-GS PD fibroblasts, and to probe the 

physiological relevance of this, I stimulated the cells with inflammatory peptide bradykinin. 

Compromising the lysosomes and reducing TPC expression in control fibroblasts inhibited 

bradykinin-evoked global Ca2+ signals indicating their reliance on both. Despite this, and the 

reported over-activity of TPC2 in LRRK2-GS PD fibroblasts, bradykinin-evoked Ca2+ signals were 

not augmented in these cells. Nor were they augmented in sporadic PD fibroblasts compared to 

age-matched controls. 

 

Lysosomes are dynamically connected with other organelles, both physically and functionally 

(Luzio et al., 2007a). Therefore, monitoring of lysosome morphology may serve as useful readout 

of lysosomal health and the well-being of other allied organelles and processes. For example, 

lysosome swelling occurs as a result of defective retrograde transport, possibly due to disrupted 

lysosomal hydrolase delivery (Arighi et al., 2004). Fibroblasts lend themselves to the study of 

lysosome morphology due to their relatively large size and flat profile. More importantly, 

fibroblasts derived from living patients are a valuable first-look model of disease (Auburger et 

al., 2012). In fibroblasts from familial PD patients with the LRRK2-GS mutation, Hockey and 

colleagues associated disturbed lysosome morphology with increased fluorescence of a LAMP1-

targeted antibody (Hockey et al., 2015).  Here (Fig. 3.1A and C) I independently show that LAMP1 

intensity is greater in these cells compared to age-matched controls. Importantly, the LRRK2-GS 

mutation is not just found in familial PD but also ~1% of sporadic cases. Furthermore, the 

symptoms of familial LRRK2-GS PD patients are indistinguishable from those of sporadic PD  

(Bardien et al., 2011; Healy et al., 2008). It is possible therefore that familial LRRK2-GS PD and 

sporadic PD share routes of pathogenesis which correlate with disturbed lysosome morphology. 

However, unlike the LRRK2-GS PD fibroblasts, lysosome morphology in sporadic PD cells was not 

associated with an increase in LAMP1 intensity compared to age-matched controls (Fig. 3.1B and 

D). PD status aside, this may in part be due to the age of these cells. Indeed, the LRRK2-GS PD 

cells were obtained from patients in their 50s (“young”) whereas the sporadic PD cells were 

obtained from patients around their 80th year (“aged”). In a recent study using the same assay 
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and fibroblasts that fall into the “young” category, LAMP1 intensity was considerably higher in 

PD cells harbouring the GBA1 N370S mutation compared to age-matched controls (Kilpatrick et 

al., 2016b). However, when GBA1 N370S PD fibroblasts from the “aged” category were assessed 

there was no such increase in LAMP1 intensity. Furthermore, enhanced ER Ca2+ signalling was 

found in the “young” PD cells but also in the “aged” PD cells and control cells alike.  Therefore, 

age-related changes to lysosome morphology or cellular Ca2+ in healthy controls may mimic or 

mask pathogenic disturbances. Of course, ageing is accompanied by lysosomal changes including 

impaired degradative function and build-up of the indigestible pigment lipofuscin (Cuervo and 

Dice, 2000). Notably, although lysosome proliferation in fibroblasts has been reported during in 

vitro ageing, there is evidence that such proliferation is not related to age of the individual at 

which the biopsy is taken (Hwang et al., 2009; Robbins et al., 1970). This should be verified by 

using the techniques described in this chapter and control fibroblasts of different biopsy ages. 

 

Despite no increased LAMP1 intensity in sporadic PD fibroblasts I did notice a subtle increase in 

lysosome size in these cells compared to controls. To quantify this I implemented automated in 

silico image processing using the Fiji package of ImageJ software. Often, a single fluorescence 

intensity threshold is used to segment objects for such analysis. However, this method is 

intrinsically dependent on pixel intensity and can cause artificial aggregation of bright objects, 

and overlook dimmer ones (Fassina et al., 2012; Kukic et al., 2013; Seo et al., 2014). Local 

thresholding considers local contrasts thereby allowing dimmer particles to be identified if the 

intensity of the local background is low enough. Furthermore, it can differentiate individual 

particles of high intensity. Whilst this type of thresholding is available on pay-for software such 

as MetaXpress, ImageJ is free and open-source. Therefore, development of image analysis 

methods in ImageJ has the scope to offer transparent and widely-available research tools. A 

limitation of this are the often-ambiguous descriptions of image analysis in published work.  As 

in silico image analysis can be as central to generating results as experiments in the lab there is 

precedent for obtaining detailed explanations that may prove useful to other researchers.  

 

The LAMP1-positive objects in fibroblasts here were identified by the Bernsen algorithm 

implementation in ImageJ. Use of this algorithm has been published, for example in the size 

analysis of  Weibel Palade bodies (Ketteler et al., 2017). However, this and other local 

thresholding algorithms in ImageJ appear to be overlooked in the analysis of endolysosomes. 

For the analysis in this chapter the radius of the Bernsen algorithm circular window (5 pixels) 

was chosen experimentally. Although this renders the analysis quasi-automated this type of 

parameter modification is customary and necessary to allow adaptation of the algorithm to 
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various cell types, probes and organelles of interest. Watershed segmentation is a common 

method used to separate objects or cells in close proximity and here was implemented to 

counter any short-falls of the local thresholding.  The results from this analysis showed that in 

sporadic PD fibroblasts LAMP1-postitive objects were on average larger than those of age-

matched controls (Fig. 3.2C). More specifically, there was a reduction in the relative frequency 

of small lysosomes (0-0.8 μm2) and an increase in larger individual lysosomes (0.8-5 μm2) and of 

lysosome clusters (>5 μm2) (Fig. 3.2E). In some experiments this shift was accompanied by a 

decrease in the number of LAMP1-positive objects per cell (Fig. 3.2D) which could be interpreted 

as upregulated lysosome fusion and impaired fission. However, in 3 out of 11 experiments there 

was an increase in the number of lysosomes suggesting there was a subtle proliferation.  This 

proliferation may represent a compensatory mechanism to cope with lysosome dysfunction as 

is induced by cathepsin inhibitors (Dickinson et al., 2010).  

 

The mechanism responsible for enlarged lysosomes in sporadic PD fibroblasts is unknown and 

requires further investigation. Although the lysosomal disturbance in sporadic PD fibroblasts 

manifests differently to that of younger LRRK2-GS PD cells, experiments using similar assays 

centred on Rab7 and TPC2 function would be informative (Hockey et al., 2015). Lysosome 

enlargement may be a consequence of reduced lysosomal protease activity (Dickinson et al., 

2010; Yu et al., 2010). Enlarged lysosomes have also been attributed to impaired fission, changes 

in osmolarity, or the accumulation of proteins, lipids or glycosaminoglycans (Bandyopadhyay et 

al., 2014; Durchfort et al., 2012; Parkinson-Lawrence et al., 2010). Vacuolin similarly enlarges 

lysosomes (Fig. 3.M9). Despite this, the mechanism by which it induces this effect has not been 

clear. Vacuolin has been shown to inhibit Ca2+-dependent lysosomal exocytosis (Cerny et al., 

2004).  However, it has also been shown not to (Huynh and Andrews, 2005). Lysosome 

enlargement by vacuolin may be caused by impaired fusion to lysosomes and endosomes, or to 

autophagosomes (Cerny et al., 2004; Lu et al., 2014). One study attributed the latter to increases 

in lysosomal pH and activation of Rab5a (Lu et al., 2014). Interestingly, the same group has 

reported that overexpressed TPC2 inhibits lysosome fusion to autophagosomes, also by 

increasing lysosomal pH (Lu et al., 2013).  In addition, they found that this TPC2-dependent 

autophagy defect was regulated by Ca2+, and not mTOR, which supported findings published a 

year earlier (Gómez-Suaga et al., 2012). Last year it was reported that vacuolin is an inhibitor of 

PIKfyve (Sano et al., 2016). This enzyme synthesises PI(3,5)P2, the phosphoinositide that can 

activate TRPML1 and TPCs   (Dong et al., 2010; Jha et al., 2014; McCartney et al., 2014). Sano 

and colleagues demonstrated that both vacuolin and PIKfyve inhibitor YM-201636 inhibit 

autophagic flux and impair trafficking of lysosomal enzymes (Jefferies et al., 2008; Sano et al., 

2016). Taken together the above publications imply that lysosome enlargement may be a 
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consequence of modulated lysosomal Ca2+ channel activity. Intriguingly YM-201636, which can 

enlarge lysosomes, appears to  improve lysosome morphology in LRRK2-GS PD fibroblasts as 

reported by a reduction in LAMP1 intensity (Hockey et al., 2015; Sano et al., 2016). The effect 

on lysosome size in this context has not yet been determined.  

 

The relevance of enlarged lysosomes in regards to PD aetiology is unclear. The functional 

properties of larger lysosomes have been shown to differ from their smaller counterparts. For 

example, lysosome size has been inversely correlated to lysosome diffusion rates 

(Bandyopadhyay et al., 2014), and increased lysosome proliferation and size has been correlated 

to enhanced lysosomal Ca2+ signals (Dickinson et al., 2010).  

 

Besides lysosomes, the enlarged LAMP1-positive objects in sporadic PD fibroblasts may 

represent late endosomes (Kilpatrick et al., 2017) or hybrid organelles such as endolysosomes 

and autolysosomes. Indeed, fusion between late endosomes and lysosomes gives rise to larger 

hybrid organelles (Mullock et al., 1998). In addition, enlarged LAMP1-positive objects colocalise 

with autophagosome marker LC3, and shrink with its disappearance (Yu et al., 2010). Therefore, 

examination of these PD fibroblasts with autophagosome and endosome markers is warranted 

to dissect the true identity of these enlarged species, and shed light on areas of dysfunction. 

Notably, disturbed autophagy in sporadic PD fibroblasts has recently been reported (Zhou et al., 

2016). 

 

In addition to lysosome morphology defects in LRRK2-GS PD fibroblasts, which have been 

ascribed to upregulated TPC2 activity and increased local Ca2+ fluxes, global Ca2+ signals induced 

by NAADP are augmented in these cells (Hockey et al., 2015; Pryor et al., 2000). Although there 

has been some controversy surrounding TPC activators NAADP can activate TPCs to drive such 

global Ca2+ signals (Brailoiu et al., 2009; Calcraft et al., 2009; Jha et al., 2014). Therefore it is 

plausible that upregulated TPC activity is responsible for the augmented NAADP-evoked Ca2+ 

signals. If a similar potentiation is caused in a physiological context these larger Ca2+ signals may 

disturb a careful Ca2+ balance and disturb Ca2+-dependent protein folding, ATP synthesis, or even 

cause to apoptosis (Glancy and Balaban, 2012; Rizzuto et al., 2012; Wang and Kaufman, 2016). 

To investigate this possibility I used the naturally occurring peptide bradykinin. This extracellular 

agonist is involved in the inflammatory response and activates GPCRs (Marceau and Regoli, 

2004). Bradykinin can induce IP3 and cADPR synthesis but NAADP synthesis has not been 

reported (Ataei et al., 2013; Johnson et al., 1990; Kip et al., 2006).  As such, it is often considered 

as a typical stimulant of ER Ca2+ release  (Shi et al., 1999). To find out whether lysosomes 
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contribute to the bradykinin-evoked global Ca2+ signal NH4Cl was used in light of its ability to 

deplete lysosomal Ca2+ (Christensen et al., 2002). The use of GPN in these cells was not 

practicable as it elicits long-lasting oscillatory Ca2+ signals even in the absence of extracellular 

Ca2+ (Kilpatrick et al., 2013). NH4Cl did inhibit bradykinin-evoked Ca2+ signals and also those of 

GPN (Fig. 3.4.C and D; Fig. 3.3B and C). This may indicate that NH4Cl successfully depletes 

lysosomal Ca2+ and that lysosomal Ca2+ is required for bradykinin signalling. However, GPN-

evoked Ca2+ signals depend upon its cleavage by the lysosomal enzyme cathepsin C (Haller et al., 

1996; Jadot et al., 1984; Kilpatrick et al., 2013). This enzyme is pH-dependent and elsewhere 

inhibition of GPN-evoked Ca2+ signals has been attributed to changes in pH caused by NH4Cl and 

not changes to lysosomal Ca2+ content (Haller et al., 1996; Jadot et al., 1984). The synthetic 

TRPML1 agonist, ML-SA1, is believed to induce Ca2+ release from the lysosome and therefore 

was also used to test the effects of NH4Cl (Chapter 2;  Shen et al., 2012). As shown in Figures 

3.3D and E NH4Cl inhibited ML-SA1-evoked Ca2+ signals supporting the use of NH4Cl to deplete 

lysosomal Ca2+. It should be noted however that the relationship between pH and TRPML1 is 

contentious with studies demonstrating that TRPML1 is inhibited at acidic pH, is optimally active 

at acidic pH and regulates lysosomal pH itself (Dong et al., 2008; Feng et al., 2014a; Kiselyov et 

al., 2005; Raychowdhury et al., 2004; Soyombo et al., 2006; Xu et al., 2007).  More recently it 

has been reported that TRPML1 currents are enhanced at a slightly alkaline cytosolic pH and 

that ML-SA1-induced Ca2+ signals are greater in cells with a higher lysosomal pH (Lee et al., 2015; 

Li et al., 2016). Without unequivocal data regarding TRPML1 and pH it cannot be ruled out that 

NH4Cl causes pH-dependent inhibition of ML-SA1-evoked Ca2+ signals, regardless of lysosomal 

Ca2+ content.  An alternative to using NH4Cl and GPN to deplete lysosomal Ca2+ is bafilomycin A. 

However, this inhibitor of the vacuolar H+-ATPase is thought to indirectly deplete lysosomal Ca2+ 

by reducing the proton content of lysosomes (Morgan et al., 2011).  Therefore, its effects are 

also inextricably linked to lysosomal pH. The sterol U18666a does reportedly deplete lysosomal 

Ca2+ without affecting lysosomal pH (Lloyd-Evans et al., 2008). Therefore its effect on bradykinin-

evoked Ca2+ signals should be tested in future work to verify their dependence on lysosomal 

Ca2+. 

 

As a high concentration (100 mM) of NH4Cl was used to compromise the lysosomes the 

possibility that it had off-target effects elsewhere in the cell was considered. Therefore, as a 

control experiment, the impact of NH4Cl on thapsigargin-evoked Ca2+ signals was assessed (Fig. 

3.3F and G). Thapsigargin inhibits Ca2+ uptake by SERCA into the ER thereby exposing any ER Ca2+ 

efflux (Brini and Carafoli, 2009; Chen et al., 2017; Thastrup et al., 1990). Although there was a 

small inhibition of the thapsigargin-evoked Ca2+ signal by NH4Cl it was minor compared to the 



140 
 

inhibition of the GPN or ML-SA1-evoked Ca2+ signals. This suggests that ER Ca2+ was minimally 

affected compared to lysosomal Ca2+. 

 

With some evidence that bradykinin-evoked global Ca2+ signals are reliant on the lysosomes I 

investigated the contribution of the TPC lysosomal Ca2+ channels. Quantification of TPC 

transcripts in fibroblasts transfected with TPC1 or TPC2 siRNA revealed selective knockdown 

(Fig. 3.5C). It was noted that knockdown of TPC2 was less efficient than that of TPC1, which has 

been reported elsewhere  (García-Rúa et al., 2016; Sakurai et al., 2015). To mimic the 

physiological environment fibroblasts were stimulated with bradykinin in the presence of 

extracellular Ca2+. Therefore, the results from these TPC knockdown experiments may 

encompass changes to Ca2+ entry as well as Ca2+ release (Mcallister et al., 1993).  Despite the 

discrete localisation, functions and reported channel regulation of TPC1 and TPC2 (please refer 

to TPC section in Chapter 1: Introduction) reduced expression of either isoform inhibited the 

magnitude of bradykinin-evoked Ca2+ signals (Fig. 3.6C). Interestingly, knockdown of both 

isoforms simultaneously did not worsen this inhibition. This may be due to a compensatory Ca2+ 

release pathway coming into play or because knockdown of one isoform impacts the activity of 

the other, or because knockdown of one isoform is sufficiently disruptive to the Ca2+ signalling 

network. In fibroblasts transfected with TPC2 siRNA in particular it was also observed that it took 

longer for the bradykinin-evoked Ca2+ signals to reach their peak (Fig. 3.6A and D). During these 

responses there is a slow, shallow rise in cytosolic Ca2+ immediately before the initial sharp 

increase. This may represent the “pacemaker” transition phase between the generation of local 

Ca2+ signals and the propagation of a global one (Bootman et al., 1997). Perhaps it is this 

transition which is impaired in cells with reduced TPC2 expression. It was also observed that cells 

displaying oscillatory responses to bradykinin were slightly more frequent in cells transfected 

with TPC siRNA, particularly with TPC1 siRNA (Fig. 3.7A and E). These oscillations may be a 

product of lysosome-ER cross-talk  as has been demonstrated for GPN, or extracellular Ca2+ may 

be involved (Dupont et al., 2011; Kilpatrick et al., 2013). The segregation of delayed signal peak 

with TPC2 knockdown, and increased oscillating cell frequency with TPC1 knockdown, may be 

indicative of discrete isoform roles in the generation of bradykinin-evoked Ca2+ signals. Perhaps 

TPC2 is the true trigger isoform whereas TPC1 maintains smooth dialogue between the 

endolysosomes and the ER once the signal has been initiated.  
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The inhibitory effects of TPC knockdown on bradykinin signalling may work through various 

modes:  

1) Ca2+ release from the lysosome is known to trigger further Ca2+ release from the ER, 

to which it is functionally and physically coupled (Kilpatrick et al., 2013; Morgan, 2016). 

Therefore, if lysosomal Ca2+ release through TPCs is the initial trigger for bradykinin-evoked Ca2+ 

signals their knockdown would explain an inhibition of the signal.  

2) The coupling of Ca2+ release from the lysosomes and the ER is believed to be 

maintained by membrane contact sites (MCS) between the two organelles, which keep them 

within 30 nm of each other (Kilpatrick et al., 2013, 2017). Very recently it has been demonstrated 

that TPC knockdown disrupts MCS. Specifically, TPC1 knockdown disrupts late endosome-ER 

MCS, and TPC2 knockdown disrupts lysosome-ER MCS  (Kilpatrick et al., 2017). Therefore, TPC 

knockdown may inhibit bradykinin-evoked Ca2+ signals by breaking down the lysosome-ER MCS 

regardless of the lysosomal Ca2+ channel that might trigger the signal.  

3) Although much attention is given to the “trigger” hypothesis of lysosomal Ca2+ signals 

being amplified by the ER the inverse scenario has also been reported. By using measurements 

of lysosomal pH as a proxy for NAADP-induced Ca2+ release Morgan and colleagues 

demonstrated that Ca2+ release from the ER is followed by NAADP-induced lysosomal Ca2+ 

release (Morgan, 2016; Morgan et al., 2013). Therefore, what we may be seeing in the inhibited 

bradykinin-evoked Ca2+ signals is an intact ER Ca2+ signal but an inhibited lysosomal counterpart 

through the TPCs. Indeed, the bradykinin signal may be composed of multiple reciprocal Ca2+ 

release events between the ER and the lysosomes.  

4) Finally, TPC knockdown by siRNA transfection is a relatively severe intervention that 

may have unforeseen affects upon the cell. Currently there are no selective TPC blockers which 

could reveal the effects of acute TPC inhibition.   

 

Whatever the mode of inhibition caused by TPC knockdown, the results suggest that bradykinin 

requires the TPCs to elicit a global Ca2+ signal. Bradykinin is thus an addition to a very limited list 

of physiological stimuli that evoke TPC-dependent global Ca2+ signals (Table 3.1). One of the 

other stimuli is glucose (Arredouani et al., 2015). However, this has been contended by a 

previous study and a more recent publication (Cane et al., 2016; Wang et al., 2012).  
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As bradykinin-evoked global Ca2+ signals appeared to be TPC-dependent, the hypothesis was 

that the signals would be enhanced in LRRK2-GS PD fibroblasts which have been associated with 

upregulated TPC2 activity. However, there was no such potentiation when compared to the 

signals in age-matched control fibroblasts (Fig. 3.7C). This may be because other parts of the 

Ca2+ signalling network recruited by bradykinin are altered in LRRK2-GS PD fibroblasts so that 

the effect of TPC over-activity is hidden.  

 

The time taken to reach the peak of the bradykinin-evoked Ca2+ signal was unchanged in LRRK2-

GS PD fibroblasts (Fig. 3.7D). Interestingly however, the frequency of cells displaying oscillatory 

responses was reduced (Fig. 3.7E). Knockdown of both TPC isoforms increased the percentage 

of oscillating cells in control fibroblasts although it was more pronounced by TPC1 knockdown 

(Fig. 3.6E). These two sets of data could therefore indicate that TPC1 activity is upregulated in 

LRRK2-GS PD fibroblasts. Upregulated TPC2 activity in these cells has already been reported as 

its knockdown improves their disturbed lysosome morphology (Hockey et al., 2015). However, 

the reduced bradykinin-evoked Ca2+ oscillations in LRRK2-GS PD cells may be caused by other 

unknown factors in this disease context. To probe the possibility of upregulated TPC1 activity in 

LRRK2-GS PD the effect of TPC1 knockdown on bradykinin-evoked Ca2+ oscillations should be 

assessed in these disease model cells. Importantly, Ca2+ oscillations encode vital information for 

various processes and effectors (Smedler and Uhlén, 2014; Uhlén and Fritz, 2010). For example, 

Table 3.6 TPC-dependent, stimulus-evoked Ca2+ signals 

Stimulus Concen-

tration 

Isoform Method Cell type Species Reference 

Anti-CD3 Ab 10 

μg/ml 

1 & 2 Knockdown 

(siRNA) 

Jurkat 

1G4 

Human (Davis et al., 

2012) 

Glucose 10 mM 1 & 2 Knockout Pancreatic 

β cells 

mouse (Arredouani et 

al., 2015) 

Isoprenaline 

plus 

electrical 

stimulation  

3 nM  

1 Hz 

 

2 Knockout Myocytes Mouse (Capel et al., 

2015) 

RANKL 1 nM 2 Knockdown 

(miRNA) 

RAW 

BMM 

Mouse (Notomi et al., 

2012) 

VEGF 100 

μg/L 

2  Knockdown 

(shRNA) 

HUVEC Human 

 

(Favia et al., 

2014) 



143 
 

Ca2+ oscillations drive sustained activation of mitochondrial dehydrogenases (Hajnóczky et al., 

1995). Therefore, the reduction of oscillatory responses in LRRK2-GS PD fibroblasts could 

represent a loss of important data which might impair ATP synthesis and place the cell under 

energetic stress.  Alternatively, reduced oscillations may represent a compensatory mechanism 

to spare the mitochondria from the oxidative stress that can accompany ATP synthesis (Denton, 

2009; Glancy and Balaban, 2012; Turrens, 2003).  

 

Bradykinin-evoked Ca2+ signals in sporadic PD fibroblasts were also not enhanced. In fact, there 

was a small reduction in signal magnitude (Fig. 3.8A-C).  Recently, reduced ER Ca2+ content and 

impaired SOCE was reported in sporadic PD fibroblasts which may be responsible for the 

reduced bradykinin-evoked Ca2+ signals here (Zhou et al., 2016). Moreover, the reduced ER Ca2+ 

reported by Zhou et al. was linked to impaired autophagy in these cells. As discussed above, 

impaired autophagy could be the cause of the enlarged LAMP1-positive structures identified in 

the sporadic PD fibroblasts (Fig. 3.2C). As well as aberrant autophagy reduced bradykinin-evoked 

Ca2+ signals may be relevant to PD aetiology via regulation of tyrosine hydroxylase. Elevated 

cytosolic Ca2+, and bradykinin Ca2+ signals in particular, have been linked to expression of the 

DA-synthesising enzyme (Aumann and Horne, 2012; Menezes et al., 1996). Given that DA 

depletion is the cause of motor symptoms in PD a reduced bradykinin response may exacerbate 

the problem (Brichta et al., 2013).  Despite a small reduction in the magnitude of the signal there 

was no difference in the time taken to reach the signal peak nor the frequency of oscillatory cells 

(Fig. 3.8D and E). The bradykinin-evoked Ca2+ signals in LRRK2-GS and sporadic PD fibroblasts 

here are subtly different which may suggest their Ca2+ networks are modelled differently. 

However, the age difference between groups may also influence their Ca2+ signalling (Kilpatrick 

et al., 2016b).   

 

In this chapter, experiments have been conducted solely in fibroblasts. These cells, derived from 

live patients, are an attractive model of disease as they are physiologically relevant and robust 

(Auburger et al., 2012). One drawback encountered here however is that GPN-evoked Ca2+ 

signals in fibroblasts are complex and prolonged and therefore do not lend themselves to 

experiments involving subsequent Ca2+ signals. Furthermore, there are obvious questions about 

the relevance of fibroblasts when modelling a neurodegenerative disease. For instance, changes 

in neurons that may be relevant to PD aetiology are not always seen in fibroblasts (Ordonez et 

al., 2012). Therefore, other more neuronal models may prove more effective for the 

identification of perturbed Ca2+ signalling that is relevant to PD.  
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To summarise, changes to lysosome morphology were detected in fibroblasts from patients with 

familial LRRK2-GS or sporadic PD thereby supporting a role for lysosomes in PD pathology. In 

addition, the extracellular agonist bradykinin was identified as requiring TPCs to elicit its full, 

physiological global Ca2+ signal.  However despite this, and the report of upregulated TPC2 

activity in LRRK2-GS PD fibroblasts, bradykinin-evoked Ca2+ signals were not potentiated in these 

cells. Nor were bradykinin-evoked Ca2+ signals larger in sporadic PD fibroblasts. 
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CHAPTER 4: TPCs and Global Ca2+ Signalling  

-  In a Neuronal PD Model  

4.1 INTRODUCTION 

The lysosomal Ca2+ channel TPC2 has been implicated in Parkinson’s disease (PD) that is 

associated with dysfunction of the enzyme LRRK2. First, in HEK293T cells overexpressing LRRK2, 

TPC2 activity and increased local Ca2+ fluxes have been associated with autophagy defects 

(Gómez-Suaga et al., 2012). Second, in fibroblasts from familial PD patients, who harbour the 

LRRK2-GS mutation, upregulated TPC2 activity and local Ca2+ fluxes have been associated with 

disturbed lysosome morphology (Hockey et al., 2015). In addition, these fibroblasts exhibit 

augmented global Ca2+ signals in response to the Ca2+-mobilising messenger NAADP. Although 

there has been some debate upon the subject there is evidence that global Ca2+ signals evoked 

by NAADP are TPC-dependent (Brailoiu et al., 2009; Calcraft et al., 2009). Therefore, the 

potentiated NAADP signals in LRRK2-GS PD may also be a consequence of upregulated TPC 

activity. However, whether such activity augments physiological global Ca2+ signals in response 

to extracellular stimuli is unclear.  In Chapter 3 I investigated this by first identifying an 

extracellular agonist that required the lysosomes and TPCs to elicit its global Ca2+ signal. I then 

examined these agonist-evoked Ca2+ signals in the LRRK2-GS PD fibroblasts. There was a small 

reduction in the proportion of cells displaying oscillatory Ca2+ signals compared to age-matched 

controls. However, there was no clear potentiation.  

 

Whilst fibroblasts derived from live PD patients are an attractive model of disease their 

relevance to neurodegeneration is often questioned (Auburger et al., 2012). Indeed, use of a 

neuronal cell type may uncover important aspects of pathogenicity that are not observed in 

fibroblasts (Ordonez et al., 2012).   To this end a neuronal  cell line, SH-SY5Y, is commonly used 

for PD research (Xicoy et al., 2017). SH-SY5Ys have been sub-cloned from human metastatic 

neuroblastoma tissue and possess dopaminergic (DAergic) activity (Biedler et al., 1973, 1978). 

This activity may make SH-SY5Ys an appropriate model of the DAergic SNc - the brain region 

which undergoes extensive neurodegeneration in PD (Braak et al., 2003). In this chapter I use 

SH-SY5Y cells that stably express the LRRK2 mutant, LRRK2-GS, as a neuronal model of LRRK2-

GS PD. As for Chapter 3, one aim is to identify an extracellular agonist that requires TPCs to elicit 

its global Ca2+ signals in this cell line. The second aim is to determine whether such signals are 
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potentiated in the neuronal LRRK2-GS cells, which may be indicative of upregulated TPC activity, 

and be of potential significance to PD aetiology as previously discussed (Fig. 4.I). 

 

In addition, pharmacological inhibition of TPCs is investigated. Recently the alkaloid tetrandrine 

has been as identified as a TPC inhibitor (Sakurai et al., 2015). Sakurai et al. demonstrated that 

tetrandrine inhibits TPC currents, NAADP-evoked Ca2+ signals and Ebola infectivity; the latter of 

which was also reduced by TPC knockdown. This compound may therefore be a useful tool for 

probing the contribution of TPC activity to physiological global Ca2+ signals. However, tetrandrine 

is not a selective TPC blocker and there are currently none that are known. As part of my 

investigation I assay putative TPC blockers that may inform the development of selective 

compounds. 

 

Figure 4.I Introduction 

Upregulation of the lysosomal Ca2+ channel TPC2 

has been linked to LRRK2-GS PD. It may be through 

potentiated local Ca2+ signalling that this 

contributes to neurodegeneration (curved left-

hand arrow). In LRRK2-GS PD fibroblasts global 

Ca2+ signals are also potentiated, which may 

contribute to neurodegeneration too (straight 

right-hand arrow).  

This global route from TPC2 dysfunction to 

neurodegeneration is feasible as it has been 

reported that TPCs are required for global Ca2+ 

signals stimulated by NAADP (Phase 1). However, 

there is very little information about extracellular 

stimuli that require TPCs to elicit physiological 

global Ca2+ signals (Phase 2) or whether such 

signals are augmented in LRRK2-GS PD and thus 

are of pathophysiological importance (Phase 3). 

To further explore the link between TPCs, global 

Ca2+ signalling and neurodegeneration in PD the 

investigation was moved from patient-derived 

fibroblasts in Chapter 3 into a neuronal model of 

PD in this chapter (Phase 4).  



147 
 

4.2 METHODS and ANALYSIS 

4.2.1 Recurrent methods 

Fibroblast culture, quantitative PCR, Fura-2 labelling, lysotracker (LTR) labelling, LTR imaging and 

data presentation are as described in Chapters 2 and 3. 

 

4.2.2 Cell culture  

4.2.2.1 SH-SY5Y 

SH-SY5Y cells were maintained in 1:1 mixture of DMEM and Ham’s F12 media supplemented 

with 10% v/v fetal bovine serum, 100 units/ml penicillin and 100 μg/ml streptomycin and 1% 

(v/v) nonessential amino acids (all GIBCO) at 37oC in a humidified atmosphere with 5% CO2. SH-

SY5Ys were given fresh media every 2-3 days and passaged using trypsin (Gibco). SH-SY5Y cell 

lines with the stable expression of wildtype and G2019S mutated LRRK2 (LRRK2 WT and LRRK2-

GS, respectively) were developed by Drs Kai-Yin Chau and Mark Cooper (Department of Clinical 

Neuroscience, UCL). These cells were accompanied by a control untransfected line and were 

plated at 100,000 cells/ml (T25 flasks, 5ml/flask) 2 days prior to harvesting for analysis by 

quantitative PCR. Details of platings for alternative experiments are described below.  

 

4.2.3 siRNA transfection 

4.2.3.1 Standard protocol 

For the siRNA transfection analysed by western blot the following protocol was adhered to, 

except for a 200,000 cells/ml plating density. For all other standard siRNA transfections: SH-SY5Y 

cells were plated at 350,000 cells/ml (For epifluorescence microscopy: 13 mm glass coverslips 

coated in poly-L-lysine (Sigma), in 24-well plates, 0.3 ml/well; for western blot/quantitative PCR 

analysis: no coverslips, 6-well plates, 1.5ml/well) and transfected with siRNAs using 

Lipofectamine® RNAiMAX (Invitrogen) overnight. The following morning SH-SY5Ys were re-

transfected in fresh media for a further 8 hours and cultured overnight in the absence of siRNA 

before experimentation. A control siRNA duplex (AllStars Neg.Control) was purchased from 

Qiagen. Details of targeting siRNAs on the next page.   
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4.2.3.2 Extended protocol 

SH-SY5Y cells were plated at 200,000 cells/ml (no coverslips, 6-well plates, 1.5ml/well) and 

cultured overnight in the absence of siRNA. The following day SH-SY5Ys were transfected with 

siRNAs using Lipofectamine® RNAiMAX (Invitrogen) for 72 hours. SH-SY5Ys were transfected 

with the same TPC2-targeted siRNAs used in the standard protocol. 

 

4.2.4 Microscopy: Epifluorescence 

4.2.4.1 Ca2+ - Fura-2 

SH-SY5Y were plated 2 days prior to imaging at 100,000 cells/ml (13 mm glass coverslips coated 

in poly-L-lysine (Sigma), in 24-well plates, 0.5 ml/well), except for those subjected to siRNA 

transfection. Ca2+ was measured using Fura-2 and analysed as described in Chapters 2 and 3. 

Cells were challenged with GPN (200 μM; Santa Cruz Biotechnology), carbachol (3.16 μM; 100 

μM; Sigma), bradykinin (100 nM; 10 μM; Sigma), thapsigargin (1 μM; Merck) and CaCl2 (2 mM; 

Sigma). Some cells were incubated with tetrandrine (10 μM; Santa Cruz Biotechnology), L-

deprenyl (1 mM; Sigma), sunitinib (10 μM; Sigma) or pimozide (10 μM; Sigma) during imaging 

and for 1 hour prior to imaging during Fura-2 loading. Some cells were treated acutely with these 

drugs or fluphenazine (10 μM; Sigma). All compounds except L-deprenyl and fluphenazine were 

dissolved in DMSO (Sigma). L-deprenyl and fluphenazine were dissolved in H2O. The maximal 

volume of vehicle added in any experiment was 1% (v/v). Where indicated Ca2+ was omitted 

from the HBS or replaced with 1 mM EGTA (Sigma).  

 

The change of the Fura-2 ratio between the basal value and the value at 250 seconds into 

imaging (Δ [Ca2+] (ratio) at 250 s) was calculated to quantify the magnitude of response at 250 

seconds.   

Table 4.1 TPC-targeting siRNAs 

ID Brand Product 

Name 

Target 

gene 

Target 

exon 

Target sequence (5’-3’) 

TPC1 siRNA Qiagen Hs_TPCN1_5 TPC1 10 CGAGCTGTATTTCATCATGAA 

TPC2 siRNA Qiagen Hs_TPCN2_6 TPC2 2 CAGGTGGGACCTCTGCATTGA 

TPC2 siRNA 

#2 

Thermo 

Fisher 

s47773 TPC2 3 CGGTATTACTCGAACGTAT 

TPC2 siRNA 

#3 

Thermo 

Fisher 

s47774 TPC2 13 ACAGAAGTGTGGTTAAAGA 
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4.2.5 Western blotting 

Cells were harvested by scraping, lysed in Ripa buffer (pH 7.4) containing 150 mM NaCl, 0.5% 

(w/v) sodium dioxycholic acid, 0.1% (v/v) sodium dodecyl sulphate (SDS), 1% (v/v) Triton X-100, 

50 mM Tris, and treated with EDTA-free protease inhibitor (Roche) and Halt Phosphatase 

Inhibitor Cocktail (Thermo Scientific) for 30 minutes on ice. Samples were centrifuged at 15,000 

g for 15 minutes at 4oC and supernatant was stored at -20oC. Protein concentration of the 

supernatant was determined using bicinchoninic acid and bovine albumin serum standards. 13 

μg of protein per sample was incubated with NuPAGE LDS sample buffer (Invitrogen) and 100 

mM dithiothreitol (Sigma) for 45 minutes at room temperature. Along with PageRuler Plus 

protein ladder (Thermo Scientific) samples were separated on a NuPAGE 4-12% Bis-Tris gel 

(Invitrogen) and transferred to a PVDF filter (Bio-Rad) in buffer (48 mM Tris, 40 mM glycine, 

0.04% (v/v) SDS, 20% (v/v) methanol). The blot was blocked with Tris-buffered saline plus Tween 

(TBS-T; pH 7.4) containing 25 mM Tris-HCl, 137 mM NaCl and 2.7 mM KCl), 0.1% (v/v) Tween 20, 

plus 5% (w/v) dried skimmed milk, overnight at 4oC. The blot was sequentially incubated with 

rabbit anti-TPC1 (Abcam ab80961; 1/200 dilution) and HRP-conjugated anti-rabbit (Santa Cruz 

Biotechnology; Sc-2005; 1/2000 dilution) in TBS-T containing 2.5% (w/v) milk for 1 hour at room 

temperature. Between and after incubations the blot was washed with TBS-T with no milk.  The 

blot was developed using Amersham ECL Prime Western Blotting Detection Reagent (GE 

Healthcare) and imaged using the Bio-Rad ChemiDoc MP imaging system. To control for protein 

loading the blot was stripped with boiling acidic glycine and re-probed using goat anti-actin 

(Santa Cruz Biotechnology; Sc-1615; 1/500 dilution) and HRP-conjugated rabbit anti-goat (Santa 

Cruz Biotechnology; sc-2768; 1/2000 dilution). 

 

Intensity of antibody staining was analysed in ImageJ. Boxes of equal size were manually plotted 

over each lane and intensity was visualised using Analyze>Gels>Plot Lanes. Background intensity 

was excluded using the *straight* tool and area under the peak was measured using the wand 

tool. Expression of TPC1 was normalised to that of actin. 

 

4.2.6 Statistical analysis 

Analysis was performed using IBM SPSS Statistics 22. Tests to determine statistical significance 

were performed on datasets in which more than three experiments had been conducted per 

group/condition, experimental means were clearly different between groups, but where values 

from individual experiments in one group shared the range of another. Independent-Samples T 

tests were performed to determine the statistical significance of data from two groups exhibiting 

normal distribution. Where data were not normally distributed significance was determined by 
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a Mann-Whitney U test. A Kruskal-Wallis H test followed by post-hoc Mann-Whitney U tests was 

performed to determine the statistical significance of data from more than two groups that 

exhibited normal distribution but unequal variance. 
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4.3 RESULTS  

4.3.1 Lysomotropic agent GPN evokes simple Ca2+ signals in SH-SY5Y cells 

In fibroblasts from people with familial LRRK2-GS PD upregulated TPC2 activity is associated with 

augmented global Ca2+ signals in response to NAADP (Hockey et al., 2015). However, whether 

LRRK2-GS-dependent TPC upregulation potentiates physiological global Ca2+ signals is unclear. 

To probe this in the neuronal cell line SH-SY5Y I sought an extracellular agonist that required the 

TPCs to elicit its full global Ca2+ signal with the intention of examining such signals in cells that 

stably express the LRRK2-GS mutant. The first port of call was to identify extracellular agonists 

that evoked their signals through the lysosomes. To do this the lysosomes were first 

compromised by addition of GPN, which permeabilises the lysosomal membrane, and causes 

leakage of luminal content (Haller et al., 1996; Jadot et al., 1984). In fibroblasts GPN evoked 

complex, long-lasting Ca2+ signals that would complicate the examination of subsequent signals 

evoked by extracellular agonists (Fig. 4.1A). In SH-SY5Ys though, the Ca2+ signal induced by GPN 

was simple and monotonic (Fig. 4.1A). Therefore, in this cell line, GPN was a viable tool with 

which to identify extracellular agonists that recruit the lysosomes. The reason for the different 

GPN-evoked Ca2+ signals in fibroblasts and SH-SY5Ys is unknown. GPN reduces lysotracker (LTR) 

fluorescence and thus acidic organelles at comparable rates in both cell types (Fig. 4.1B).  

 

4.3.2 Carbachol and bradykinin evoke concentration-dependent Ca2+ 

signals 

The cholinergic agonist carbachol was one candidate stimulus of TPC-dependent, physiological 

global Ca2+ signals. The agonist bradykinin was also considered as its signals in fibroblasts were 

inhibited by NH4Cl, and TPC knockdown in Chapter 3. Both carbachol and bradykinin are known 

to stimulate IP3 synthesis  (Ataei et al., 2013; Chen and Hsu, 1994; Johnson et al., 1990; Piiper et 

al., 1994; Shin et al., 2003), and carbachol has been shown to stimulate NAADP synthesis too 

(Aley et al., 2013). In untransfected SH-SY5Y cells these two agonists evoked concentration-

dependent Ca2+ signals of quite different kinetics (Fig. 4.2). Carbachol elicits a biphasic response 

(initial single peak followed by a plateau phase; Fig. 4.2A) whereas bradykinin produces a single 

peak response (Fig. 4.2C). Notably, bradykinin induces a slightly different signal in SH-SY5Ys 

compared to fibroblasts: Whereas cytosolic Ca2+ promptly returns to basal levels in SH-SY5Ys 

(<450s; Fig. 4.2C) it remains elevated for more than 800s in fibroblasts (Fig. 3.4A). The sub-

maximal concentrations of 3.16 μM and 100 nM were chosen for subsequent experiments 
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involving carbachol and bradykinin respectively (Fig. 4.2B and D). This was to facilitate 

observations of any inhibitory or potentiating effects upon their signals. 

 

 

 

 

 

 

 

 

 

Figure 4.1 Lysomotropic agent GPN evokes simple Ca2+ signals in SH-SY5Y cells 

(A) Cytosolic Ca2+ traces of individual fibroblasts (n=23) or SH-SY5Ys (n=23) stimulated with GPN (200 

μM). (B) Average Lysotracker Red fluorescence (LTR) traces (mean of experiments ± S.E.M) of 

fibroblasts or SH-SY5Ys upon addition of DMSO or GPN (200 μM). Data presented as ratio of 

fluorescence compared to basal fluorescence (F/F0). A total of 101/153 (DMSO/GPN) fibroblasts from 

4 independent platings were analysed over 3/5 experiments (DMSO/GPN) to generate the data in B. 

A total of 122/124 (DMSO/GPN) SH-SY5Ys from 1 plating were analysed over 3 experiments per 

condition to generate the data in B. 
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Figure 4.2 Carbachol and bradykinin evoke concentration-dependent Ca2+ signals 

(A) Average cytosolic Ca2+ traces (mean of individual cells in a single experiment) of SH-SY5Ys 

stimulated with carbachol at a range of concentrations. (B) Data quantifying magnitude of responses 

in A. Each plot point represents one experiment.  The carbachol concentration used in subsequent 

experiments (3.16 μM) is outlined in red. 39-68 SH-SY5Ys from 1 plating were analysed per carbachol 

concentration. (C and D) Same format as for A and B, upon stimulation with bradykinin. 51-127 SH-

SY5Ys from 1 plating were analysed per concentration. 
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4.3.3 GPN inhibits carbachol but not bradykinin-evoked Ca2+ signals 

As shown in Figures 4.3A and C  global Ca2+ signals were evoked by both carbachol and bradykinin 

in the presence of the vehicle, DMSO. To investigate the contribution of the lysosomes to 

carbachol and bradykinin-evoked Ca2+ signals SH-SY5Y cells were first stimulated with GPN. 

Following this GPN challenge carbachol-evoked Ca2+ signals were inhibited (Fig. 4.3A and B). 

Interestingly however, the bradykinin-evoked Ca2+ signals remained intact (Fig. 4.3C and D).  

 

 

 

 

Figure 4.3 GPN inhibits carbachol but not bradykinin-evoked Ca2+ signals 

(A) Average cytosolic Ca2+ traces (mean of experiments ± S.E.M) of SH-SY5Ys stimulated with carbachol 

(3.16 μM), following DMSO or GPN (200 μM). (B) Data quantifying magnitude of carbachol responses 

in A. Each plot point represents one experiment, n=3/3 (DMSO/GPN). A total of 260/297 (DMSO/GPN) 

SH-SY5Ys from 3 independent platings were analysed. (C and D) Same format as for A and B, upon 

stimulation with bradykinin (100 nM), n=3/3 (DMSO/GPN). A total of 329/280 (DMSO/GPN) SH-SY5Ys 

from 2 independent platings were analysed. 
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4.3.4 Carbachol but not bradykinin blocks GPN-evoked Ca2+ signals 

Having seen that carbachol-evoked Ca2+ signals were selectively blocked by GPN, the inverse 

experiment was carried out. That is, SH-SY5Ys were first stimulated with carbachol or bradykinin 

before examining a subsequent GPN-evoked Ca2+ signal. This was conducted in the absence of 

extracellular Ca2+ to isolate the cells from Ca2+ entry, and to ensure the termination of agonist-

evoked Ca2+ signals before the GPN addition. To maximally deplete the intracellular Ca2+ stores 

in this experiment only, the highest agonist concentrations from the concentration-response 

curves were used (Fig. 4.2). As the control experiment an addition of the agonist vehicle (HEPES-

buffered saline (HBS)) was made before an addition of GPN, which generated a small but clear 

Ca2+ signal (Fig. 4.4).  In contrast, no GPN-evoked Ca2+ signal was detected after carbachol 

stimulation. Following bradykinin however, the GPN-evoked Ca2+ signal remained intact. This 

result, together with the result displayed in Figure 4.3, indicates that carbachol-evoked Ca2+ 

signals work through the lysosomes but that bradykinin-evoked Ca2+ signals do not. 
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4.3.5 Thapsigargin inhibits both carbachol and bradykinin-evoked Ca2+ 

signals 

Both carbachol and bradykinin have been associated with IP3 synthesis and ER Ca2+ release (Ataei 

et al., 2013; Chen and Hsu, 1994; Johnson et al., 1990; Kip et al., 2006; Luciani et al., 2009; Piiper 

et al., 1994; Shin et al., 2003; Suzuki et al., 2014). To assess whether ER Ca2+ was a component 

of their signals in SH-SY5Ys I depleted ER Ca2+ using the SERCA inhibitor thapsigargin. These 

experiments were conducted in the absence of extracellular Ca2+ to isolate the cells from Ca2+ 

Figure 4.4 Carbachol but not bradykinin blocks GPN-evoked Ca2+ signals 

(A) Average cytosolic Ca2+ traces (mean of experiments ± S.E.M) of SH-SY5Ys stimulated with GPN (200 

μM) following HBS, carbachol (100 μM) or bradykinin (10 μM) in the absence of extracellular Ca2+ (Ca2+ 

was replaced with 1mM EGTA). (B) Graphs from A overlaid and x axis expanded to show the GPN Ca2+ 

signals. (C) Data quantifying magnitude of GPN responses in A and B. Each plot point represents one 

experiment, n=3/3/3 (HBS/Carbachol/Bradykinin). A total of 261/290/276 

(HBS/Carbachol/Bradykinin) SH-SY5Ys from 3 independent platings were analysed.  
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entry, and specifically store-operated Ca2+ entry (SOCE) which occurs as a consequence of ER 

Ca2+ depletion (Shen et al., 2011). As shown in Figures 4.5A and C both carbachol and bradykinin 

generated global Ca2+ signals in the absence of extracellular Ca2+ following the thapsigargin 

vehicle, DMSO.  However, following thapsigargin stimulation, both agonist-evoked Ca2+ signals 

were inhibited (Fig. 4.5). This indicates that both carbachol and bradykinin-evoked Ca2+ signals 

require ER Ca2+. 

 

Figure 4.5 Thapsigargin inhibits both carbachol and bradykinin-evoked Ca2+ signals 

(A) Average cytosolic Ca2+ traces (mean of experiments ± S.E.M) of SH-SY5Ys stimulated with carbachol 

(3.16 μM) following DMSO or thapsigargin (1 μM), in the absence of extracellular Ca2+ (Ca2+ was 

replaced with 1mM EGTA). (B) Data quantifying magnitude of carbachol responses in A. Each plot 

point represents one experiment, n=3/3 (DMSO/thapsigargin). A total of 269/322 

(DMSO/thapsigargin) SH-SY5Ys from 3 independent platings were analysed. (C and D) Same format as 

for A and B, upon stimulation with bradykinin (100 nM), n=3/3 (DMSO/thapsigargin). A total of 

279/219 (DMSO/thapsigargin) SH-SY5Ys from 3 independent platings were analysed. 
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4.3.6 Validating TPC knockdown in SH-SY5Ys 

Having observed that carbachol-evoked global Ca2+ signals were inhibited by GPN I went on to 

investigate the contribution of TPCs to these responses. To do this SH-SY5Y cells were 

transfected with siRNAs targeted to TPC1 or TPC2, and stimulated with carbachol. In the first 

instance, the viability of TPC knockdown in this cell line was assessed by western blot. As shown 

in Figures 4.6A and B, TPC1 expression was reduced by TPC1 siRNA but not TPC2 siRNA. 

Subsequently, the knockdown protocol was adjusted to optimise cell density for Ca2+ imaging 

and mRNA was extracted from these cells to be analysed by quantitative PCR. Results from this 

analysis showed selective knockdown of each TPC isoform by ~50% (Fig. 4.6C). Interestingly, 

both siRNAs increased the transcript levels of the non-targeted TPC. The upregulation of TPC1 

by TPC2 siRNA was variable but large, and this contributed to a considerable change in 

TPC1/TPC2 expression ratio (Fig. 4.6D).  
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Figure 4.6 Validating TPC knockdown in SH-SY5Ys 

(A) Western blot of samples from SH-SY5Ys transfected with control or TPC siRNA. Blot stained with 

antibodies raised to TPC1 and actin.  Position and size of accompanying protein ladder markers are 

indicated on the left. Data from one experiment. (B) Intensity analysis of A performed in ImageJ. TPC1 

protein expression was normalised to that of actin and presented as a percentage of TPC1 protein 

expression in SH-SY5Ys transfected with control siRNA. (C and D) Data quantifying TPC transcripts in 

SH-SY5Ys that have been transfected with control or TPC siRNA. The mean (± S.E.M) of 3 experiments 

from 3  independent platings is displayed. (C) TPC transcripts were normalised to those of UBC and 

are presented as a percentage of the TPC transcript levels in SH-SY5Ys transfected with control siRNA. 

(D) Ratio comparing transcript levels of TPC1 and TPC2.  
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4.3.7 TPC1 knockdown inhibits carbachol-evoked Ca2+ signals 

In SH-SY5Ys transfected with TPC siRNA global Ca2+ signals induced by carbachol were inhibited 

(Fig. 4.7A and B). Notably, this inhibitory effect was clearer in cells transfected with TPC1 siRNA. 

In those transfected with TPC2 siRNA the magnitude of the signal was modestly reduced 

compared to controls but this did not reach statistical significance. Analysis of time taken to 

reach the signal peak revealed that there was no change between conditions (Fig. 4.7C).  

 

Figure 4.7 TPC1 knockdown inhibits carbachol-evoked Ca2+ signals 

(A) Average cytosolic Ca2+ traces (mean of experiments ± S.E.M) of SH-SY5Ys transfected with control 

or TPC siRNA, and stimulated with carbachol (3.16 μM). Left panel shows entire imaging time course. 

The same dataset is shown in right-hand panel, with an expanded x axis. (B and C) Data quantifying 

carbachol responses in A. Each plot point represents one experiment, n=9/9/9 (control siRNA/TPC1 

siRNA/TPC2 siRNA). A total of 1187/1168/1058 (control siRNA/TPC1 siRNA/TPC2 siRNA) SH-SY5Ys 

from 3 independent platings were analysed. (B) Magnitude of responses. (C) Time to reach peak 

magnitude, analysed from SH-SY5Ys with magnitude ≥0.1. ***p<0.005 as determined by a Kruskal-

Wallis H test followed by a post hoc Mann-Whitney U test.  
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4.3.8 TPC2 siRNAs reduce TPC2 transcript levels in fibroblasts but not SH-

SY5Ys 

In SH-SY5Y cells transfected with TPC1 or TPC2 siRNA the inhibition of carbachol-evoked Ca2+ 

signals (Fig. 4.7A and B) appeared to correlate with TPC knockdown efficiency (Fig. 4.6A). That 

is, the inhibition of signal magnitude in cells transfected with TPC1 siRNA was more pronounced 

compared to those transfected with TPC2 siRNA. This reflected a greater knockdown of TPC1 

compared to that of TPC2. To see if TPC2 knockdown efficiency could be improved two 

alternative TPC2 siRNAs were tested using the same standard transfection protocol. Analysis by 

quantitative PCR showed that neither of the alternative TPC2 siRNAs reduced TPC2 expression 

(Fig. 4.8A and B). These two new siRNAs, and the original, were then tested using a prolonged 

protocol in which SH-SY5Ys were cultured for five days instead of three. Unfortunately, this 

protocol also failed to induce reasonable knockdown (Fig. 4.8C and D). To ensure the two new 

TPC2 siRNAs were functional they were transfected into fibroblasts using the protocol described 

in Chapter 3. Indeed, the data in Figures 4.8E and F show that in fibroblasts these siRNAs are 

capable of considerable knockdown. Of note, TPC2 siRNA #3 also induced a ~25% knockdown of 

TPC1. These results confirm that the TPC2 siRNAs tested here were functional in fibroblasts but 

demonstrate poor efficiency under the SH-SY5Y protocols.    
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Figure 4.8 TPC2 siRNAs reduce TPC2 transcript levels in fibroblasts but not SH-SY5Ys  

(legend on next page)  
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4.3.9 Recently identified TPC inhibitor tetrandrine blocks carbachol but 

not bradykinin-evoked Ca2+ signals   

In addition to TPC knockdown a pharmacological approach was explored to investigate the 

contribution of TPCs to carbachol-evoked Ca2+ signals. In a recent study an L-type voltage-

operated Ca2+ channel  (VOCC) antagonist was reported to block Ebola infectivity as well as TPC 

currents and  NAADP-induced Ca2+ signals (Sakurai et al., 2015). This TPC inhibitor, tetrandrine 

(Fig. 4.9A), was therefore used as a tool to assess the importance of TPCs in carbachol-evoked 

Ca2+ signalling. SH-SY5Y cells were incubated with DMSO or tetrandrine during imaging and for 

1 hour before, during Fura-2 labelling. As shown in Figures 4.9B and C the carbachol-evoked Ca2+ 

signal was intact in the presence of DMSO but completely blocked in the presence of TPC 

inhibitor tetrandrine.  In contrast, bradykinin-evoked Ca2+ signals were unaffected by 

tetrandrine (Fig. 4.9D and E). It was noted that tetrandrine incubation was associated with a 

small increase in basal Ca2+ (mean ± S.E.M [Ca2+] (ratio): DMSO = 0.152 ± 0.0038, n=8 

experiments; tetrandrine = 0.161± 0.0021, n=8 experiments) 

  

 

 

 

 

 

 

 

 

 

 

 

 (A-D) Data quantifying TPC transcripts in SH-SY5Ys that have been transfected with control or TPC2 

siRNA, according to the (A and B) standard protocol or (C and D) extended protocol. (E and F) Data 

quantifying TPC transcripts in Ctrl fibroblasts that have been transfected with control or TPC2 siRNA 

according to the protocol described in Chapter 3. (A, C and E) TPC transcripts normalised to those of 

UBC and presented as a percentage of the TPC transcript levels in cells transfected with control siRNA. 

(B, D and F) Ratios comparing TPC1 and TPC2 transcript levels. (A-F) The mean of technical replicates 

from one experiment is displayed. 
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Figure 4.9 Recently identified TPC inhibitor tetrandrine blocks carbachol but not 

bradykinin-evoked Ca2+ signals   

(A) Chemical structure of tetrandrine. (B) Average cytosolic Ca2+ traces (mean of experiments ± S.E.M) 

of SH-SY5Ys stimulated with carbachol (3.16 μM) in the presence of DMSO or tetrandrine (10 μM). (C) 

Data quantifying magnitude of responses in B. Each plot point represents one experiment, n=5/5 

(DMSO/tetrandrine). A total of 407/634 (DMSO/tetrandrine) SH-SY5Ys from 5 independent platings 

were analysed. (D and E) Same format as for B and C, upon stimulation with bradykinin (100 nM), 

n=3/3 (DMSO/tetrandrine). A total of 268/264 (DMSO/tetrandrine) SH-SY5Ys from 3 independent 

platings were analysed. 
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4.3.10  Putative TPC blocker and MAO inhibitor L-deprenyl blocks 

carbachol but not bradykinin-evoked Ca2+ signals 

Whilst tetrandrine may be a useful TPC inhibitor in the lab it is not approved for clinical use by 

the US Food and Drug Administration (FDA) nor the European Medicines Agency (EMA). 

Therefore, any potential benefits of TPC inhibition such as modification of PD or preventing 

Ebola infection cannot be realised in humans. Furthermore, tetrandrine is not a selective TPC 

blocker nor are there currently any available. Indeed, tetrandrine’s ability to block TPCs may not 

be surprising given it is classed as an antagonist of L-Type VOCCs, which along with voltage-

operated Na+ channels (VONC), are thought to be evolutionarily linked to TPCs and to share a 

common pharmacological binding site (Ishibashi et al., 2000; Rahman et al., 2014). To tackle 

these issues of drug approval and TPC selectivity FDA-approved drugs have been subjected to in 

silico screens conducted by Dr Taufiq Rahman (University of Cambridge) and Dr Christopher 

Penny (UCL) in the hope that they can be re-purposed as TPC inhibitors. To find selective TPC 

inhibitors, drugs that are not classed as channel blockers, have been the focus of these screens. 

Top candidates have also been tested against NAADP-induced Ca2+ signals in sea urchin egg 

homogenate by Dr Christopher Penny and Professor Sandip Patel (UCL) but not against Ca2+ 

signals in intact human cells. L-deprenyl was identified as a putative TPC blocker through a 

ligand-based screen (details of screen in Appendix C) (Fig. 4.10A). This drug, also known as 

Selegiline, is a monoamine oxidase (MAO) inhibitor and is administered to PD patients to inhibit 

dopamine (DA) metabolism (Youdim and Bakhle, 2006). To test the effect of L-deprenyl on 

carbachol or bradykinin-evoked Ca2+ signals in SH-SY5Ys, cells were incubated with H2O or L-

deprenyl during imaging, and for 1 hour prior, during Fura-2 labelling. In the presence of H2O 

both carbachol and bradykinin-evoked Ca2+ signals in SH-SY5Ys were clear (Fig. 4.10B and D). In 

the presence of L-deprenyl however, carbachol-evoked Ca2+ signals were blocked (Fig. 4.10B and 

C). In contrast, bradykinin-evoked Ca2+ signals were not blocked but somewhat potentiated in 

the presence of L-deprenyl (Fig. 10.D and E).  
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4.3.11  Putative TPC blockers sunitinib and pimozide block carbachol but 

not bradykinin-evoked Ca2+ signals  

From an alternative screen sunitinib and pimozide were identified as putative TPC blockers (Fig. 

4.11A and B) (details of screen in Appendix C). Briefly, this screen combined results from a virtual 

structure-based assay with data from in vitro Ebola infectivity assays that have been published 

by other groups (Johansen et al., 2015; Kouznetsova et al., 2014); the rationale being that if TPC 

activity is required for Ebola infectivity as has been reported, then inhibitors of Ebola infection 

may be TPC inhibitors (Sakurai et al., 2015). To test the effects of sunitinib or pimozide on 

Figure 4.10 Putative TPC blocker and MAO inhibitor L-deprenyl blocks carbachol but not 

bradykinin-evoked Ca2+ signals 

(A) Chemical structure of L-deprenyl. (B) Average cytosolic Ca2+ traces (mean of experiments ± S.E.M) 

of SH-SY5Ys stimulated with carbachol (3.16 μM) in the presence of H2O or L-deprenyl (1 mM). (C) 

Data quantifying magnitude of responses in B. Each plot point represents one experiment, n=4/4 

(H2O/L-deprenyl). A total of 397/319 (H2O/L-deprenyl) SH-SY5Ys from 4 independent platings were 

analysed. (D and E) Same format as for B and C, upon stimulation with bradykinin (100 nM), n=3/3 

(H2O/L-deprenyl). A total of 394/331 (H2O/L-deprenyl) SH-SY5Ys from 3 independent platings were 

analysed. 
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carbachol or bradykinin-evoked Ca2+ signals in SH-SY5Ys, cells were incubated with DMSO or the 

drugs as they had been with tetrandrine and L-deprenyl.  As shown in Figures 4.11C and D 

sunitinib and pimozide incubations both blocked carbachol-evoked Ca2+ signals. However, 

bradykinin-evoked Ca2+ signals were not inhibited by sunitinib but their return to basal Ca2+ did 

appear delayed (Fig. 4.11E and F). Although bradykinin-evoked Ca2+ signals were not completely 

blocked by pimozide they were visibly reduced. It was noted that sunitinib incubation was 

associated with a small increase in basal Ca2+ (mean ± S.E.M [Ca2+] (ratio): DMSO = 0.142 ± 

0.0046, n=6 experiments; sunitinib = 0.164 ± 0.0033, n=6 experiments). 

 

Figure 4.11 Putative TPC blockers sunitinib and pimozide block carbachol but not 

bradykinin-evoked Ca2+ signals 

(A) Chemical structure of sunitinib. (B) Chemical structure of pimozide. (C) Average cytosolic Ca2+ 

traces (mean of experiments ± S.E.M) of SH-SY5Ys stimulated with carbachol (3.16 μM) in the presence 

of DMSO, sunitinib (10 μM) or pimozide (10 μM). (D) Data quantifying magnitude of responses in C. 

Each plot point represents one experiment, n=3/3/3 (DMSO/sunitinib/pimozide). A total of 

308/334/286 (DMSO/sunitinib/pimozide) SH-SY5Ys from 3 independent platings were analysed. (E 

and F) Same format as for C and D, upon stimulation with bradykinin (100 nM), n=3/3/3 

(DMSO/sunitinib/pimozide). A total of 296/243/249 (DMSO/sunitinib/pimozide) SH-SY5Ys from 3 

independent platings were analysed.  
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4.3.12  Putative TPC blocker fluphenazine blocks carbachol but not 

bradykinin-evoked Ca2+ signals  

From the same screen that identified sunitinib and pimozide as putative TPC inhibitors 

fluphenazine was also highlighted as a candidate (Fig. 4.12A). However, fluphenazine caused 

large elevations of basal Ca2+ and therefore was not suitable for a long incubation. Instead, 

fluphenazine was added to the cells whilst imaging, 2 minutes prior to stimulation with 

carbachol or bradykinin. As shown in Figures 4.12B and C fluphenazine blocked carbachol-

evoked Ca2+ signals in SH-SY5Ys. In contrast, the bradykinin-evoked Ca2+ signals were not blocked 

but somewhat potentiated in the presence of fluphenazine (Fig. 4.12D and E). A preliminary 

dataset shows that tetrandrine, L-deprenyl and sunitinib can also block carbachol-evoked Ca2+ 

signals after just a 2-minute treatment (Fig. 4.12.Supplement).   
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Figure 4.12 Putative TPC blocker fluphenazine blocks carbachol but not bradykinin-evoked 

Ca2+ signals  

(A) Chemical structure of fluphenazine. (B) Average cytosolic Ca2+ traces (mean of experiments ± 

S.E.M) of SH-SY5Ys stimulated with carbachol (3.16 μM) following H2O or fluphenazine (10 μM). (C) 

Data quantifying magnitude of responses in B, n=3/3 (H2O/fluphenazine).  A total of 331/317 

(H2O/fluphenazine) SH-SY5Ys from 3 independent platings were analysed. (D and E) Same format as 

for B and C, upon stimulation with bradykinin (100 nM), n=3/3 (H2O/fluphenazine). A total of 365/308 

(H2O/fluphenazine) SH-SY5Ys from 3 independent platings were analysed. Supplement: Average 

cytosolic Ca2+ traces (mean of individual cells in a single experiment) of SH-SY5Ys stimulated with 
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4.3.13  Carbachol but not bradykinin-evoked Ca2+ signals are potentiated 

in LRRK2-GS cells 

To recap, the above data demonstrates that carbachol-evoked Ca2+ signals in SH-SY5Y cells are 

inhibited by the lysosomotrope GPN, TPC1 knockdown, the novel TPC inhibitor tetrandrine, and 

four structurally distinct putative TPC blockers. Bradykinin signals however are not inhibited by 

GPN, and are relatively unaffected by the same TPC drugs. These two agonists therefore offer a 

prototype tool set with which to distinguish TPC-dependent and TPC-independent changes to 

physiological Ca2+ signals in these cells. In work on patient-derived fibroblasts, LRRK2-GS has 

been  associated with augmented global Ca2+ signals in response to the Ca2+ mobilising 

messenger NAADP, which may be a consequence of upregulated TPC activity (Brailoiu et al., 

2009; Calcraft et al., 2009; Hockey et al., 2015). Therefore, it was hypothesised that carbachol-

evoked global Ca2+ signals (TPC-dependent) may be upregulated in SH-SY5Ys that stably express 

LRRK2-GS, but that bradykinin-evoked global Ca2+ signals (TPC-independent) would not be. 

Carbachol or bradykinin-evoked Ca2+ signals were compared in SH-SY5Y cells stably expressing 

LRRK2 wildtype (WT) or LRRK2-GS. Notably, although each cell line was plated at the same 

density, LRRK-GS cells were more sparse on the day of experimentation compared to the LRRK2 

WT controls or untransfected SH-SY5Ys (Fig. 4.13A). When stimulated with carbachol the 

untransfected cells, LRRK2 WT and LRR2-GS cells all exhibited clear Ca2+ signals (Fig. 4.13B). 

Furthermore, the magnitude of the carbachol-evoked Ca2+ signals in the LRRK2 WT and LRRK2-

GS cells were comparable (Fig. 4.13B and C). However, when comparing the plateau phase of 

the signal the response in the LRRK2-GS cells appeared potentiated compared to LRRK2 WT.  

This was quantified by calculating the magnitude of the signal at 250 seconds into imaging (Fig. 

4.13D). When stimulated with bradykinin, the Ca2+ signals were also clear in all cell lines. 

However, the magnitude of response in LRRK2-GS cells was smaller compared to LRRK2 WT (Fig. 

4.13E and F). Although bradykinin-evoked Ca2+ signals in SH-SY5Ys do not display a plateau 

phase, magnitude of the signal at 250 s was analysed for direct comparison with the carbachol 

signals. This analysis showed that bradykinin signals were not potentiated in the LRRK2-GS cells 

at 250 seconds into imaging (Fig. 4.13G).  

 

 

carbachol (3.16 μM) following DMSO, tetrandrine (tet; 10 μM), L-deprenyl (dep; 1 mM), sunitinib (sun; 

10 μM) or pimozide (pim; 10 μM).  
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Figure 4.13 Carbachol but not bradykinin-evoked Ca2+ signals are potentiated in LRRK2-GS 

cells 

(A) Light microscope images of SH-SY5Ys taken prior to imaging. SH-SY5Ys were untransfected, or 

stably transfected with LRRK2 WT or LRRK2-GS. Scale bar = 20 μm. (B) Average cytosolic Ca2+ traces 

(mean of experiments ± S.E.M) of SH-SY5Ys stimulated with carbachol (3.16 μM). (C and D) Data 

quantifying the responses in B. Each plot point represents one experiment, n=9/9/9 

(untransfected/LRRK2 WT/LRRK2-GS). A total of 436/425/487 (untransfected/LRRK2 WT/LRRK2-GS) 

SH-SY5Ys from 3 independent platings were analysed. (C) Magnitude of carbachol response. (D) 

Magnitude of the carbachol signal at 250 s (250 s from imaging commencing, indicated by arrow head 

on x axis). *p<0.05 as determined by an Independent Samples-T test.  (E-G) Same format as B-D, upon 

stimulation with bradykinin (100 nM), n=9/9/9 (untransfected/LRRK2 WT/LRRK2-GS). A total of  
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4.3.14  TPC transcript levels are unaltered in LRRK2-GS cells 

Having observed the potentiated plateau phase of carbachol-evoked Ca2+ signals in LRRK2-GS 

cells, but no such potentiation to bradykinin signals, the possible causes for this were 

considered. As described previously carbachol-evoked Ca2+ signals were inhibited by TPC 

knockdown, the novel TPC blocker tetrandrine and putative TPC blockers. In light of this, the 

possibility that TPC expression might be greater in LRRK2-GS cells was investigated using 

quantitative PCR. As shown in Figure 4.14A TPC expression appeared reduced in the SH-SY5Ys 

expressing either LRRK2 WT or LRRK2-GS compared to the untransfected cells. This reduction 

was more pronounced for TPC1 than TPC2, as exhibited by the smaller TPC1/TPC2 ratios 

displayed in Figure 4.13B. However, there was no difference associated with the pathogenic 

LRRK2-GS mutation compared to LRRK2 WT.  

 

 

495/576/528 (untransfected/LRRK2 WT/LRRK2-GS) SH-SY5Ys from 3 independent platings were 

analysed. Data that were not statistically significant (n.s) as determined by (F) Independent-Samples 

T test or (G) Mann-Whitney U test. 

Figure 4.14 TPC transcript levels are unaltered in LRRK2-GS cells 

(A and B) Data quantifying TPC transcripts in SH-SY5Ys which were untransfected, or stably 

transfected with LRRK2 WT or LRRK2-GS. Data shows mean ± S.E.M of 3 experiments from 3 

independent platings. (A) TPC transcripts normalised to those of UBC and presented as a percentage 

of the TPC transcript levels in untransfected SH-SY5Ys. (B) Ratio comparing transcript levels of TPC1 

and TPC2. 



173 
 

4.3.15  GPN and thapsigargin-evoked Ca2+ signals are unchanged in LRRK2-

GS cells 

As GPN and thapsigargin had inhibited carbachol-evoked Ca2+ signals (Fig. 4.3 and 4.5) it was 

reasoned that the pools of Ca2+ they mobilise contribute to carbachol-evoked signals. It was 

therefore considered that these pools might be greater in the LRRK-GS cells and be responsible 

for the potentiation of carbachol-evoked Ca2+ signals. To assess this GPN or thapsigargin-induced 

Ca2+ signals in LRRK2-GS SH-SY5Ys were compared to those in the LRRK2 WT counterparts. 

However, as shown in Figure 4.15A and B, GPN-induced Ca2+ signals were not potentiated in 

LRRK2-GS cells compared to LRRK2 WT. This was also the case for signals induced by thapsigargin 

(Fig. 4.15C and D).  

 

Figure 4.15 GPN and thapsigargin-evoked Ca2+ signals are unchanged in LRRK2-GS cells 

(A) Average cytosolic Ca2+ traces (mean of experiments ± S.E.M) of SH-SY5Ys stimulated with GPN (200 

μM). SH-SY5Ys were untransfected or stably transfected with LRRK2 WT or LRRK2-GS. (B) Data 

quantifying magnitude of responses in A. Each plot point represents one experiment, n=4/4/4 

(untransfected/LRRK2 WT/LRRK2-GS). A total of 451/422/450 (untransfected/LRRK2 WT/LRRK2-GS) 

SH-SY5Ys from 3 independent platings were analysed. (C and D) Same format as for A and B upon 

addition of thapsigargin, in the absence of extracellular Ca2+ (Ca2+ was replaced with 1mM EGTA),  
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4.3.16  SOCE is inhibited in LRRK2-GS cells 

Finally, carbachol-evoked Ca2+ signals appear to require ER Ca2+
, which is depleted by 

thapsigargin (Fig. 4.5A and B). It was therefore considered that SOCE might be important to 

sustain the carbachol signals by replenishing ER Ca2+.  Furthermore, it was speculated that it 

might be the SOCE component of the carbachol-evoked Ca2+ signals that is potentiated in LRRK2-

GS SH-SY5Ys. In the absence of extracellular Ca2+ SERCA was blocked using thapsigargin to 

deplete ER Ca2+ (Fig. 4.16A). As displayed in Fig. 4.15C and D the Ca2+ signals evoked by 

thapsigargin were once again no different in the LRRK2 WT and LRRK2-GS cells. Subsequently, 

Ca2+ was added back to the extracellular medium and cytosolic Ca2+ levels rose rapidly, indicative 

of SOCE. As shown in Figures 4.16A and B the magnitude of this SOCE response was not 

potentiated in LRRK2-GS cells compared to LRRK2 WT, but rather reduced. 

 

Figure 4.16 SOCE is inhibited in LRRK2-GS cells 

(A) Average cytosolic Ca2+ traces (mean of experiments ± S.E.M) of SH-SY5Ys upon addition of 

thapsigargin in the absence of extracellular Ca2+, followed by return of CaCl2 (2 mM) to the 

extracellular medium. SH-SY5Ys were untransfected or stably transfected with LRRK2 WT or LRRK2-

GS.  (B) Data quantifying magnitude of the CaCl2 response in A. Each plot point represents one 

experiment, n=4/4/4 (untransfected/LRRK2 WT/LRRK2-GS). A total of 385/355/435 

(untransfected/LRRK2 WT/LRRK2-GS) SH-SY5Ys from 2 independent platings were analysed. 

n=3/5/5 (untransfected/LRRK2 WT/LRRK2-GS). A total of 378/535/525 (untransfected/LRRK2 

WT/LRRK2-GS) SH-SY5Ys from 3 independent platings were analysed. Data that were not statistically 

significant (n.s) as determined by Independent-Samples T tests. 
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4.4 DISCUSSION 

In Chapter 3 I investigated the relevance of upregulated TPC2 activity in LRRK2-GS PD patient 

fibroblasts, to physiological global Ca2+ signals. In this chapter I extended the study into a DAergic 

neuronal model of LRRK2-GS PD. I also used two different extracellular agonists, each with 

different target receptors and global Ca2+ signal kinetics. Both the cholinergic agonist carbachol 

and the inflammatory peptide bradykinin required ER Ca2+ to elicit their global signals in the 

neuronal SH-SY5Y cell line. However, disrupting the lysosomes with GPN inhibited carbachol-

evoked Ca2+ signals but not those of bradykinin. In addition, the novel TPC blocker tetrandrine, 

and putative TPC blockers L-deprenyl, sunitinib, pimozide and fluphenazine blocked carbachol-

evoked Ca2+ signals but not those of bradykinin. These findings may indicate that lysosomes and 

TPCs are required for the generation of physiological global Ca2+ signals evoked by carbachol but 

not those of bradykinin in SH-SY5Ys. Considering carbachol as a putative TPC-dependent agonist, 

and bradykinin as a TPC-independent agonist, their signals in SH-SY5Y cells stably expressing 

LRRK2-GS were assessed. Interestingly, carbachol but not bradykinin-evoked Ca2+ signals were 

potentiated in the LRRK2-GS cells compared to the LRRK2 WT controls. This may be indicative of 

upregulated TPC activity. In first steps toward elucidating the cause of carbachol signal 

potentiation in LRRK2-GS cells, I found that it could not be attributed to enhanced TPC 

expression, lysosomal Ca2+ content (as measured by its release with GPN), and neither ER Ca2+ 

content (as triggered by its release with thapsigargin) nor SOCE (which was inhibited). Overall, 

my data suggests that TPCs experience a gain of function in this neuronal model of LRRK2-GS 

PD. This may contribute to neurodegeneration by disturbing global Ca2+ signalling. 

 

In fibroblast cultures derived from patients with familial LRRK2-GS PD, disturbed lysosome 

morphology is associated with upregulated TPC2 activity and disturbed local Ca2+ signals (Hockey 

et al., 2015). These cells also exhibit augmented global Ca2+ signals in response to the Ca2+-

mobilising messenger NAADP. Although there has been some controversy surrounding TPC 

activation, NAADP can cause global Ca2+ signals which require intact lysosomes and TPCs 

(Brailoiu et al., 2009; Calcraft et al., 2009; Churchill et al., 2002; Jha et al., 2014). Taken together, 

it is plausible that the upregulated TPC activity in LRRK2-GS PD is responsible for the augmented 

NAADP-evoked Ca2+ signals. Potentiated global Ca2+ signals such as these may cause wide-spread 

dysfunction in the cell by disrupting Ca2+-dependent protein folding, causing mitochondrial Ca2+ 

overload and stress, or even promoting cell death (Rizzuto et al., 2012; Wang and Kaufman, 



176 
 

2016). If a similar TPC-dependent potentiation is observed with physiological Ca2+ signals it 

would merit the consideration of TPC-dependent global Ca2+ signalling as a contributing factor 

to PD neurodegeneration. Using fibroblasts in Chapter 3, I found that bradykinin-evoked global 

Ca2+ signals were inhibited when the lysosomes were compromised or when TPC expression was 

reduced. However, bradykinin signals were not augmented in the LRRK2-GS PD fibroblasts which 

have been associated with upregulated TPC2 activity (Hockey et al., 2015).  In this chapter I used 

the neuronal SH-SY5Y cell line to ask the same questions as Chapter 3: First, are there 

extracellular agonists that require TPCs to elicit their global Ca2+ signals? Secondly, are these 

physiological signals potentiated in SH-SY5Ys expressing PD-associated, mutant LRRK2-GS? 

 

The SH-SY5Y cell line is commonly used in PD research. This is due to its neuronal and DAergic 

properties which may help to recapitulate the environment of the DAergic SNc that undergoes 

extensive neurodegeneration in PD (Biedler et al., 1978; Braak et al., 2003; Brichta et al., 2013; 

Xicoy et al., 2017).  In addition, SH-SY5Ys express Cav1.3, the L-type VOCC that is thought to 

mediate pathogenic Ca2+ entry in the SNc (Sousa et al., 2013; Surmeier et al., 2017a).   As for the 

majority of PD studies the SH-SY5Ys in this chapter were undifferentiated (Xicoy et al., 2017). 

Currently there is much debate over the pros and cons of inducing differentiation in this cell line 

and likewise of the different methods used (Cheng et al., 2013; Filograna et al., 2015; Forster et 

al., 2016; Khwanraj et al., 2015; Korecka et al., 2013; Lopes et al., 2010). For example, 

differentiation may be important as it induces a more neuronal SH-SY5Y morphology with 

extended neurites (Filograna et al., 2015; Forster et al., 2016; Lopes et al., 2010). This may to 

some extent mirror the heightened energy demands of the SNc neurons due to their complex 

arborisation (Pacelli et al., 2015). Another cited reason for SH-SY5Y differentiation is that it 

enhances the DAergic properties of these cells (Khwanraj et al., 2015; Korecka et al., 2013; Lopes 

et al., 2010). This is important because although SH-SY5Ys are DAergic they may be better 

defined as catecholaminergic cells as they also produce noradrenaline (Filograna et al., 2015). 

However, conflicting reports demonstrate that SH-SY5Y differentiation can also down-regulate 

DA markers (Filograna et al., 2015) or does not cause any change (Forster et al., 2016). As the 

debate continues undifferentiated SH-SY5Ys present a DAergic neuronal system that requires 

relatively straightforward culturing and permits fast experiment turnover.  The SH-SY5Y cells 

used in this chapter have been characterised previously, with the stable expression of LRRK2-GS 

being associated with increased oxygen consumption and decreased mitochondrial membrane 

potential (Papkovskaia et al., 2012). 
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In a similar vein to Chapter 3 the first step to identifying extracellular agonists that induce TPC-

dependent global Ca2+ signals was to identify agonists that require the lysosomes. The 

lysosomotrope GPN permeabilises lysosomal membranes, permitting leakage of luminal content 

(Haller et al., 1996; Jadot et al., 1984). Therefore, GPN is a useful tool with which to disrupt these 

organelles. A practical advantage of the SH-SY5Y cell line in this context is that GPN does not 

elicit complex Ca2+ signals as it does in fibroblasts (Fig. 4.1A). Instead it caused a small, simple 

rise in cytosolic Ca2+ which could be easily distinguished from subsequent Ca2+ signals elicited by 

other stimuli. Therefore, it was used as a tool to probe the contribution of the lysosomes to 

agonist-induced global Ca2+ signals in this neuronal cell line. The cause for the very different GPN 

Ca2+ signals in fibroblasts and SH-SY5Ys is unknown. GPN-induced loss of LTR fluorescence 

occurred at a similar rate in both cell types (Fig. 4.1B). If this LTR loss is regarded as a measure 

of lysosome permeabilisation and thus leakage of lysosomal Ca2+, these comparable rates rule 

out a simple correlation between speed of lysosomal Ca2+ release and the magnitude or nature 

of the signal. Previous research has demonstrated that the complex GPN signals generated in 

fibroblasts are dependent upon Ca2+ release from both the lysosomes and the ER which may rely 

on the membrane contact sites (MCS) between the two organelles (Kilpatrick et al., 2013).  It is 

a possibility therefore that the MCS in SH-SY5Ys are modelled differently or regulated by 

different components to those in fibroblasts.    

 

In this chapter two extracellular agonists were tested to see if their global Ca2+ signals required 

the lysosomes. The first candidate agonist was carbachol, a synthetic compound that can 

activate muscarinic and nicotinic acetylcholine receptors (mAChR and nAChR) (Williams and 

Kauer, 1997), and has been reported to induce  both IP3 and NAADP synthesis (Aley et al., 2013; 

Chen and Hsu, 1994; Piiper et al., 1994; Shin et al., 2003).  The other agonist tested was 

bradykinin, which was also used in Chapter 3 for fibroblast work. Although bradykinin has been 

linked to IP3 and cAPDR synthesis there has been no such link to NAADP (Ataei et al., 2013; 

Johnson et al., 1990; Kip et al., 2006). Crucially, there has been no report that Ca2+ signals 

induced by either agonist require TPCs.  

 

Disruption of the lysosomes using GPN provided the first evidence that Ca2+ signals induced by 

carbachol and bradykinin were differentially generated. GPN markedly blocked subsequent 

carbachol-evoked Ca2+ signals, suggesting that the lysosomes were involved in initiating this 

signal (Fig. 4.3A and B). Considering the possibility that the disruptive effect of GPN may not be 

limited to the lysosomes, it was reassuring that bradykinin-evoked Ca2+ signals remained intact 

(Fig. 4.3C and D). This data indicated that carbachol-evoked Ca2+ signals may be lysosome-
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dependent whereas bradykinin-evoked Ca2+ signals were lysosome-independent. This was 

supported by results from a second experiment using the inverse order of GPN and agonist 

stimulation. That is, agonist stimulation followed by GPN (Fig. 4.4). Although it was thought that 

lysosomal Ca2+ might contribute to carbachol-evoked Ca2+ signals the size of this contribution 

was unknown.  If only a small amount of lysosomal Ca2+ contributed this might be difficult to 

observe as a reduction in GPN-evoked Ca2+ signal following carbachol stimulation. By evoking 

larger Ca2+ signals more Ca2+ may be released from the lysosomes and cause a clearer inhibition 

of the small  GPN signals that follow (Tugba Durlu-Kandilci et al., 2010). For this reason agonist 

concentrations at the top of the concentration-response curves in Figure 4.2 were used for this 

experiment only. This experiment was also conducted in the absence of extracellular Ca2+, 

thereby excluding any effects of Ca2+ entry. Following carbachol stimulation the subsequent 

GPN-evoked Ca2+ signal was completely blocked but following bradykinin it was largely 

unchanged (Fig. 4.4). This data supports that idea that carbachol-evoked Ca2+ signals require the 

lysosomes and possibly lysosomal Ca2+ whereas bradykinin-evoked Ca2+ signals do not. However, 

given that the effects of GPN requires its cleavage by pH-sensitive cathepsin C it cannot be ruled 

out that carbachol-evoked Ca2+ signals prevent GPN signals by disrupting lysosomal pH or 

enzyme activity  (Haller et al., 1996; Lopez-Sanjurjo et al., 2013; Morgan et al., 2013). The sterol 

U18666a reportedly depletes lysosomal Ca2+ without affecting lysosomal pH and would 

therefore serve as a useful control to verify the agonist-selective contribution of lysosomal Ca2+ 

(Lloyd-Evans et al., 2008).  

 

Association between carbachol-evoked Ca2+ signals and the lysosomes has been reported 

elsewhere but in two different modes. In agreement with the results presented here pre-

incubation of GPN has been shown to inhibit carbachol-evoked Ca2+ signals (Melchionda et al., 

2016). However, in a study by Lopez-Sanjurjo and colleagues, lysosomes were reported to act as 

important sites of Ca2+ uptake during carbachol Ca2+ signalling and not as sites of release (Lopez-

Sanjurjo et al., 2013). This was exemplified by potentiated carbachol-evoked Ca2+ signals 

following the pre-incubation of cells with GPN. They also reported that carbachol-evoked Ca2+ 

signals were accompanied by a rise in lysosomal pH. Currently, lysosomal Ca2+ uptake is believed 

to be mediated by ATPase activity and Ca2+/H+ exchange (Melchionda et al., 2016; Morgan et al., 

2011; Patel and Docampo, 2010). For the latter, Ca2+ uptake into the lysosome requires the efflux 

of lysosomal protons. Therefore, an increase in lysosomal pH might be expected in lysosomes 

acting as Ca2+ buffers  (Lopez-Sanjurjo et al., 2013). However, increases in lysosomal pH are also  

associated with NAADP-induced Ca2+ release (Morgan et al., 2013). Whilst there is clearly much 

to be understood, the contrasting GPN and carbachol data reported by Lopez-Sanjurjo and 

Melchionda may reflect in part the different cell types used and whether the experiments were 
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conducted in the absence or presence of extracellular Ca2+ (Lopez-Sanjurjo et al., 2013; 

Melchionda et al., 2016). 

Although carbachol but not bradykinin appeared to require the lysosomes to generate its Ca2+ 

signal, both agonists have been associated with the synthesis of IP3, and ER Ca2+ release (Ataei 

et al., 2013; Chen and Hsu, 1994; Johnson et al., 1990; Kip et al., 2006; Luciani et al., 2009; Piiper 

et al., 1994; Shin et al., 2003; Suzuki et al., 2014). Therefore, I assessed the effect of depleting 

ER Ca2+ on both agonist-evoked Ca2+ signals in SH-SY5Ys. As expected, both carbachol and 

bradykinin-evoked Ca2+ signals were blocked following the depletion of ER Ca2+ with SERCA 

inhibitor thapsigargin (Fig. 4.5). This result however, opens up a potential Pandora’s box. The 

block of a Ca2+ signal by thapsigargin may sometimes be interpreted as the ER being the only 

essential intracellular organelle for said response. Consequently, further experiments designed 

to dissect the origin of the signal may be deemed futile. Here, the Ca2+ signals evoked by 

carbachol are clearly blocked following thapsigargin but are also completely abolished when the 

lysosomes are compromised. This indicates that both organelles are essential for the generation 

of carbachol-evoked Ca2+ signals. It is possible that in similar experiments the lysosome loses out 

on recognition for its signal contribution  in the wake of its already established signalling partner 

– the ER. Another consideration is that thapsigargin and GPN may reciprocally effect the non-

targeted Ca2+ store. For example, increases in cytosolic Ca2+ caused by ER Ca2+ release 

(stimulated by thapsigargin) may trigger further lysosomal Ca2+ release. Alternatively lysosomal 

Ca2+ release (stimulated by GPN) may trigger further ER Ca2+ release (Kilpatrick et al., 2013; 

Morgan, 2016). In these experiments the latter is controlled for by the intact bradykinin signals 

following GPN addition: As bradykinin signals require ER Ca2+ (Fig. 4.5C and D) this suggests that 

GPN leaves the ER Ca2+ store intact. To determine whether ER Ca2+ depletion impacts on 

lysosomal Ca2+ the measurement of GPN responses following thapsigargin is necessary.  

 

Considering the data that indicated lysosome involvement in global Ca2+ signals evoked by 

carbachol, I investigated whether the lysosomal TPCs might also be involved. As for fibroblasts 

in Chapter 3, one strategy was to examine the carbachol response in SH-SY5Ys with reduced TPC 

expression. In a preliminary experiment in the SH-SY5Ys, TPC1 expression at the protein level 

was inhibited by TPC1 siRNA, but not TPC2 siRNA, as expected (Fig. 4.6A and B). In the main 

knockdown experiments, TPC1 expression at the transcript level was reduced by ~50%, but TPC2 

was only reduced by ~30% when using isoform-specific siRNAs (Fig. 4.6C). This echoes the 

differential knockdown efficiency in the fibroblasts (Chapter 3, Fig. 3.5C) which has also been 

reported in other studies using different cell types (García-Rúa et al., 2016; Sakurai et al., 2015). 

However, this is not always the case (Davis et al., 2012). Interestingly, the preliminary western 

blot and the quantitative PCR data indicate that treatment of SH-SY5Ys with TPC2 siRNA results 
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in increased TPC1 expression (Fig. 4.6B and C). Knockdown of either TPC isoform inhibited 

carbachol-evoked Ca2+ signals but for TPC2 this was modest and did not reach statistical 

significance (Fig. 4.7A and B). Time to peak did not change with TPC knockdown but this could 

be due to a combination of the rapid increase of cytosolic Ca2+ evoked by carbachol and limited 

time resolution (images of Fura-2 fluorescence were taken every 3 seconds).  With a shorter 

time resolution and a lower affinity Ca2+ indicator, local Ca2+ signals induced by carbachol in SH-

SY5Ys can be visualised before the global  one (Smith et al., 2009). Indeed, experiments using a 

similar set up may provide additional detail about the generation of these agonist-evoked Ca2+ 

signals and how they may differ in disease.  As the relatively modest inhibitory effect of TPC2 

knockdown on carbachol signals correlated with a relatively modest reduction in TPC2 

expression, I sought to improve TPC2 knockdown efficiency. It is perhaps even more pertinent 

to improve TPC2 knockdown in SH-SY5Ys as it appears to be associated with compensatory 

upregulation of TPC1 (Fig. 4.6A and D). As TPC1 appears to be required for carbachol Ca2+ signals 

its upregulation may mask any inhibitory effect caused by TPC2 knockdown. That being the case, 

double knockdown of TPC1 and TPC2 may be important in these cells to avoid such reciprocal 

compensation, and to uncover the sum of their contributions to carbachol-evoked Ca2+ signals. 

The original 3-day TPC knockdown protocol for undifferentiated SH-SY5Ys was chosen so that 

experiments could be carried out in a timely manner, but more importantly, so that a balance 

was struck between having an adequate population to image, and a population not so confluent 

that identifying individual cells for analysis would be problematic. Using this 3-day protocol I 

tested two alternative siRNAs which were targeted to different exons in the TPC2 transcript. 

However, neither improved the knockdown of TPC2 compared to the original TPC2 siRNA used 

(Fig. 4.8A and B).  I then tested all three TPC2 siRNAs in a protocol with an extended period of 

siRNA incubation. This method did sacrifice optimal confluency for imaging but could potentially 

be modified if proven successful. Unfortunately however, this extended protocol did not 

improve TPC2 knockdown either (Fig. 4.8C and D). For reassurance that the two new siRNAs 

were functional and could selectively knockdown TPC2 I carried out the usual 5-day knockdown 

protocol in fibroblasts. Both siRNAs clearly reduced TPC2 expression although one (TPC2 siRNA 

#3) also reduced TPC1 expression by ~25% (Fig. 4.8E and D).  The upshot from this data is that 

TPC knockdown in SH-SY5Ys requires intensive optimisation for TPC2 knockdown to be a reliable, 

reproducible tool in this neuronal cell line. Evidence that such a knockdown can be achieved has 

very recently been published, but without a description of the method used for this cell type 

(Pereira et al., 2016).   

 

In addition to reducing TPC activity by reducing their expression, pharmacological inhibition was 

explored. The NAADP antagonist Ned-19 is often used in conjunction with other interventions 
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to manipulate TPC activity (Naylor et al., 2009). However, there are some reasons for reservation 

about its use: 

1) The exact mechanism of how NAADP (the Ned-19 target) activates TPCs is unclear 

and appears to require interaction with an accessory binding protein instead of binding to the 

TPCs directly (Lin-Moshier et al., 2012; Walseth et al., 2012a, 2012b).  

2) Although NAADP induces TPC activity this is under regulation by multiple other factors 

(Jha et al., 2014).   

3) At nanomolar concentrations Ned-19 can actually potentiate TPC2 activity (Pitt et al., 

2010). 

4) NAADP can activate TRPML1-dependent Ca2+ signals, and Ned-19 has been shown to 

inhibit Ca2+ signals induced by the TRPML1 agonist ML-SA1 (Lee et al., 2015; Zhang et al., 2009, 

2011).  

Therefore, NAADP antagonism is a somewhat convoluted way of inhibiting TPCs with possibly 

undesired or off-target effects. The development or identification of a molecule that can directly 

bind and selectively block TPCs might mean that off-target effects of NAADP antagonism can be 

avoided, that the influence of non-NAADP factors on TPC activity can be negated, and that the 

undesired effect of nanomolar Ned-19 on TPC2 can be averted. Such a molecule has the 

potential to greatly advance research that pivots upon TPC activity. 

 

Although not selective for TPCs the recently identified TPC blocker, tetrandrine, is expected to 

bind TPCs directly as it does to the evolutionarily-linked L-type VOCCs (King et al., 1988; Rahman 

et al., 2014; Sakurai et al., 2015). Tetrandrine is also known to have inhibitory effects on T-type 

VOCCs, Ca2+-dependent K+ channels and Ca2+-dependent chloride channels in SH-SY5Ys (Bhagya 

and Chandrashekar, 2016; Fang et al., 2004). In this chapter carbachol-evoked global Ca2+ signals 

were completely blocked by tetrandrine but bradykinin-evoked Ca2+ signals were left intact (Fig. 

4.9). This may indicate that TPCs are indeed involved in the generation of carbachol-evoked Ca2+ 

signals but not those of bradykinin. As the entire carbachol signal was wiped out by tetrandrine 

it suggests that tetrandrine inhibits the initiation of the signal. Furthermore, from the data in 

Figures 4.4A and 4.5A, we know that carbachol signals can initiate in the absence of extracellular 

Ca2+. Taken together, the implication is that the block of carbachol-evoked Ca2+ signals by 

tetrandrine is not caused solely by tetrandrine’s inhibitory effect at VOCCs. Therefore, it is 

reasonable to believe that tetrandrine inhibits the initiation of the carbachol-evoked Ca2+ signal 

by inhibiting intracellular Ca2+ release. Moreover, as bradykinin signals rely on ER Ca2+ (Fig. 4.5C 

and D) but are not inhibited by tetrandrine (Fig. 4.9D and E), it appears that tetrandrine does 

not inhibit ER Ca2+ release.  
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This agonist-specific inhibition of global Ca2+ signals by tetrandrine is a promising start to the 

development of a cell-based screening assay for novel selective TPC blockers. However, it also 

highlights the need to determine the contribution of the various Ca2+ channels expressed in SH-

SY5Ys to carbachol-evoked Ca2+ signals. This has been investigated previously but with a higher 

dose of carbachol: In the 1990s one research group published multiple reports on this topic and 

demonstrated that carbachol-evoked Ca2+ signals were insensitive to L-type and N-type Ca2+ 

channel blockers, but that the plateau phase was sensitive to nickel, which can inhibit T-type 

Ca2+ channels (Lambert et al., 1990; Perez-Reyes, 2003). They also demonstrated that continued 

Ca2+ entry required the continued presence of carbachol at its receptor (Lambert and Nahorski, 

1990). Besides Ca2+ entry via VOCCs, nicotinic acetylcholine receptors (nAChR) may have a role 

in carbachol-evoked Ca2+ signals (Williams and Kauer, 1997). This was however rebutted by 

Lambert and colleagues who suggested that SOCE may constitute the Ca2+ entry plateau phase 

of the carbachol signal (Forsythe et al., 1992; Lambert and Nahorski, 1992). To re-balance the 

argument in favour of nAChRs, nicotine through activation of nAChRs and VOCCs has been 

shown to induce Ca2+ signals in SH-SY5Ys (Dajas-Bailador et al., 2002; Ring et al., 2015). 

Interestingly, it has been reported that these signals require ER Ca2+ but that they only occur in 

the presence of extracellular Ca2+ (Dajas-Bailador et al., 2002). There is also a case for TRPC 

involvement in Ca2+ entry during carbachol-evoked Ca2+ signals. It has been reported that 

carbachol activates TRPC currents (Strübing et al., 2003; Zhang et al., 2012) and that carbachol-

induced Ca2+ entry is potentiated with the overexpression of TRPC3 but not of Ca2+-impermeant 

mutants (Poteser et al., 2011). In SH-SY5Ys which express TRPCs impaired carbachol-evoked Ca2+ 

signalling has also been linked to reduced TRPC1 expression (Bollimuntha et al., 2006; Liu et al., 

2017). 

 

In the search for novel TPC blockers that are not known to inhibit VOCCs as tetrandrine is, or any 

other Ca2+ channels, one course of virtual screening has led to L-deprenyl. L-deprenyl is a 

monoamine oxidase (MAO) inhibitor and is administered to PD patients to inhibit DA 

metabolism (Youdim and Bakhle, 2006). Here, in a similar manner as tetrandrine, L-deprenyl 

blocked carbachol-evoked Ca2+ signals in SH-SY5Ys (Fig. 4.10B and C). Despite using a high 

concentration of the drug (1 mM) bradykinin-evoked Ca2+ signals were not inhibited but in fact 

slightly potentiated. This result was encouraging and helped to refute the argument that 

tetrandrine was merely a fluke carbachol antagonist. L-deprenyl is not known to block VOCCs 

but has been implicated in mitochondrial function and Ca2+: It inhibits Ca2+-induced 

mitochondrial membrane depolarisation as well as mitochondrial Ca2+ efflux through the PT pore 

and associated superoxide release (Czerniczyniec et al., 2007; Wu et al., 2015c). L-deprenyl has 

also been reported to inhibit non-classical DA-induced Ca2+ release (Jennings et al., 2017; 
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Vaarmann et al., 2010). Vaarmann and colleagues propose a pathway of DA-evoked Ca2+ signals 

whereby DA metabolism by MAO produces reactive oxygen species (ROS) which in turn causes 

lipid peroxidation and stimulates the synthesis of IP3. Crucially, these Ca2+ signals could be 

completely blocked by L-deprenyl or thapsigargin, suggestive of MAO and ER involvement in 

these signals. However, the contribution of lysosomal Ca2+ to this response was not assessed. As 

discussed previously, data in this chapter shows that complete block of a Ca2+ signal (induced by 

carbachol) by thapsigargin does not preclude lysosomal involvement (Fig. 4.3 and Fig. 4.5). It is 

possible therefore that DA/ROS-induced Ca2+ signals in astrocytes also require the lysosomes 

and perhaps TPCs. Indeed, L-deprenyl may not only be active in this context as an inhibitor of 

MAO activity but also as an inhibitor of lysosomal Ca2+ release. Incidentally, ROS has been 

implicated in the potentiation of lysosomal Ca2+ release recently (Zhang et al., 2016). It should 

be noted however that the concentration of L-deprenyl used to inhibit the DA/ROS-induced Ca2+ 

signalling is 50-fold lower than that which was used in this chapter.  

 

From an alternative virtual screen, in combination with in vitro Ebola screen data, the drugs 

sunitinib, pimozide and fluphenazine were put forward as putative TPC blockers. Again 

encouragingly, all three drugs blocked carbachol-evoked Ca2+ signals in SH-SY5Ys (Fig. 4.11 and 

Fig. 4.12). As (by now) expected bradykinin-evoked Ca2+ signals were not inhibited by sunitinib 

or fluphenazine. However, antipsychotic pimozide did reduce the magnitude of the signal. The 

reason for this is unknown but report of pimozide as a SERCA inhibitor at resting Ca2+ levels is 

anticipated (Loulousis et al., 2016). This may explain reduced bradykinin-evoked Ca2+ signals via 

a reduction in ER Ca2+ content.  

 

The first of these three drugs, sunitinib, is used as an anti-tumour drug. It inhibits multiple 

receptor tyrosine kinases (RTK) probably by binding to their ATP-binding sites (Johnson, 2009; 

Mendel et al., 2003; Roskoski Jr., 2007). One of sunitinib’s RTK targets is vascular endothelial 

growth factor receptor (VEGFR). Intriguingly VEGFR’s ligand, VEGF, has recently been shown to 

require TPC2 to elicit its Ca2+ signal (Favia et al., 2014). If TPCs regulate VEGFR-mediated Ca2+ 

signals perhaps it is sunitinib’s effect on TPCs that in turn inhibits VEGFR. If carbachol does elicit 

its Ca2+ signals through TPCs a close functional connection between TPCs and RTKs may also 

underlie the finding that carbachol can activate the epidermal growth factor receptor (EGFR) 

RTK (Keely et al., 1998). This also poses the possibility that RTKs contribute to carbachol-evoked 

Ca2+ signals in SH-SY5Ys. Indeed, this cell line expresses VEGFR,  therefore its contribution should 

be assessed by knockdown and a range of inhibitors (Meister et al., 1999). 
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The other two putative TPC blockers from the virtual structure-based/in vitro Ebola screen were 

pimozide and fluphenazine. These two drugs are antipsychotics which like sunitinib are believed 

to have multiple pharmacological targets, including DA receptors (Peters, 2013). Pimozide is 

reported to block L, T, P and N-type VOCCs (Bancila et al., 2011; Enyeart et al., 1990; Sah and 

Bean, 1994) and fluphenazine can block T, P and N-type VOCCs (Sah and Bean, 1994; Xie et al., 

2007). Therefore, assessment of VOCC involvement in carbachol-evoked Ca2+ signals is required 

by these results as well as those from the tetrandrine data. Intriguingly, fluphenazine has been 

shown to inhibit IP3-induced Ca2+ release (IICR) although not completely block it (Khan et al., 

2001). Although carbachol has been associated with IP3 synthesis, which may be important for 

its Ca2+ signal, fluphenazine’s inhibitory effect upon IICR  is not expected to be the reason for its 

inhibitory effect on the carbachol-evoked Ca2+ signal  (Chen and Hsu, 1994; Piiper et al., 1994; 

Shin et al., 2003). This is because bradykinin is also reported to induce IP3 synthesis and 

bradykinin-evoked Ca2+ signals were not inhibited by fluphenazine (Ataei et al., 2013; Johnson 

et al., 1990). However, this does highlight the need to confirm agonist-induced IP3 production in 

these SH-SY5Ys. Also reported by Khan and colleagues was fluphenazine’s ability to inhibit SERCA 

(Khan et al., 2000, 2001). Inhibited Ca2+ uptake into the ER via SERCA could explain their finding 

that fluphenazine inhibited IICR.  Noticeably here, fluphenazine caused a relatively rapid rise in 

basal Ca2+ which may be due to this SERCA inhibition, and a consequent net efflux of ER Ca2+ (Fig. 

4.12B and D). Furthermore, this may have contributed to the potentiated bradykinin responses 

that were observed (Fig. 4.11.D and E). If fluphenazine is truly inhibiting SERCA it would be 

expected that after a longer treatment both carbachol and bradykinin-evoked Ca2+ signals would 

be blocked due to ER Ca2+ depletion.  This can be examined by using the 1 hour pre-incubation 

method that was used for tetrandrine and the other putative TPC blockers. 

 

The selective block of carbachol-evoked Ca2+ signals by novel TPC blocker tetrandrine and 

putative TPC blockers is a promising start to identifying TPC-dependent global Ca2+ signals in SH-

SY5Ys that may be physiologically relevant. Furthermore, it may serve as a useful human cell 

screen for novel, selective TPC blockers in the future. However, at present, it is unclear whether 

these drugs truly work at the level of the TPCs. Indeed, in addition to blocking carbachol-evoked 

Ca2+ signals which appear to rely on the lysosomes, tetrandrine, sunitinib, pimozide and 

fluphenazine have all been associated with lysosomes previously: In screens designed to find 

therapeutics for Gaucher Disease fluphenazine was identified as a chaperone for lysosomal 

enzyme glucocerebrosidase although it failed to enhance enzyme activity in cell culture 

(Maegawa et al., 2009). In addition, fluphenazine and pimozide have been shown to inhibit 

lysosomal enzyme acid sphingomyelinase (Kornhuber et al., 2011). Interestingly, tetrandrine, 

sunitinib, pimozide and fluphenazine have also all been linked to the regulation of autophagy. 
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Tetrandrine induces autophagy and disrupts autophagic flux which may be due to its effect on 

lysosomal pH or ROS production (Miyamae et al., 2016; Qiu et al., 2014; Wang et al., 2015a). 

Fluphenazine and pimozide have also been identified as autophagy inducers (Barmada et al., 

2014), and sunitinib as an inhibitor of autophagic flux (Giuliano et al., 2015).  It is possible of 

course that these compounds effect autophagy by modulating TPC activity (Gómez-Suaga et al., 

2012).  

 

Tetrandrine, pimozide and fluphenazine also inhibit infectivity of viruses and bacteria which are 

known to journey through the endolysosomal system. Tetrandrine inhibits NAADP-induced Ca2+ 

signals and Ebola infection which has been attributed to its inhibitory effect on TPCs (Sakurai et 

al., 2015). Fluphenazine inhibits Middle East respiratory syndrome coronavirus (MERS-CoV) and 

severe acute respiratory syndrome coronavirus (SARS-CoV) although there is currently no 

evidence that TPCs are involved (Dyall et al., 2014; Millet and Whittaker, 2015). Finally, pimozide 

inhibits bacterial infections, with its effect on Listeria monocytogenes notably independent of 

Ca2+ entry (Alvarez-Dominguez et al., 1997; Lieberman and Higgins, 2009). 

 

Although the hope is that these drugs identified by in silico screens are genuine inhibitors of 

TPCs, they may affect the carbachol-evoked Ca2+ signals, autophagy or infection in intact cells by 

becoming sequestered inside the lysosomes.  According to the phenomenon of ion trapping 

lipophilic weak bases can move through membranes and enter the acidic lysosome (Kaufmann 

and Krise, 2007). Here they obtain protons which causes the lysosomal pH to rise. As the 

protonated forms of these weak bases are impermeable to the lysosomal membrane they 

become trapped inside the lysosome and accumulate. An acid dissociation constant (pKA) of >7 

and a lipophilicity (logP) of >2 are considered to promote such lysosomal ion trapping (Kaufmann 

and Krise, 2007; Nadanaciva et al., 2011; Seo et al., 2014). L-deprenyl, sunitinib, pimozide and 

fluphenazine are all predicted to have pKa values >7 and logP values of >2 (predicted by 

ChemAxon as listed by DrugBank). The pKa of tetrandrine is also predicted to fall within the 

parameters that favour ion trapping  (Yang et al., 2007). If these compounds do become trapped 

in the lysosomes in the SH-SY5Ys, measurements of LTR fluorescence may reveal a concomitant 

reduction in acidic organelles. Furthermore, if we consider that Ca2+ uptake is dependent upon 

lysosomal pH, this trapping may reduce lysosomal Ca2+ (Morgan et al., 2011). This alone would 

be expected to inhibit carbachol-evoked Ca2+ signals irrespective of a compound’s ability to bind 

and block the TPCs. As well as causing loss of lysosomal acidity and Ca2+ these drugs may rupture 

the lysosomes if they are trapped inside. Indeed, fluphenazine and pimozide have been shown 

to cause permeabilisation of the lysosomal membrane (Pagliero et al., 2016). However, only 
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fluphenazine induced a complete loss of LTR fluorescence, implying that retention of lysosomal 

acidity does not necessarily equate to an intact lysosomal membrane. Therefore, to establish 

whether lysosomal permeabilisation is caused by putative TPC blockers in SH-SY5Ys, the high-

throughput assay described by Pagliero et al., or experiments to determine the size of leaked 

lysosomal molecules should also be carried out (Pagliero et al., 2016; Penny et al., 2014). 

 

Lysosomal sequestration of the RTK inhibitor sunitinib has been studied in the context of  drug-

resistance (Giuliano et al., 2015; Zhitomirsky and Assaraf, 2014). If sunitinib “hides” inside the 

lysosome its therapeutic properties are effectively wasted. Moreover, sunitinib can promote 

lysosomal biogenesis which exacerbates the problem by generating a greater lysosome volume 

in which it can hide (Zhitomirsky and Assaraf, 2014). Lysosomal sequestration of sunitinib may 

be driven by ABCB1 (also known as MDR1 and P-glycoprotein) expression which is thought to 

pump the drug into the lysosomes and out of the cell. (Giuliano et al., 2015). In contrast, 

tetrandrine inhibits ABCB1 and can reverse drug resistance (Liu et al., 2016). Although the 

putative TPC blockers tested in this chapter may eventually become trapped inside the 

lysosomes it is important to consider that their rates of entrapment may differ (De Duve et al., 

1974).  If these rates are known, suitable temporal windows before sequestration could be used 

to re-examine the effects of these drugs upon TPC-mediated Ca2+ signals. Very preliminary work 

shows that tetrandrine, L-deprenyl and sunitinib all block carbachol-evoked Ca2+ signals in SH-

SY5Ys after just a 2-minute incubation, but pimozide does not (Fig. 4.12.Supplement). If 

pimozide accumulates in the lysosomes at a slower rate than the others this may indicate that 

lysosome trapping is at play. Incidentally, neither tetrandrine, nor any of the putative TPC 

blockers induced global Ca2+ signals of their own in the 2 minutes (Fig. 4.12.Supplement). As a 

final point regarding the specificity of these drugs and ion trapping, it may be informative to also 

test compounds that were not hits from the virtual screens but that have similar pKa and logP 

values. 

 

In the presence of tetrandrine and the putative TPC blockers global Ca2+ signals induced by 

carbachol were blocked in a similar manner. An intriguing and unexpected observation however, 

was that L-deprenyl, sunitinib and fluphenazine all potentiated bradykinin-evoked Ca2+ signals, 

but in subtly different modes. L-deprenyl potentiated the initial peak of the Ca2+ signal but Ca2+ 

levels returned to basal at much the same rate as the control group (Fig. 4.10D).  Sunitinib on 

the other hand did not affect the size of the initial peak but prevented the return of Ca2+ levels 

to basal throughout imaging (Fig. 4.11E). Finally, fluphenazine appeared to uniformly potentiate 

the bradykinin signal (Fig. 4.12D). This indicates that whilst all three drugs may inhibit lysosomal 
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Ca2+ release they differentially effect other components of the Ca2+ signalling network. This may 

not be surprising as these three drugs are currently administered based on distinct mechanisms 

of action. As bradykinin-evoked Ca2+ signals appear to be dependent upon ER Ca2+ (Fig. 4.5) it is 

important to assess the impact of these potentiating drugs on ER Ca2+ release. Likewise, 

repeating the experiments in Figures 4.10-12 in the absence of extracellular Ca2+ may help to 

determine whether these drugs potentiate bradykinin-evoked Ca2+ signals by promoting Ca2+ 

entry.  

 

The data presented in this chapter indicate that lysosomes, and possibly TPCs, are involved in 

carbachol-evoked global Ca2+ signals in neuronal SH-SY5Ys. Supporting this, lysosomes and TPC2 

have previously been implicated in carbachol-induced muscle contraction (Tugba Durlu-Kandilci 

et al., 2010). However, unlike the data presented here, lysosomal disruption (nor TPC2 knockout) 

did not result in complete contraction inhibition. Indeed, the severe block of carbachol-evoked 

Ca2+ signals by GPN, tetrandrine and putative TPC blockers suggests that lysosomes, and possibly 

TPCs, are integral to the initiation of the signal. Initial lysosomal Ca2+ release may trigger further 

Ca2+ release from the ER as has been reported for NAADP (Morgan, 2016).  However, this “trigger 

hypothesis” may be more controversial for “textbook” Ca2+ signals that are thought to be 

mediated by IP3. Perhaps the reverse scenario is true where local ER Ca2+ release acts as the 

initial trigger stimulating NAADP synthesis, and requiring lysosomal Ca2+ to propagate the signal 

(Morgan, 2016; Morgan et al., 2013).  

 

Reinforcing the idea that TPCs may be important for Ca2+ signal initiation is the report that TPC2 

is needed for the generation of Ca2+ signals in muscle (Kelu et al., 2015). Notably, these signals 

could also be blocked by inhibiting IP3R, nAChR or L-type VOCCs (Cheung et al., 2011; Kelu et al., 

2015). This once again reiterates the point that identification of one source of Ca2+ release or 

one route of Ca2+ entry, as an essential component for Ca2+ signals, does not preclude others. 

Indeed, the idea that multiple Ca2+ mobilising messengers work together to initiate global Ca2+ 

signals is not new (Cancela et al., 2002). 

 

From experiments conducted in untransfected SH-SY5Ys the data suggest that carbachol-evoked 

Ca2+ signals are lysosome- and possibly TPC-dependent but that bradykinin-evoked Ca2+ signals 

are not. (It should be noted that this dependence may be specific not only to the agonist used 

but also the agonist concentration (Tugba Durlu-Kandilci et al., 2010)). The purpose of 

identifying a TPC-dependent extracellular agonist was to examine its physiological global Ca2+ 

signals in a neuronal model of LRRK2-GS PD which has been associated with upregulated TPC2  
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(Hockey et al., 2015). The hypothesis was that TPC-dependent global Ca2+ signals would be 

augmented in LRRK2-GS cells, which may contribute to TPC-mediated neurodegeneration in PD. 

When comparing untransfected SH-SY5Ys with those stably expressing LRRK2 WT or LRRK2-GS 

their appearance was noticeably different (Fig. 4.13.A). First, the bodies of the LRRK2 WT SH-

SY5Ys appeared larger and flatter compared to the untransfected and LRRK2-GS cells. Neurites 

also appeared stunted. Second, LRRK2-GS SH-SY5Ys were consistently sparser on the day of 

imaging despite being plated at the same density as untransfected and LRRK2 WT cells.  In an 

effort to control for such different densities, patches of similar confluency in each cell line were 

sought for imaging. The scarcity of LRRK2-GS cells may also be the reason why they appeared to 

have more, longer neurites compared to the LRRK2 WT cells. Notably, TPCs have been implicated 

in cell differentiation therefore differential TPC activities may be responsible for the varied SH-

SY5Y morphology here (Aley et al., 2010a; Brailoiu et al., 2006; Zhang et al., 2013). Experiments 

to examine the differentiation state of these cells, and those transfected with TPC siRNAs, may 

prove affirmative. Importantly, LRRK2 is also associated with differentiation (Bahnassawy et al., 

2013; Schulz et al., 2011). Paradoxically though, neurite length in differentiated LRRK2-GS SH-

SY5Ys is shorter compared to WT controls (Plowey et al., 2008). As this result reported by Plowey 

and colleagues is in line with data from neurons it supports  the transfer of the experiments in 

this chapter to differentiated SH-SY5Ys (Borgs et al., 2016; Sánchez-Danés et al., 2012).   

 

In agreement with the hypothesis carbachol-evoked global Ca2+ signals (lysosome/TPC-

dependent) in the LRRK2-GS SH-SY5Ys were potentiated but bradykinin-evoked Ca2+ signals 

(lysosome/TPC-independent) were not (Fig. 4.13).  Intriguingly, the carbachol signal was 

potentiated at the plateau phase but not its initial peak. This plateau phase likely corresponds 

to Ca2+ entering the cell as it is non-existent in the absence of extracellular Ca2+ (Fig. 4.3A c.f. Fig 

4.5A). As discussed earlier the mechanism responsible for carbachol-induced Ca2+ entry has been 

debated, with nAChR, SOCE, VOCCs and TRPC channels possibly being involved  (Bollimuntha et 

al., 2006; Dajas-Bailador et al., 2002; Lambert and Nahorski, 1992; Ring et al., 2015). However, 

although it is the entry part of the carbachol-evoked Ca2+ signal that is potentiated in the LRRK2-

GS SH-SY5Ys, this does not discount lysosomal involvement. Indeed there is some evidence that 

TPC2 is crucial to Ca2+ signals that are also dependent upon nAChR and VOCCs (Cheung et al., 

2011; Kelu et al., 2015). Furthermore, it has been reported that global Ca2+ signals which can 

only be observed in the presence of extracellular Ca2+, and therefore probably represent Ca2+ 

entry, require intracellular Ca2+ stores (Dajas-Bailador et al., 2002). It has also been proposed 

that NAADP-induced signalling promotes VOCC activation (Arredouani et al., 2015), and 

lysosomes appear to be required for action potential-induced Ca2+ signals (Padamsey et al., 

2017). Alternatively, the plateau phase of carbachol-evoked Ca2+ signals may represent a 



189 
 

specialised lysosomal SOCE (aSOCE) involving N-type VOCCs (Hui et al., 2015). However, it is 

noted that muscarinic Ca2+ signalling inhibits N-type VOCCs in SH-SY5Ys (Reeve et al., 1995). In 

contrast, the bradykinin-evoked Ca2+ signal in LRRK2-GS SH-SY5Ys was not potentiated at the 

corresponding “plateau” phase (Fig. 4.13E and G).  

 

To begin the investigation into what may be responsible for the potentiated carbachol-evoked 

Ca2+ signals in the LRRK2-GS SH-SY5Y cells I examined the expression of TPCs. Interestingly, there 

was no difference between the LRRK2 WT and LRRK2-GS cells but expression in both was 

reduced compared to the untransfected cells (Fig. 4.14). This reduction was more pronounced 

for TPC1, which resulted in a lower TPC1/TPC2 ratio in the LRRK2-transfected cells. It is unknown 

whether this is due to LRRK2 overexpression or is an overexpression artefact. Expanding the 

family of SH-SY5Y lines to include some that are transfected with a putatively “inert” protein, or 

a LRRK2 kinase-dead mutant, would help to determine the cause.   

 

In addition to investigating TPC expression levels I compared GPN-evoked Ca2+ signals in these 

cells to assess lysosomal Ca2+ content. Rather than being potentiated this signal was slightly 

reduced in the LRRK2-GS cells compared to the LRRK2 WT controls (Fig. 4.15.A and B).  I also 

assessed ER Ca2+ content as it appeared to be a component of carbachol-evoked Ca2+ signals.  

Again, thapsigargin-induced Ca2+ responses were not potentiated in the LRRK2-GS SH-SY5Ys (Fig. 

4.15C and D). Finally, SOCE was compared as it may be required to replenish a depleted ER Ca2+ 

store for sustained carbachol Ca2+ signalling  (Lambert and Nahorski, 1992; Shen et al., 2011). 

Furthermore, involvement of TPC2 (but not TPC1) in SOCE has been reported (López et al., 2012). 

Although the preceding thapsigargin-induced responses showed no obvious difference between 

LRRK2 WT and LRRK2-GS cells there was a clear inhibition of SOCE in the LRRK2-GS population 

(Fig. 4.16A and B). This finding indicates that SOCE is not responsible for the potentiated plateau 

phase of carbachol-evoked Ca2+ signals in the SH-SY5Y LRRK2-GS PD model.  Reports of impaired 

SOCE in PD are not widespread but in research published last year it was associated with 

autophagy defects and neuronal death in PD (Zhou et al., 2016). However, Zhou and colleagues 

demonstrated that this was also linked to a clear reduction in ER Ca2+ content which was not the 

case here.  

 

Very recently it has been reported that in SH-SY5Ys with reduced TRPC1 expression thapsigargin-

induced SOCE is inhibited but the thapsigargin signal itself is unchanged (Sun et al., 2017). In 

addition, these SH-SY5Ys or TRPC1-/- neurons exhibited potentiated VOCC currents that could be 

inhibited by knocking down Cav1.3 – the VOCC channel linked to pacemaking activity of the SNc 
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and mitochondrial oxidative stress in PD (Chan et al., 2007; Guzman et al., 2010; Surmeier et al., 

2017b). Perhaps, in LRRK2-GS SH-SY5Ys TRPC1 is somehow inhibited causing reduced SOCE but 

promoting Ca2+ entry through VOCCs during carbachol-evoked Ca2+ signals. To the best of my 

knowledge there is no evidence that directly links LRRK2 to TRPC1 but it has been reported that 

LRRK2 WT and LRRK2-GS do potentiate currents through VOCCs (Bedford et al., 2016). This type 

of simultaneous differential regulation of SOCE and VOCCs has also been linked to STIM1 

(Cahalan, 2010). Investigation of VOCC activity in these LRRK2-GS SH-SY5Y cells is therefore a 

rational next line of enquiry.    

 

The type of potentiated global Ca2+ signals seen in the LRRK2-GS SH-SY5Ys may disrupt many 

Ca2+-sensitive processes throughout neurons. This may be of significance to the aetiology of PD 

which has already been associated with potentially dangerous repetitive influxes of Ca2+ in the 

SNc. Furthermore, the selective potentiation of carbachol-evoked Ca2+ signals here is consistent 

with a gain of function of the TPCs. If this is the case the perception of these lysosomal Ca2+ 

channels in PD may change: Not only may they be important for maintaining lysosomal function 

and degradation of disease-related entities such as α-synuclein or defective mitochondria, but 

be more active promoters of neuronal death by substantially derailing global Ca2+ signalling (La 

Rovere et al., 2016; Papkovskaia et al., 2012; Spillantini et al., 1997). This would also further 

highlight TPCs as potential therapeutic targets for the treatment of PD.  

 

To summarise, global Ca2+ signals evoked by the cholinergic agonist carbachol are inhibited in 

undifferentiated SH-SY5Ys when they are treated with the lysosomotropic agent GPN, with the 

novel TPC blocker tetrandrine, or putative TPC blockers identified by in silico screens. In contrast, 

Ca2+ signals evoked by bradykinin were not inhibited, suggestive of an agonist-specific 

dependence upon lysosomes and TPCs. Furthermore, in a neuronal model of LRRK2-GS PD, 

carbachol-evoked Ca2+ signals were potentiated but bradykinin signals were not. This agonist-

selective potentiation could not be attributed to enhanced TPC expression, lysosomal Ca2+ or ER 

Ca2+. In addition, store-operated Ca2+ entry (SOCE) in this PD model was reduced. This data is 

consistent with a gain of function of the TPCs in LRRK2-GS PD, and presents a possible novel 

route to neurodegeneration.  
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CHAPTER 5: Conclusions and Future Directions 

In this thesis I have explored the relationship between lysosomal Ca2+ signalling, global Ca2+ 

signalling and neurodegenerative disease. The rationale for investigating such a relationship has 

been prompted by reports of altered TRPML1 and TPC activity in neurodegenerative diseases 

(Hockey et al., 2015; LaPlante et al., 2004; Shen et al., 2012), NAADP-evoked global Ca2+ signals 

that are dependent upon these lysosomal Ca2+ channels (Brailoiu et al., 2009; Calcraft et al., 

2009; Jha et al., 2014; Zhang et al., 2011), and the potentially catastrophic effects of large Ca2+ 

fluxes in neurons (Mehta et al., 2013). For PD specifically, it has been suggested that the 

vulnerability of SNc neurons is compounded by repetitive Ca2+  influx (Chan et al., 2007; Guzman 

et al., 2010; Surmeier et al., 2017b). In addition, the more vulnerable ventral section of SNc has 

lower levels of the Ca2+ buffer calbindin-D28K (Foehring et al., 2009). Although much work 

remains to be done to support the idea that lysosomal Ca2+ channels control global Ca2+ signals, 

and that they contribute to neurodegeneration in this capacity, this thesis includes data to 

strengthen this concept and tools to aid further investigation.   

 

The first lysosomal Ca2+ channel of focus in this thesis was TRPML1. In the neurodegenerative 

diseases Mucolipidosis type IV (MLIV) and Niemann-Pick type C (NPC) TRPML1 has been 

associated with impaired local Ca2+ signalling (LaPlante et al., 2004; Shen et al., 2012). However, 

the influence of TRPML1 on global Ca2+ signalling has not been directly addressed and was the 

focus of Chapter 2.  Here I demonstrated that synthetic TRPML1 agonists could induce global 

Ca2+ signals. These could be dissected into a small intracellular Ca2+ release component and a 

large Ca2+ influx component.  This influx unlikely corresponds to store-operated Ca2+ entry 

(SOCE) as the TRPML1-mediated global Ca2+ signals were minimally affected by SOCE blocker 

BTP2. Experiments examining TRPML1-mediated Fe2+ entry as a proxy for Ca2+ supported the 

notion that TRPML1 at the plasma membrane might directly mediate Ca2+ entry. This is 

surprising given that examination of TRPML1 by confocal microscopy revealed its predominantly 

lysosomal localisation. Now the physiological relevance of this type of global Ca2+ signal must be 

ascertained. There are a handful of reports that global Ca2+ signals evoked by extracellular 

agonists are modulated in TRPML1-deficient cells or in cells expressing mutant TRPML1 

(LaPlante et al., 2004; Park et al., 2016; Soyombo et al., 2006; Zhang et al., 2009). Future studies 

in this vein may benefit from the use of synthetic TRPML1 inhibitor ML-SI3, which as shown in 

Chapter 2 can block TRPML1-mediated global Ca2+ signals.  
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An implication of the work presented in Chapter 2 is that where reduced TRPML1 activity is 

associated with neurodegeneration impaired global Ca2+ signalling should be considered as a 

conduit to disease as well as impaired local Ca2+ signalling. Perhaps for example, reduced 

TRPML1 activity results in smaller global Ca2+ signals which inhibit ATP synthesis and place 

neurons under energetic stress (Glancy and Balaban, 2012). Moreover, where experiments have 

been designed to examine TRPML1-mediated Ca2+ signals in disease these should be conducted 

in the presence of extracellular Ca2+. Otherwise any large changes to TRPML1-mediated Ca2+ 

influx may be overlooked. The impact of augmented TRPML1 activity on global Ca2+ signalling in 

disease should also be determined. Indeed, upregulation of TRPML1 appears to improve 

trafficking defects in neurodegenerative disorders and is therefore of potential therapeutic 

benefit (Cao et al., 2015b; Chen et al., 2014; Shen et al., 2012). However, if global Ca2+ signals 

are augmented by this upregulation beyond healthy levels this could spell disaster in cells that 

are already vulnerable to degeneration. Certainly, rises in intracellular Ca2+ have already been 

established as the enemy in multiple neurodegenerative diseases (Mehta et al., 2013).  

 

In Chapters 3 and 4 focus was turned to the TPC channels. As for TRPML1, TPC2 has been 

associated with disturbed local Ca2+ signalling in neurodegenerative disease (Gómez-Suaga et 

al., 2012; Hockey et al., 2015). For TPC2 though it is increased channel activity that is implied 

and the disorder is Parkinson’s disease (PD).  In fibroblasts from people with familial PD and the 

LRRK2 G2019S (LRRK2-GS) mutation upregulated TPC2 activity has been linked to disturbed 

lysosome morphology. In Chapter 3 I independently verified this morphology defect and 

extended the investigation into sporadic PD. This was to gauge whether disturbed lysosome 

morphology might be a common phenotype in PD, perhaps indicative of a common pathogenic 

pathway. As sporadic PD constitutes ~90% of PD cases discovery of such a pathway has the 

potential to benefit millions through rational drug design (Dorsey et al., 2007; Gandhi and Wood, 

2010). Indeed, I found that the lysosome population in sporadic PD fibroblasts comprised a 

greater proportion of large lysosomes and clusters of lysosomes when compared to age-

matched controls. This was confirmed by data that was generated from automated in silico 

processing of LAMP1-immunofluorescence images.  The cause of this morphology disturbance 

is unknown and the effects of knocking down TPC2, chelating local Ca2+ or inhibiting Rab7 should 

be assessed as has been done for the LRRK2-GS defect (Hockey et al., 2015).  More information 

about the health of the endolysosomal system may also be gleaned by carrying out similar 

morphometric assays with endosome and autophagosome markers.  
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As knocking down TPC2 or chelating local Ca2+ improves trafficking defects in LRRK2 PD models, 

TPC2 is expected to mediate local Ca2+ release, drawing a parallel with TRPML1 (Gómez-Suaga 

et al., 2012; Hockey et al., 2015). The involvement of TPCs in global Ca2+ signalling is however 

more widely appreciated (Brailoiu et al., 2009; Calcraft et al., 2009; Jha et al., 2014). Where data 

surrounding TPCs and global Ca2+ signalling peters out is at the level of physiological global Ca2+ 

signals evoked by extracellular stimuli. In Chapter 3 I set out to advance this topic. When 

fibroblasts were challenged with NH4Cl to compromise the lysosomes, Ca2+ signals evoked by 

the inflammatory mediator bradykinin were inhibited suggesting that the lysosomes are 

important for this physiological global Ca2+ signal. When they were subjected to TPC knockdown, 

the bradykinin-evoked Ca2+ signals were also inhibited indicating TPC involvement too. I then 

questioned whether such TPC-dependent Ca2+ signals might be potentiated in the LRRK-GS PD 

fibroblasts that have been associated with upregulated TPC2 activity.  However, this was not the 

case. Neither was there any potentiation in the sporadic PD fibroblasts. There was though a 

modest reduction in the frequency of cells displaying oscillatory responses in LRRK2-GS PD, and 

in sporadic PD the signal was slightly smaller compared to controls.   

 

It is appreciated that experiments in patient-derived fibroblasts serve as a valuable foundation 

from which to delineate pathogenic mechanisms of neurodegeneration. However, they are  

likely to fall short of recapitulating disease in neurons (Auburger et al., 2012; Ordonez et al., 

2012). To bridge the conceivable gap between fibroblasts and the brain I extended the 

investigation into a neuronal cell line – SH-SY5Y. In this cell line compromise of the lysosomes 

using GPN blocked physiological global Ca2+ signals induced by the cholinergic agonist carbachol. 

However, in contrast to fibroblasts, bradykinin-evoked Ca2+ signals were not inhibited by 

lysosome compromise in the SH-SY5Y cells. The reason for this cell-type discrepancy is unknown 

but perhaps highlights the importance of choosing an appropriate cell-type to investigate 

mechanisms of disease. Experiments to assess the effect of multiple lysosomotropes on 

bradykinin-evoked Ca2+ signals, in both cell types, may confirm this cell-type specificity of 

lysosome-dependence.  

 

Another area where fibroblasts and SH-SY5Ys differed was TPC knockdown. Unfortunately, TPC 

knockdown proved inefficient in SH-SY5Ys compared to the fibroblasts, and could not be 

resolved within the time frame of this project.  Therefore, the TPC-dependence of physiological 

global Ca2+ signals was explored by pharmacological intervention. Notably, there are currently 

no selective TPC blockers to the detriment of the field. However, tetrandrine, an inhibitor of L-

type voltage-operated Ca2+ channels (VOCC), has recently been identified as a TPC inhibitor 
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(Sakurai et al., 2015). In SH-SY5Ys tetrandrine selectively blocked carbachol-evoked Ca2+ signals; 

selectivity that was conferred by bradykinin-evoked Ca2+ signals that remained intact.  

 

To find selective TPC blockers collaborators have screened drugs that are FDA-approved but not 

classed as Ca2+ channel antagonists. Encouragingly, in a similar manner to tetrandrine, putative 

TPC inhibitors from these screens selectively blocked carbachol-evoked Ca2+ signals in the SH-

SY5Ys. As such this agonist-selective assay in human cells may form part of a working pipeline to 

identify or develop selective TPC blockers. Use of such blockers in the lab could propel TPC 

research and provide further insights into how TPC activity might contribute to diseases 

including PD. Importantly, by screening drugs that are already widely-approved for human use, 

the time between drug discovery and clinical use may be drastically cut. Furthermore, if the link 

between upregulated TPC activity and PD continues to hold, such drugs may serve to modify the 

disease (Gómez-Suaga et al., 2012; Hockey et al., 2015).  However,  there are obvious issues 

about the use of DA receptor inhibitors such as pimozide or fluphenazine in the treatment of PD 

which is characterised by a loss of DAergic activity (Brichta et al., 2013; Peters, 2013). 

 

Further experiments are required to exclude the possibilities that tetrandrine and the putative 

TPC blockers selectively inhibit carbachol-evoked Ca2+ signals by blocking other Ca2+ channels or 

simply becoming trapped inside the lysosomes. Expanding this assay to comprise multiple cell 

types and agonists would also strengthen it and negate the hypothesis that these drugs are in 

fact carbachol antagonists. In this light, the inhibitory effect of tetrandrine upon physiological 

Ca2+ signals in fibroblasts has been examined during the close of this project. As shown in Figure 

5.1 tetrandrine inhibited global Ca2+ signals evoked by bradykinin, although the effect was 

surprisingly modest. In contrast, global Ca2+ signals evoked by histamine were more substantially 

inhibited. This must now be followed up by stringent examination of the signals to determine 

their TPC dependence. This result may also have implications for the work on fibroblasts 

presented in Chapter 3: If global Ca2+ signals evoked by histamine are more TPC-dependent than 

those of bradykinin it might be expected that histamine-evoked Ca2+ signals are inhibited to a 

greater extent by TPC knockdown. Furthermore, in the LRRK2-GS PD fibroblasts, histamine-

evoked Ca2+ signals may more clearly differ from age-matched control cells.  

 

The differential effects of tetrandrine and putative TPC blockers in SH-SY5Ys suggested that 

global Ca2+ signals evoked by carbachol are TPC-dependent but that those evoked by bradykinin 

are not. Considering this, and the association between upregulated TPC2 activity and LRRK2-GS, 

it was hypothesised that carbachol-evoked Ca2+ signals would be augmented in SH-SY5Ys stably 
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expressing LRRK2-GS but that bradykinin-evoked Ca2+ signals would not be. This was proven to 

be the case. The cause of the potentiated carbachol-evoked Ca2+ signals in the presence of 

LRRK2-GS is unclear but is consistent with increased TPC activity.  If this is confirmed it would 

diverge the perception of lysosomal Ca2+ signalling in neurodegenerative disease: In addition to 

disrupting local processes, disturbed lysosomal Ca2+ signalling may perturb Ca2+-dependent 

processes throughout neurons, which may be an even greater threat to their survival. 

 

The last finding here was that SOCE was reduced in the neuronal model of LRRK2-GS PD. This 

has recently been echoed in sporadic PD and pla2g6 PD, and although it has not been a focus of 

this thesis, renewed attention to SOCE in PD may be warranted (Zhou et al., 2016). Indeed, a 

retrospective examination of SOCE in the sporadic and LRRK2-PD fibroblasts used in Chapter 3 

may uncover a common Ca2+ signalling defect in PD.  

 

As a final point, the future of this investigation should no doubt be directed towards neurons 

and neuron-glial co-cultures to substantiate these findings. For sporadic PD, where there is no 

known genetic predisposition, transformation of the patient fibroblasts into neurons would 

provide a valuable model (Sánchez-Danés et al., 2012). 

 

In summary (Fig. 5.2), I demonstrated that the lysosomal Ca2+ channel TRPML1 is capable of 

mediating global Ca2+ signals although it has predominantly been associated with local Ca2+ flux. 

Building upon reports that TPCs mediate global Ca2+signals, I demonstrated the physiological 

relevance of this by identifying extracellular agonists that elicit TPC-dependent global Ca2+ 

signals. Finally, I have shown that global Ca2+ signals evoked by these agonists are modulated in 

PD patient fibroblasts and in a neuronal PD model. These disturbances may have damaging 

consequences in PD although their TPC dependence requires further examination. During this 

process I also developed a method of automated image-processing to quantify lysosome size 

and frequency in fibroblasts (see Kilpatrick et al., 2017), and laid the foundations of a screen in 

human neuronal cells to facilitate the identification of novel TPC blockers. 
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Figure 5.1 Recently identified TPC inhibitor tetrandrine preferentially inhibits histamine-

evoked Ca2+ signals in fibroblasts  

(A and B) Data quantifying magnitude of Ca2+ signals in Ctrl fibroblasts stimulated with (A) bradykinin 

(as appears in Fig. 3.4B) or (B) histamine at a range of concentrations. Each plot point represents one 

experiment.   The bradykinin (10 nM) and histamine (10 μM) concentrations used in C and E are 

outlined in red.  (A) Data from 28-32 fibroblasts per experiment from 1 plating. (B)  Data from 12-21 

fibroblasts per experiment from 1 plating. (C) Average cytosolic Ca2+ traces (mean of experiments ± 

S.E.M) of Ctrl fibroblasts stimulated with bradykinin (10 nM) in the presence of DMSO or tetrandrine 

(10 μM). (D) Data quantifying magnitude of responses in C. Each plot point represents one 
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experiment, n=8/9 (DMSO/tetrandrine). A total of 209/255 (DMSO/tetrandrine) fibroblasts from 5 

independent platings were analysed. (E and F) Same format as for (C and D), upon stimulation with 

histamine (10 μM), n=4/4 (DMSO/tetrandrine). A total of 169/160 (DMSO/tetrandrine) fibroblasts 

from 2 independent platings were analysed. Methods as described in Chapters 2-4. 

Figure 5.2 Lysosomal Ca2+ Signalling and Neurodegeneration – A Global View. Conclusions 

and Future Directions  

TRPML1 and TPC2 dysfunction has been associated with disrupted local Ca2+ signalling in 

neurodegenerative diseases such as MLIV and PD. Such disruption may contribute to 

neurodegeneration (curved left-hand arrow). However, it is unknown whether global Ca2+ signalling 

is also disturbed by their dysfunction and whether this contributes to neurodegeneration (straight 
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arrow on left). To investigate this, progress through 4 phases has been incremented in this thesis. 

Phase 1: verification that the lysosomal Ca2+ channel in question can mediate global Ca2+ signals. 

Phase 2: confirmation that the lysosomal Ca2+ channel mediates physiological global Ca2+ signals in 

response to extracellular stimuli. Phase 3: demonstration that these physiological signals are altered 

in models of neurodegenerative disease. Phase 4: investigation of phases 1-3 in a neuronal model of 

neurodegenerative disease. 

 

The lysosomal Ca2+ channel under investigation, and the phases covered in each results chapter are 

indicated.   

 

Topics of lysosomal Ca2+ signalling that are supported by the literature 

Phases addressed in this thesis 

Phases requiring further investigation 
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Appendices 

Appendix A: Additional genes implicated in PD or 

parkinsonism 

PLA2G6: Mutations in PLA2G6 are associated with parkinsonism as well as infantile neuroaxonal 

dystrophy (INAD) and neurodegeneration with brain iron accumulation (NBIA) (Morgan et al., 

2006; Paisan-Ruiz et al., 2009). PLA2G6 has been linked to regulation of lipid peroxidation, 

oxidative stress and mitochondrial function (Kinghorn et al., 2015). Ca2+ signalling is also 

modulated by PLA2G6: In astrocytes mutant PLA2G6 is associated with reduced Ca2+ signals in 

response to ATP (Strokin et al., 2012). Inhibited SOCE was also observed in fibroblasts from 

PLA2G6-PD patients and from sporadic PD patients (Zhou et al., 2016). This was recapitulated in 

PLA2G6-/- mice in which ER Ca2+ content appeared reduced.  These mice exhibited motor 

dysfunction, autophagic dysfunction and loss of DA neurons in the SNc from 16 months. 

 

SYNJ1: In 2013 mutant Synaptojanin-1 (encoded by SYNJ1) was linked to autosomal recessive, 

early-onset parkinsonism (Krebs et al., 2013; Quadri et al., 2013). Synaptojanin-1 is recruited by 

endophilin A to clathrin pits and is a phosphoinositide phosphatase. This function is important 

in  the recycling of synaptic vesicles following clathrin-mediated endocytosis (Mani et al., 2007; 

McPherson et al., 1996; Milosevic et al., 2011). Synaptojanin-1, along with dynamin-1, is 

dephosphorylated by calcineurin in response to rises in Ca2+ during endocytosis (Cousin et al., 

2001). 

 

HTRA2: This protease appears to have a role in mitochondrial maintenance. A heterozygous 

mutation and a polymorphism in HTRA2 that are associated with PD were shown to cause 

mitochondrial dysfunction when overexpressed in SH-SY5Y or HEK293 cells (Strauss et al., 2005). 

It is a regulator of apoptosis and autophagy and can be phosphorylated by PINK1 (Li et al., 2010; 

Plun-Favreau et al., 2007). 

 

FBX07: FXBO7 mutations have been associated with autosomal recessive early onset pyramidal 

parkinsonism (Fonzo et al., 2009). Roles in ubiquitination and maintaining mitochondrial health 

have been proposed for FXBO7: It is part of the PINK1-PARKIN team of mitophagy (Burchell et 

al., 2013) and ubiquitinates substrates including c-IAP1 (inhibitor of autophagy), GSK3β (a 
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component of Wnt signalling) and TOMM20 (an OMM protein) (Kuiken et al., 2012; Teixeira et 

al., 2016). 

 

UCHL1: UCHL1 is reported to have both ubiquitin hydrolase and ligase activity, and is expressed 

predominantly in the brain (Day and Thompson, 2010; Liu et al., 2002). The exact functions of 

WT UCHL1 are unclear but it appears to add ubiquitin conjugates to α-syn and may be important 

for axonal maintenance or as an antioxidant (Bishop et al., 2016; Liu et al., 2002). The I193 

mutant form has been implicated in loss of dopaminergic neurons in the SNc (Setsuie and Wada, 

2007).  The relative importance of UCHL1 in PD aetiology is debatable, exemplified by two meta-

analyses in disagreement as to whether the S18Y mutation is a protective factor against PD 

(Healy et al., 2006; Maraganore et al., 2004).  

 

VPS13C: A single nucleotide polymorphism in the vicinity of VPS13C was picked up in GWAS 

meta-analysis by Nalls and many colleagues (Nalls et al., 2014). Very recently, loss of function 

truncated VPS13C mutants have been associated with autosomal recessive parkinsonism 

(Lesage et al., 2016). Endogenous VPS13C localises to the OMM, and VPS13C knockdown was 

associated with reduced mitochondrial membrane potential, increased respiration rate, 

increased PINK1/Parkin-mediated mitophagy, and transcriptional upregulation of Parkin, in 

response to mitochondrial damage. 

 

CHCHD2: Mutations in CHCHD2 have been associated with autosomal dominant PD (Funayama 

et al., 2015). The WT protein localises to the mitochondria and is protective against oxidative 

stress  (Aras et al., 2015; Liu et al., 2015). 

 

EIF4G1: The encoded EIF4G1 protein is the scaffold for the eukaryotic translation initiation 

complex eIF4F (Villa et al., 2013). Interestingly, LRRK2 phosphorylates 4E-BP which is a 

component of the same complex (Imai et al., 2008). EIF4G1 mutations associated with 

parkinsonism cause reduced mitochondrial membrane potential in response to oxidative stress 

compared to WT (Chartier-Harlin et al., 2011). Elsewhere, depletion of EIF4G1 also resulted in 

reduced mitochondrial membrane potential as well as increased autophagy (Ramírez-Valle et 

al., 2008). Upregulation of EIFG41 expression in conjunction with VPS35 mutations is a toxic 

combination in yeast (Dhungel et al., 2015). In yeast expressing α-syn upregulation of EIF4G1 

suppressed associated toxicity. Neuronal death following in in vitro ischemia was linked to 

degradation of EIF4G1 by calcium-activated calpain, thus indicating a neuroprotective role for 

EIF4G1 (Vosler et al., 2011). 
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DNAJC13: DNAJC13 binds Hsc70, is thought to regulate clathrin-mediated trafficking, and is 

associated with parkinsonism (Girard et al., 2005; Vilariño-Güell et al., 2014). Disrupted 

trafficking of the transferrin receptor has been demonstrated in cells overexpressing mutant 

DNAJC13. In cells subjected to DNAJC13 knockdown trafficking of the EGF (epidermal growth 

factor) receptor, M6P receptor and cathepsin D is disturbed (Girard et al., 2005; Popoff et al., 

2009).   

 

DNAJC6: Encoded by DNAJC6, Auxilin is restricted to neurons and has been associated with 

juvenile parkinsonism (Ahle and Ungewickell, 1990; Edvardson et al., 2012).  Auxilin is thought 

to be important in clathrin-mediated endocytosis, and binds Hsc70 (Eisenberg and Greene, 

2007).  

 

TMEM230: TMEM230 colocalises with the TGN, pre-synaptic vesicles and endosomes. Very 

recently TMEM230 mutations were linked to autosomal dominant Parkinson’s disease (Deng et 

al., 2016). This study showed that such PD mutations slowed movement of synaptic vesicles and 

that TMEM230 was present in midbrain Lewy Body inclusions of sporadic PD patients. This work 

is part of an ongoing dispute between two groups studying the same pedigree. The opposing 

group was the first to link mutations in DNAJC13 to PD (Farrer et al., 2017; Vilariño-Güell et al., 

2014). 
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Appendix B: Example binary images for lysosome size 

and frequency analysis  
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Appendix C: In silico-based drug screens for FDA-

approved, selective TPC blockers 

L-Deprenyl – Dr Taufiq Rahman and Professor Sandip Patel 

The voltage-operated Na+ channel (VONC) antagonist bupivacaine has been identified as a TPC 

blocker (Rahman et al., 2014). Using ligand software, a conformer library of FDA-approved drugs 

was screened against bupivacaine for shape and electrostatic similarities. L-deprenyl was the 

highest-ranked drug that was not a VONC antagonist, and also docked to a TPC model as 

described (Rahman et al., 2014). L-deprenyl inhibited NAADP-induced Ca2+ release in sea urchin 

egg homogenate in a concentration-dependent manner. L-deprenyl did not block cADPR-

induced Ca2+ signals. 

 

 

A. B. 

C. 

Identification of L-deprenyl as a putative TPC blocker Figures provided by Dr Taufiq Rahman 

and Prof Sandip Patel. (A) The distribution of top hit FDA-approved drugs according to IC50s on 

NAADP-induced Ca2+ release in sea urchin egg homogenate (x axis) and in silico TPC docking (ΔG; y 

axis). Grey circles represent VOCC and VONC antagonists. L-deprenyl is represented by the black 

square. (B) Inhibition curve showing concentration-dependent block of NAADP-induced Ca2+ release 

in sea urchin egg homogenate. (C) Inhibition of Ca2+ released by NAADP (1 µM) and cADPR (1 µM) in 

sea urchin egg homogenate.  L-deprenyl was used at 1mM.  
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Sunitinib, pimozide and fluphenazine – Drs Christopher Penny and Taufiq Rahman 

Human TPC2 was modelled on the recently reported structure of plant TPC1 as a template (Guo 

et al., 2016). Using docking software, a conformer library of FDA-approved drugs was screened, 

and drug interactions with the modelled pore were scored. These scores were cross-referenced 

with in vitro screens for Ebola infection inhibitors (Johansen et al., 2015; Kouznetsova et al., 

2014). A handful of the best binders to  the modelled TPC pore and the most potent inhibitors 

of Ebola infection were selected for screening in the sea urchin egg homogenate. Sunitinib, 

pimozide and fluphenazine all blocked NAADP-induced Ca2+ release in a concentration-

dependent manner, and selectively blocked this over cADPR-induced Ca2+ release. 

Identification of sunitinib, pimozide and fluphenazine as a putative TPC blockers (legend on 

next page) 
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All figures adapted from originals by Dr Penny. (A) The distribution of top hit FDA-approved drugs 

according to in silico TPC2 docking (ChemGauss4 score; x axis) and IC50s reported in in vitro Ebola 

screens (y axis). (B) Inhibition curves showing concentration-dependent block of NAADP (1 µM)-

induced Ca2+ release in sea urchin egg homogenate. (C) Inhibition of Ca2+ released by NAADP (1 µM; 

block colours) and cADPR (5 µM; coloured dots) in sea urchin egg homogenate. All three drugs were 

used at 100 µM. Ca2+ release normalised to that in the absence of the indicated drug. 
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