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Abstract 
Multiple sclerosis is a chronic inflammatory demyelinating disease characterized by limited 

neuronal remyelination, which results in impaired saltatory conduction of signals, axonal atrophy 

and eventually irreversible neurodegeneration. 

Our previous studies showed that muscarinic receptor (M1/3R) antagonists induced human 

OPC (hOPC) differentiation and accelerated myelination in an in vivo model of hypomyelination. 

Furthermore, lentiviral knock down of M3R in hOPCs increased oligodendrocyte differentiation 

and, in mice, conditional knock out of M3R in OPCs led to enhanced remyelination thus 

demonstrating an important regulatory role of M3R in OPC differentiation. 

We found that muscarinic agonist treatment induces intracellular Ca2+ store depletion and 

subsequent induction of store operated calcium entry (SOCE). SOCE is known to mediate 

signaling events and regulate gene expression downstream of Gq-coupled receptors such as M3R. 

In this study, we hypothesized that the SOCE Ca2+ response is necessary for the anti-

differentiative effect of M3R and that antagonism of SOCE would block the effect of muscarinic 

agonist on hOPC differentiation. 

SOCE is mediated by stromal interaction molecule (STIM1&2), the ER Ca2+ sensor which 

interacts directly with Orai1, the pore forming element to form a Ca2+ specific channel, CRAC 

channel. STIM is also reported to activate transient receptor potential canonical 1 (TRPC1) 

channel which contributes to SOCE currents in many cells. 

We first assessed the expression of SOCE machinery in hOPCs and the pattern of 

expression during mouse development and in MS patient lesions. Moreover, we investigated the 

physiological role of TRPC1, STIM 1 and 2 proteins by blocking their function in hOPCs. TRPC1 

was blocked using TRPC1 specific antibody and siRNA against STIM1 and 2 genes in hOPCs, 
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the effect on differentiation was analyzed in vitro. Blocking the function of TRPC1 channel with a 

specific antibody resulted in reduction in Calcium influx currents post store depletion induced by 

muscarinic activation in hOPCs. Moreover, TRPC1 channel blockade and gene downregulation 

reduced hOPCs differentiation in vitro. 

Using a pool siRNA against STIM1 and STIM2, revealed the importance of STIM2 in 

driving hOPCs differentiation where downregulation of STIM2 resulted in significant inhibition of 

differentiation. Whereas knocking down STIM1 had no influence on hOPCs differentiation. In 

addition, we assessed the functional role of STIM1 and STIM2 in hOPCs utilizing individual siRNA 

but we detected variability in the phenotype exhibited by using individual siRNA against STIM1 

and STIM2 of comparable knock down efficiency. Therefore, we developed lentivirus for 

overexpressing STIM1 and STIM2 in hOPCs to study the influence of the gain of function on 

hOPCs differentiation. When STIM1 gene was upregulated in hOPCs, we observed no significant 

change on hOPCs differentiation while overexpressing STIM2 in our preliminary studies resulted 

in enhancement of hOPCs differentiation, these results were in consistence with down regulation 

of STIM1 and STIM2 in hOPCs using pool siRNA. 

Furthermore, we used STIM1/2 floxed mice to study the role of SOCE in adult murine 

NG2+ OPCs during remyelination in vivo. Interestingly, our pilot study indicated enhancement in 

OPCs differentiation evident by increase in CC1+ oligodendrocytes in mice with double deletion 

of STIM1 and STIM2 in the lysolecithin induced hypomyelinated lesion area in comparison with 

the wild type animals. 

Together these studies will provide additional understanding of and mechanistic insight 

into M1/3R signaling in the regulation of OPC fate. The functional importance of Ca2+ influx via 

SOCE may represent a final common pathway for failed OPC differentiation and represents an 

intriguing target for future therapeutic intervention. 
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Chapter 1: Background 

1.1	 Multiple	 sclerosis and Demyelinating diseases 

Multiple Sclerosis (MS) is an inflammatory disease that affects the human central nervous 

system (CNS) primarily through an auto-immune process that causes demyelination. The clinical 

presentation of the disease is variable between different patients but commonly occurs in a 

reversible episodic pattern with onset of neurologic symptoms followed by recovery, this is 

referred to a relapsing, re-emitting multiple sclerosis (RRMS). Eventually, a number of patients 

with relapsing-remitting disease progress into Secondary Progressive Multiple Sclerosis (SPMS), 

a neurodegenerative-like disease associated with permanent neurologic dysfunction and 

disability (Trapp and Nave 2008). Alterations in axonal transport have been implicated as a 

common pathological mechanism in MS progression and may underlie several 

neurodegenerative disorders including spastic paraplegia, Alzheimer disease and Huntington’s 

disease (Irvine and Blakemore 2008). 

Approximately 400,000 people in the USA were diagnosed with MS, the estimated medical 

cost per patient-year reached $54,000 in 2017 (Sedal, Winkel et al. 2017). Current FDA approved 

immunomodulatory agents for MS as Interferon beta, Glatiramer acetate and monoclonal 

antibodies, such as Natalizumab, have contributed greatly in limiting disease progression, and 

decreasing frequency of relapses. However, their potential risk of eliciting immunodeficiency and 

inconvenience of administration for injectable drugs limit patient adherence and successfulness 

of therapy (Sedal, Winkel et al. 2017). To date, the available MS disease modifying therapies 

(DMTs) provide benefit in controlling the inflammatory component of the disease but upon disease 

progression to the degenerative phase such treatment approaches are less effective (Smith, 

Cohen et al. 2017). 
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Demyelination is a common hallmark of multiple sclerosis and is characterized by the loss 

of the insulating lipid-rich myelin sheath that facilitates saltatory conduction in the vertebrate CNS. 

Demyelination can occur as a primary or a secondary disorder. Primary demyelination is the result 

of direct insult of oligodendrocytes, the cells that makes the myelin sheath, while, secondary 

demyelination occurs as a result of primary axonal loss (Franklin and Ffrench-Constant 2008). 

The functional impairment that follows demyelination is evident by the loss of salutatory 

conduction, neurological dysfunction and subsequent permanent neurodegeneration (Franklin 

and Ffrench-Constant 2008). 

Remyelination is a spontaneous repair process that re-establishes saltatory conduction 

and mitigates the functional deficits associated with demyelination and, in doing so, preserves 

axonal integrity (described in Figure 1). The myelin sheath imparts multiple neuroprotective 

benefits on the ensheathed axon acting as a barrier against toxins and pro-inflammatory 

mediators as well as providing neurotrophic support to neurons. Remyelinated fibers exhibit 

reduced myelin sheath thickness compared to equivalent normal myelin internodes (Franklin and 

Ffrench-Constant 2008). However, this is sufficient to restore saltatory conduction and restore 

neurological dysfunction in animal models. As such, the promotion of remyelination is still 

considered a promising therapeutic approach for MS disease therapy with the goal of restoring 

neuronal function in inflammatory neurodegenerative conditions like MS. 

2 



   

 

 

 

         
         

         
         

        
             

           
         

         
     

Figure1: Schematic diagram describing the process of remyelination and its environmental 
requirements. (1) demyelinated axons post insult generate myelin debris. (2) Demyelination 
activates resident astrocytes and microglia. (3) The activated astrocytes and microglia secrete 
factors that recruit monocytes from blood vessels. (4a) microglia phagocytic activity become 
activated (4b) monocytes differentiate into phagocytic macrophages. (5a) Crosstalk between 
activated astrocytes and macrophages in order to activate each other. (5b) The consequence of 
such activation, is the production of growth factors that act on oligodendrocytes progenitors. (6) 
Macrophages are responsible for removing myelin debris, a beneficial environment to 
remyelination. (7) Oligodendrocyte progenitors approach demyelinated axons. (8) Progenitors 
then differentiate into re-myelinating oligodendrocytes. Modified from (Franklin 2002). 

3 



   

 

         

             

            

            

         

            

           

 

       

           

           

           

         

          

            

           

          

           

          

              

            

 

         

         

Remyelination includes two main steps; a recruitment phase followed by differentiation 

phase. Inadequate provision of OPCs to the site of injury (recruitment failure) or lack of 

differentiation of the recruited OPCs to oligodendrocytes can lead to remyelination failure 

(Franklin, Zhao et al. 2002). Protraction in these two phases can occur normally with aging, 

manifested as declined rate of remyelination besides fluctuating inflammatory responses and 

signaling mediators’ expression. Sim, Zhao et al. (2002) described a delay in oligodendroglial 

progenitor cells (OPCs) recruitment to sites of injury/demyelination and slow remyelination in old 

rats. 

The biphasic process of remyelination is governed by a complex environmental signaling 

events, and a finely tuned environment that allows recruitment of OPCs and repopulation that 

should be sufficient to progress to differentiation. Thus, expression levels of signaling molecules 

and mediators are important to orchestrate this process (Franklin, Zhao et al. 2002). Perturbation 

such as deficiency in OPC recruiting factors has been shown to limit remyelination (Williams, 

Piaton et al. 2007). Several hypotheses have been proposed to explain remyelination 

dysregulation underlying reasons including lack of OPCs as interpreted by Niehaus, Shi et al. 

(2000) and abnormal interaction between myelinating cells and axons. The denuded axon could 

be not permitting myelination through expression of cell surface inhibitory molecules as PSA-

NCAM (poly-sialylated neural cell adhesion molecule) or the interaction between the 

demyelinated axon and differentiating oligodendrocytes is preventing further myelination via 

binding of axonal LINGO-1, a Nogo receptor interacting protein that is when in complex with Nogo 

receptor acts to inhibit OPCs differentiation and Nogo-A, an antiadhesive molecule expressed by 

oligodendrocytes. 

Remyelination failure has been also attributed to a block in OPCs differentiation due to 

presence of an inhibitory microenvironment. Such microenvironment hinders the ability of the 

4 



   

            

           

         

              

     

          

           

       

        

           

         

         

          

           

          

          

          

        

 
	 	 	 	 	

           

              

              

            

           

              

precursor population (OPCs) to differentiate into the mature myelinating oligodendrocytes that are 

responsible for generating myelin sheath around neuron axons. Moreover, the normal 

transcriptional regulation of OPCs differentiation during development and after demyelination 

incidents is thought to be altered in MS disease (Wolswijk 1998, Kuhlmann, Miron et al. 2008, 

Mei, Lehmann-Horn et al. 2016). 

Considerable progress has been made so far to understand the influence and reasons 

behind this differentiation block and the nature of the inhibitory environment. An interesting finding 

is that the accumulation of glycosaminoglycan hyaluronan synthesized by astrocytes in 

demyelinated lesions from MS patients and animal models of autoimmune encephalomyelitis, 

plays a role in inhibiting remyelination through inhibiting maturation of OPCs recruited to 

demyelinating lesions. Interestingly this inhibitory effect on maturation was reversed in OPCs 

cultures following high molecular weight hyaluronan degradation (Back, Tuohy et al. 2005). 

However, differentiation block could occur due to loss of pro-differentiation signals observed in 

chronic MS lesions devoid of reactive astrocytes. Moore, Abdullah et al. (2011) highlighted the 

myelinating influence of astrocytes through secretion of favorable factors that can promote 

myelination. Therefore, a profound understanding of the normal developmental lineage, the 

regulation of OPC fate, and the intrinsic molecular regulators of differentiation and remyelination 

are necessary for developing novel therapeutic strategies targeting MS disease. 

1.2	 Normal OPCs developmental lineage	 and fate 

Myelinogenic OPCs are an abundant cell progenitor in both the developing and adult 

human brain, with most active generation during the second trimester (Sim, McClain et al. 2011). 

OPCs in turn are derived from neural stem cells and are distinguished by their expression of 

specific cellular marker CD140a which is an epitope of platelet derived growth factor receptor 

(PDGFRα). These cells do not express mature neuronal or astrocytic phenotype markers, which 

facilitated their selection and isolation in different studies (Sim, McClain et al. 2011, Abiraman, 

5 



   

                  

          

         

        

         

           

        

          

          

            

         

      

 

       
          

Pol et al. 2015). In general, glial committed cells can be identified by their expression of type 4 

chondroitin sulfate proteoglycan or NG2, as well as CD140a, these precursors can develop 

eventually into either oligodendrocytes or astrocytes as terminal fate. While, A2B5 cell surface 

ganglioside epitope identifies uncommitted populations of both glial and immature neuronal cells 

(Windrem, Schanz et al. 2008, Sim, McClain et al. 2011). 

Along the process of progression from the precursor state to the terminally differentiated 

myelinating oligodendrocytes, there are intermediate forms of immature oligodendrocytes that 

originate from the bipolar process-bearing progenitors as shown in (Figure 2). These 

intermediates are characterized by gradual increase in multi-branching and they can be identified 

by utilizing antibodies for O4 and an observable decline in the precursor marker expression 

CD140a. Their final developmental fate is the highly differentiated mature oligodendrocyte 

labelled by MBP and other myelin proteins. 

Figure 2: Schematic diagram representing the stepwise morphological transformation 
process with antigenic marker representation. Simple bipolar progenitors develop into 

6 



   

         
      

 

         

           

           

        

       

         

      

        

            

         

           

       

      

            

     

            

            

        

        

          

        

immature pro-oligodendrocytes with multiple processes, then into membrane sheath bearing 
mature oligodendrocytes and eventually myelinating oligodendrocytes (Zhang 2001). 

This fine process of developmental progression from the committed precursors (OPCs) to 

their corresponding terminal fate (OLs) is tightly regulated by complex mechanisms that include 

differential transcription factor activity and the differential expression of surface antigens and 

receptors that play key functional roles in cellular signaling and OPCs development. 

Oligodendrocyte progenitor cells specifically express A2B5, PDGFRαR and NG2 surface 

antigens. Upon differentiation of the precursor cells, the generated pre-

oligodendrocytes/immature oligodendrocytes express O4 intermediate oligodendroglial lineage 

marker. Specific differentiation to oligodendrocytes requires the expression of the transcription 

factor Olig2 as well as Sox8/9/10 (Miron, Kuhlmann et al. 2011). Transitioning from the 

intermediate stages to the mature terminally differentiated oligodendrocyte requires expression 

of myelin related proteins such as myelin basic protein (MBP), myelin associated glycoprotein 

(MAG), myelin oligodendrocyte glycoprotein (MOG), oligodendrocyte-myelin glycoprotein 

(OMgp), 2’,3’-cyclic nucleotide 3’ -phosphodiesterase (CNPase) and proteolipid protein (PLP) 

which is an abundant protein present in CNS myelin (Bello-Morales, Pérez-Hernández et al. 2011, 

Miron, Kuhlmann et al. 2011). 

Aberration in the function and/or the expression of these regulators is a major research 

focus of current studies that aim to identify the contributors to both OPCs quiescence and 

generation of the negative environment that induces a differentiation block leading to the 

subsequent failure of remyelination in demyelination disorders such as MS. 

In efforts to fully assess and understand the importance of leading a normal OPCs 

developmental lineage down to their terminally differentiated fate of myelinating (and 

7 



   

          

        

          

             

       

         

            

            

           

            

  

 

	 	 	 	 	 	 	
	

          

            

        

             

                

         

          

        

    

       

             

           

remyelinating) oligodendrocytes and the potential clinical use of this precursor population (OPCs) 

as a transplant therapy for remyelination. Human OPCs (CD140a+) have been transplanted into 

neonatal myelin deficient shiverer mouse which possesses a genetic deletion of myelin basic 

protein (MBP), so they are incapable of generating myelin around axons (Sim, McClain et al. 

2011). Interestingly, these cells demonstrated extensive migratory and proliferative capacity 

following transplantation. In addition, significant myelin generation begins at 8 weeks post-

transplant and over the course of the following weeks and months transplantation of human OPCs 

results in the progressive myelination of large volumes of the hypomyelinated white matter (Sim, 

McClain et al. 2011). This study indicates the capability of transplanted human OPCs to 

differentiate in vivo into myelinating oligodendrocytes, hence presenting a valuable tool for myelin 

repair in MS. 

1.3	 Muscarinic Receptors in the CNS and Signaling 	role 	in 	OPCs 	development 
and 	Differentiation 

Muscarinic receptors (M1-M5) are known to be widely expressed in both the central 

nervous system (CNS) and the peripheral nervous system (PNS). M1-M5 are activated by the 

endogenous ligand acetylcholine then in turn activates GTP binding regulatory proteins (G 

proteins). Muscarinic receptors link to different G proteins leads to activation of distinct signaling 

pathways; M1, M3, M5 receptors are linked to Gq-type of G proteins. While, M2 and M4 receptors 

are associated with Gi/Go-type of G proteins. Muscarinic receptors mediate cholinergic signaling 

in postganglionic parasympathetic neurons and on target organs as well. However, muscarinic 

signaling is not limited to parasympathetic innervation only, muscarinic receptors are also 

expressed in sympathetic neurons (Haga 2013). 

Muscarinic signaling is integral for mediating cholinergic neurotransmission and is 

proposed to play a critical role during brain development by regulating cell survival, proliferation 

and differentiation. VanDeMark, Guizzetti et al. (2009) found that carbachol activation of M1R in 
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rat pyramidal neurons resulted in an increase in axonal growth via induction of calcium 

mobilization. Moreover, (Radu, Osculati et al. 2017) reported involvement of Ca2+ influx mediated 

by M1/M3 receptors that are expressed on brain microvascular endothelium, in regulating vessels’ 

blood pressure. Muscarinic receptors in the CNS became interesting targets in addressing 

neurodegenerative disorders such as Parkinson’s disease. Zhou, Wen et al. (2004) have 

described enhanced proliferation and differentiation of neural stem cells downstream activation 

of M2 muscarinic Ach receptors (mAchR) on neural stem cell surface. 

Given the reported importance of muscarinic signaling in the CNS, it became intriguing to 

study muscarinic involvement in regulating other progenitor populations such as OPCs and the 

pathological involvement of muscarinic signaling in MS disease. Considering the standing role of 

OPCs in myelination, it is essential to ask questions like: What are the mechanisms behind 

manipulation of OPCs differentiation? What are the possible involved targets and signaling 

pathways that should be investigated in order to develop novel antagonizing approaches for the 

negative regulators? Previous work from our lab (Sim, McClain et al. 2011, Abiraman, Pol et al. 

2015) have begun answering these questions by identifying muscarinic signaling particularly 

muscarinic receptor subtype 3 (CHRM3, or M3R) as a downstream regulator of OPCs 

differentiation in vitro and in vivo. In these studies, activate and constitutive muscarinic signaling 

mediated blockade of differentiation that was efficiently reversed by applying M1/3R-

selective muscarinic antagonists, such as darifenacin and solifenacin, as well as genetic 

approaches involving RNAi-mediated knock down of M3R. 

Our lab focused on mapping cell surface receptors and comparing the expression level of 

antigens in CD140a+O4+ and CD140a- O4+ OPCs, aiming to identify genes that are liable to 

up/down regulation throughout the differentiation process. Intriguingly, it was found that M3R 

displayed high expression profile in CD140a+O4+cells (Figure 3) and strong downregulation in 

CD140a- O4+ differentiated oligodendrocytes (Zhang et al., 2014a, Abiraman et al., 2015). A 
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finding which suggests M3R as a potential therapeutic target that plays a key role in regulating 

OPC differentiation, knowing that M3R has little to no expression in other glial cell types (Zhang 

et al., 2014). 

Figure 3: Gene expression heat map of microarray analysis of FACS-sorted hOPC 
subfractions. Gene expression levels of cell surface receptors in each cell fraction were analyzed 
relative to CD140-O4- cells gene expression. CHRM3 (M3R) was highlighted based on high 
expression (red) in CD140a+O4+ cells, followed by downregulation (beige) in CD140a-O4+ 

committed oligodendrocytes. Each column represents one individual fetal forebrain sample. 

The functional role of M3R in human OPCs differentiation was investigated in vitro by 

treating OPCs cultures with a potent non-selective muscarinic agonist (Oxotremorine-M), 

activation of muscarinic signaling produced dose-dependent decline in the proportion of 

O4+ oligodendrocytes compared to the control (Antonellis, Bennett et al. 2006, Abiraman, Pol et 

al. 2015). These results indicated the inhibitory role of muscarinic signaling in 

hOPCs differentiation. 

The effect of muscarinic signaling blockade was assessed in an in vivo model in 

Abiraman, Pol et al. (2015) in order to mimic the normal physiologic environment in MS 
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characterized by complexity of involved cellular populations, inflammatory mediators as well as 

an active immune system. A follow up study was conducted to examine the effect of muscarinic 

antagonists such as solifenacin (a M1/3R selective antagonist) on differentiation of hOPCs and 

myelination in vivo. CD140a/PDGFaR+ hOPCs were transplanted into the corpus callosum of 1-3 

days pups of hypomyelinated shiverer/rag2 mice. In comparison with the control group of animals 

which received only saline, solifenacin treated animals showed enhanced MBP positive staining 

in the corpus callosum as well as increased number of human CC1+ oligodendrocytes (a terminal 

oligodendrocyte marker), indicating that systemic solifenacin administration indeed induced 

oligodendrocyte differentiation of human OPCs. 

Until recently little was known about the selective functional role of muscarinic receptor 

subtypes in hOPCs. A study was conducted investigating the role of M3R on hOPCs differentiation 

since its expression exceeds the other subtype M1R found in hOPCs (Welliver, Polanco et al. 

2018). A genetic approach of lentiviral knock down of M3R in human CD140a/PDGFaR+ was 

employed. Interestingly, M3R knockdown induced differentiation of hOPCs in vitro displayed by a 

boost in O4+ cells and increase in MBP expression. In addition, significant myelin formation 

following transplantation of hOPCs harboring deletion of M3R into hypomyelinating shiverer/rag2 

mice was observed in the animals’ corpus callosum 12 weeks post implantation. Knockdown of 

M3R enhanced the expression of MBP, which indicates enhanced human oligodendrocytes 

maturation and myelination. 

This regulatory role of M3R signaling in vivo encouraged further exploration of whether 

M3R could regulate oligodendrocytes differentiation and remyelination after induction of a focal 

demyelinated lesion as described (Welliver, Polanco et al. 2018). Solifenacin treated animals 

showed an increase in a differentiation and maturation marker Plp1(Proteolipid)-positive 

oligodendrocytes at 14 days post lesion induction in comparison with the control animals that 

received saline. In order to exclude any compensatory role of M1R, a mouse model of conditional 
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knock out of M3R was generated. Chrm3 gene deletion was induced by tamoxifen injections to 

activate cre-mediated deletion of in adult NG2-expressing OPCs. This was followed by induction 

of lysolecithin demyelinating lesions in the spinal cord. Interestingly, M3R knockout animals 

showed enhanced Plp1+ oligodendrocytes expression in the lesion area in a manner similar to 

solifenacin treated animals with an induced hypomyelinated lesion. This study further provided 

consistent evidence of enhanced differentiation upon inhibition of M3R signaling. 

More emphasis has been placed on antimuscarinic compounds as promising regenerative 

therapeutics in MS (Abiraman, Pol et al. 2015, Welliver, Polanco et al. 2018). Another group, Mei, 

Fancy et al. (2014) conducted initial high throughput screening of 1000 bioactive molecules in 

vitro and eventually identified eight FDA approved compounds with antimuscarinic properties that 

caused enhancement in oligodendrocytes differentiation. These included clemastine and 

benzatropine that have ample penetration to the blood brain barrier as well as quetiapine, 

atropine, oxybutynin and trospium, tiotropium and benzatropine that do not. In the same mouse 

spinal cord model of demyelination induced by lysolecithin, clemastine was administered to the 

animals before induction of the toxic injury. Clemastine enhanced differentiation at 7 days post-

lesion (dpl) as evidenced by enhanced MBP expression. Moreover, the analysis of remyelination 

at 14 dpl by electron microscopy revealed accelerated kinetics of remyelination and decreased 

percentage of demyelinated axons compared to the control. 

Of note, at least in OPCs, muscarinic receptors display differential mRNA expression 

between species. Rat OPCs showed significant expression of all five MR subtypes (Ragheb, 

Molina-Holgado et al. 2001). While, in mice M1 and M3 receptors were found to be more highly 

expressed than any of the other muscarinic receptor subtypes in mouse PDGFRα+ OPCs and 

M1/3R expression was found to be very low in other glial cell types (Zhang, Chen et al. 2014, Mei, 

Lehmann-Horn et al. 2016). In contrast, human OPCs expressed M3R at higher levels than M1R 
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mRNA suggesting that M3R may be more important in the human. This was supported by calcium 

imaging data described below. 

Welliver, Polanco et al. (2018) were able to detect and measure strong intracellular 

calcium release responses when hOPCs were treated with muscarinic agonist (Oxotremorine-M). 

Interestingly, the amplitude of these calcium spikes following Oxo-M dosing was significantly 

attenuated upon knocking out M3R in hOPCs. These results suggest Ca2+ signaling as a 

downstream component to M3R. Calcium is a ubiquitous intracellular second messenger that 

affects almost every aspect of a cell’s life and death, and considered the most tightly regulated 

ion among all membrane bound organisms (Carafoli and Krebs 2016). Calcium signaling 

regulates mitochondrial function, movement and viability. Importantly, calcium showed 

contribution in innate immunity and apoptosis; Ca2+ dependent annexin 1 associated with the cell 

membrane followed by flipping to the extracellular face, marking apoptotic cells for removal 

(Clapham 2007). Interactions of Ca2+ with other cellular molecules and mediators appear to play 

key role in Ca2+ mediated effects; cellular motility regulated by Ca2+ requires binding of calcium to 

troponin in order to relieve tropomyosin’s block of myosin/actin binding. Furthermore, Ca2+ 

interaction with calmodulin regulates cellular shape via control of myosin’s interaction with 

cytoskeletal actin (Clapham 2007). 

Perturbation of calcium homeostasis can induce demyelination in MS and other CNS 

inflammatory diseases as AIDS leukoencephalopathy where HIV-1 envelope protein gp120 

induce slow sustained calcium increase (Soliven 2001). Such increase in calcium release was 

linked to decline in MBP expression and enhancement in cell death in oligodendrocytes (Soliven 

2001). Calcium signaling in pluripotent stem cells became an attractive question where many 

studies tried to address it particularly in terms of the influence on proliferation and differentiation 

(Apáti, Berecz et al. 2016). Oligodendrocyte lineage cells have shown expression of multiple 

neuroligand receptors that are linked to intracellular calcium homeostasis; a adrenergic, H1, 
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muscarinic, P2y, glutamate, GABA, bradykinin receptors. It was found that the downstream 

targets of calcium that are implicated in cellular proliferation include protein kinase C, CREB as 

well as Ca2+/calmodulin kinase II and IV (Soliven 2001). 

It became interesting to study mechanisms of calcium entry, distinct calcium signaling 

pathways that dictates Ca2+ influence in cellular activities. Chen, Chen et al. (2013) refers to 

calcium influx that is mediated by multiple channels distributed in various regions across the cell 

membrane rendering [Ca2+]i in close proximity to different cellular signaling molecules and 

subsequent engagement in different signaling pathways. Sobol, Belostotskaya et al. (2005) 

described intracellular store release as the underlying mechanism by which probiotic products 

enhance the differentiation of cancerous cells into neuron like structures. Whereas, Cheli, 

Santiago Gonzalez et al. (2016) showed that calcium influx via Cav1.2 L-type VOCC plays a 

critical role in astrocytes activation and proliferation. Using scratch wound assay, an observable 

increase in the activity of L-type VOCC in reactive migrating astrocytes compared with the 

quiescent astrocytes away from the scratch line. Intriguingly, Cav1.2 knock-out astrocyte cultures 

experienced decline in the migratory ability as well as extent of proliferation. Thus, inhibition of 

Cav1.2 could be an efficient way to hinder astrocytes activation. 

Furthermore, Paez, Fulton et al. (2009) found that activation of VOCCs mediated Ca2+ 

influx lead to enhancement of myelination in oligodendrocytes. The proposed mechanism refers 

K+to the effect of accumulated in the peri-axonal space due to neuron membrane 

hyperpolarizations on the induction of depolarization in adjacent oligodendrocytes’ plasma 

membrane and subsequent activation of VOCC mediated Ca2+ entry during periods of 

remyelination. In contrast, Welliver, Polanco et al. (2018) suggested a negative influence of Ca2+ 

influx through store operated calcium entry downstream M3R on hOPCs differentiation. 
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To this end, it’s intriguing to understand the nature of store operated calcium entry (SOCE) 

and to study their functional link with G-protein coupled receptors. 

1.4	 Store operated calcium entry	 machinery 

Until recently SOCE mechanism of operation and its key players were poorly understood. 

Liou and colleagues screened 2304 signaling proteins and employed RNA interference gene 

knock down approach directed against Drosophila in S2 cell line (Liou, Kim et al. 2005). The study 

identified stromal interaction molecules (STIM1 and STIM2 in humans) as key players of SOCE. 

STIM proteins have an EF-hand in the endoplasmic reticulum (ER) lumen which upon dissociation 

of the bound calcium and release from ER induce activation of the STIM proteins. The activation 

of STIM proteins is through homo-oligomerization and translocation to the ER-PM junctions 

followed by large aggregates assembly to form puncta, to which Orai 1 proteins (located in the 

plasma membrane) are recruited and consequently SOCE is activated. The most important 

regions in STIM proteins are the evolutionary conserved EF-hand and the sterile a motif (SAM) 

domain. In the Ca2+ bound /quiescent state, the c-terminal helix of the SAM domain is anchored 

into the EF-hand cleft (EFSAM). On the other hand, in a Ca2+ depleted state, there is a 

destabilization state coupled with STIM luminal domain oligomerization. Such oligomerization 

induces conformational changes in the STIM1 cytosolic domains followed by a subsequent 

translocation events and activation of Orai1 generating CRAC channels for calcium influx. In fact, 

the cytosolic domains of STIM proteins have conserved domains (CC1, CC2 and CC3) that are 

essential for coupling with and activation of Orai1. Mutations induced in CC1 were found to induce 

a conformational extension that results in rendering CC2-CC3 domains constitutively activating 

Orai1 channel (Zhou, Cai et al. 2017). 

STIM proteins exist as dimers with a single STIM-Orai activating region (SOAR) that is 

only exposed upon activation, the critical region of interaction involves the Phe-394 residue. 

Looking at Orai1 as a channel, it was revealed to be a hexameric transmembrane protein with the 
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N-terminal transmembrane helix (TM1) forming the Orai1 channel pore at the hexamer center. 

Interestingly, mutations in Orai1 nexus region that is adjacent to STIM1 binding site render Orai1 

constitutively active in a similar manner as if gated by STIM1 (Zhou, Cai et al. 2017). 

Several theories have been proposed to explain the mechanism and nature of STIM1-

Orai1 interaction (reviewed in Zhou, Cai et al. 2017). Initially, it was suggested that STIM1 

interacts with Orai1 in a 2:1 ratio, where six STIM1 dimers are required for a single Orai1 

hexameric channel. In contrast, more recent structural studies suggested another form of 

bimolecular interaction so that a single STIM1 dimer binds to two adjacent Orai1 subunits. Finally, 

it has been concluded that Orai1 channel activation occurs via a simple interaction between a 

monomeric active SOAR unit within the STIM1 dimer and the cytoplasmic transmembrane TM4 

of the Orai1 channel. 

STIM1 (ER Ca2+ sensor) activation of calcium entry pathways are not restricted to Orai1 

CRAC channel protein only but also reported to activate TRPC1 channels as another gate for 

Ca2+ influx contributing to SOCE. TRPC1 channel mediates nonselective cation currents, being 

permeable to Ca2+ , Na+ and Cs+ post activation of IP3R on the endoplasmic reticulum membrane 

and intracellular Ca2+ store is release (Salido, Sage et al. 2009). TRPC1 channel activity is 

subjected to regulation through the C-terminal domain that interacts with Ca2+ binding protein 

calmodulin as a negative feedback inhibition following Ca2+ influx. The exact subcellular 

localization of TRPC1 is a controversy, some studies reported its expression in the plasma 

membrane using immunostaining, and others suggested expression in the inner membranes only. 

TRPC1 also interacts with other components of the SOCE, an interaction between TRPC1 and 

IP3R has been documented through co-immunoprecipitation. Such co-localization was only 

evident after store depletion. This complex formation was found to be impaired by introduction of 

a peptide mimicking IP3 which decreased the delayed phase induced by thapsigargin (TG); a 

drug that stimulates IP3R and induces intracellular Ca2+ store release. Vazquez, Wedel et al. 
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(2004) and Yuan, Kiselyov et al. (2003) demonstrated that TRPC1-IP3R association was mediated 

by an adaptor protein called Homer that creates a feasible physical interaction generating a 

dynamic complex TRPC1-IP3R and Homer, the disassembly parallels TRPC1 activation. TRPC1 

has also been shown to bind Caveolins through a conserved region in close proximity to the first 

transmembrane domain, the deletion of such region results in inhibited targeting of TRPC1 to the 

plasma membrane (Vazquez, Wedel et al. 2004). 

It is important to understand the structure activity relationship of TRPC channels: TRPC1 

has six transmembrane domains and the pore region is speculated to be localized between TM5 

and TM6. The N-terminal has 3 to 4 ankyrin repeats, coiled coil region plus a caveolin binding 

site. While, the cytoplasmic C-terminal region comprise TRP signature motif called EWKFAR, a 

conserved proline rich motif and CIRB which is a region for Calmodulin/IP3R binding and an 

additional coiled coil region. On assessing the functional importance of ankyrin repeats, it was 

revealed that not all of them are important since one splice variant of TRPC1 is missing the third 

out of four ankyrin repeats (Vazquez, Wedel et al. 2004). 

There are cellular events appeared to facilitate the process of SOCE; lipid raft domains 

mediate the clustering of STIM1 into ER-plasma membrane, such clustering is functionally 

required to allow the interaction of STIM1 with TRPC1 and ultimately activating SOCE. Lipid rafts 

plays the same functional role for the interaction between Orai1 and STIM1as well (Salido, Sage 

et al. 2009). 

1.5	 Differential expression 	of SOCE 	components 

STIM 1 and STIM2 differ in their pattern of expression; STIM1 RNA has been consistently 

detected in skeletal muscle and brain while STIM2 showed significant expression in the heart and 

brain(Moccia, Zuccolo et al. 2015). In human brain, STIM1 highest expression is in the cerebellum 

then moderate in cerebral cortex and lowest in the hippocampus. While, STIM2 is highly detected 
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in the hippocampus and cerebral cortex, and medium in the cerebellum (Kraft 2015). In mice 

brain, STIM1 dominates in the cerebellum and STIM2 leads in the hippocampus and 

cortex(Skibinska-Kijek, Wisniewska et al. 2009, Moccia, Zuccolo et al. 2015). This expression 

pattern infers involvement of STIM1 in control of motor coordination and STIM2 in memory 

acquisition and storage. 

As reviewed in Kraft (2015), SOCE in some regions of the CNS is mediated primarily 

according to STIM1 or STIM2 dominant expression; STIM2 was reported to mediate SOCE in 

hippocampal synapses and cortical neurons. While, STIM1 carries out same role in cerebellar 

purkinjie neurons. However, both STIM1 and STIM2 mediated SOCE showed involvement in 

regulation of migration and phagocytosis in microglia. Moreover, Kraft (2015) described different 

subcellular localization pattern for STIM1 and STIM2; hippocampal neurons showed enhanced 

expression of STIM2 in both the soma and dendrites in contrast to STIM1 whose expression was 

only restricted to the soma. 

(Zhang, Chen et al. 2014) referred to the different developmental expression of STIM1 

and STIM2 in the oligodendroglial lineage, STIM1 is expressed by oligodendrocytes progenitor 

cells (OPC), relative higher expression upon differentiation to the newly formed oligodendrocytes 

and further decline with maturation to the myelinating form. Nonetheless, STIM2 is far highest in 

abundance in oligodendrocytes progenitors and gradually decrease in expression after 

differentiation and the least expression is during myelination. 

TRPC channels (TRPC1, TRPC3, TRPC4, TRPC5, TRPC6), another component of SOCE 

show wide spread expression in mammalian brain, heart, lung, kidney, vascular smooth muscles 

and other tissues as well (Gees, Colsoul et al. 2010). In a similar manner to STIM1 and STIM2, 

the expression profile of TRPC also changes during development. For instance, Zeng, Tian et al. 
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(2016) detected higher expression of all TRPC proteins in embryonic compared with adult stages 

in rats. 

TRPC1 subfamily showed most abundant distribution in the brain; hippocampus, 

amygdala, cerebellum, substania nigra and inferior colliculus as described in (Martinez-Galan, 

Verdejo et al. 2018). The same study reported that Ca2+ influx via TRPC1 activates group I 

metabotropic glutamate receptors (mGluRs) in the perisynaptic regions of dendritic spines in the 

neocortex, it was suggested that TRPC1 is activated by cholinergic signals acting on muscarinic 

receptors in the pyramidal cells. 

1.6	 SOCE and link	 to G-protein coupled	 receptors 

G-protein mediated signaling is a very common transmembrane signaling mechanism, 

stimulation of Gq-protein coupled receptors (GPCR’s) induces activation of phospholipase C 

(PLC)-b isoform, the activated PLC causes hydrolysis of phosphatidylinositol-4,5-biphosphate 

(PIP2) which generates diacylglycerol (DAG) and inositol 1,4,5- trisphosphate (IP3). IP3 in turns 

activates IP3R in the ER membrane inducing release of intracellular Ca2+ stores, the subsequent 

depletion of the store is a signal for activation of Ca2+ entry through highly Ca2+ selective CRAC 

channel and a non-selective cationic TRPC1 channel (Luo, Broad et al. 2001). A plethora of 

cellular events are then regulated by intracellular Ca2+ including proliferation, migration, 

contraction, secretion and gene transcription regulation. 

Thus, SOCE evoked calcium responses downstream GPCR’s does not contribute only to 

the re-fill of intracellular stores but appears to be involved in regulating various cellular functions 

through Ca2+ influx. Itagaki, Kannan et al. (2002) have reported diverse physiological responses 

through induction of SOCE post activation of G-protein coupled receptors in human 

polymorphonuclear neutrophils. Moreover, Hu, Pan et al. (2014) showed that activation of calcium 
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sensing receptors (CaSR) which is a type of GPCRs by extracellular calcium in rat osteoblasts 

initiates store operated calcium entry with subsequent elevation of osteoblastic proliferation. 

1.6	 Involvement of SOCE in regulating cellular processes 

Remodeling of SOCE during cellular events such as differentiation has been detected in 

several studies. Bell, Hann et al. (2013) observed decline in the expression of STIM1 and Orai1 

proteins in differentiated N-type neuroblastoma cells. Another study, Hao, Lu et al. (2014) 

illustrated dynamically regulated expression of STIM1 and Orai1 proteins during neural 

differentiation of mouse embryonic stem cells (ES). Interestingly, in the same study knocking 

down STIM1 resulted in significant cell death and suppressed proliferation. While Orai 1 knock 

down did not interfere with differentiation. According to STIM1 seem to play an essential role in 

early differentiation of ES cells and survival. 

Collectively, SOCE appears to be an attractive target in addressing stem cells’ cellular 

processes such as proliferation and differentiation. Given the record of being activated 

downstream G-protein coupled receptor in addition to the reported calcium responses following 

muscarinic activation in (Welliver, Polanco et al. 2018), it became interesting to us to investigate 

the functional role of SOCE in hOPCs as a downstream signaling component to M3R and explore 

its involvement in mediating the anti-differentiative effect of M3R signaling in hOPCs. 

Herein, we assess the physiologic importance of the individual components of SOCE; 

TRPC1, STIM1 and STIM2 in hOPCs, their possible mechanistic regulation of hOPCs 

differentiation and their importance in cell survival. 
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Chapter 2: Materials and Methods 

2.1 Cell Culture Preparation 

I. Human 	CD140a/PDGFaR 	cell 	preparation 

Fetal brain tissue samples (17-22 wk gestational age) were obtained from patients who 

consented to tissue use under protocols approved by the University at Buffalo Research Subjects 

Institutional Review Board. Forebrain tissue was minced and dissociated using papain and DNase 

as previously described (Conway, O'Bara et al. 2012) . Magnetic sorting of CD140a positive cells 

was performed as described (Pol, Lang et al. 2013). The cells were seeded on poly-L-ornithine 

and laminin coated plates, the formulas are described in Appendix A and were maintained in 

neural differentiation (ND) media(Abiraman, Pol et al. 2015). Cells were maintained in progenitor 

state in presence of growth factors 20ng/ml PDGF-AA (peprotech) and 5ng/ml of NT-3 

(peprotech) and Antibiotic/Antimycotic (Ab/Am) (Lonza, Walkersville, MD). Detailed protocol for 

Human Fetal Forebrain Dissociation and Magnetic Activated Cell Sorting (MACS) is described in 

Appendix B. 

II. CG-4 	cultures 

Rat CG-4 OPCs (Louis, Magal et al. 1992), cells were cultured at a density of 5 x 104 

cells/ml on poly-D-lysine coated flasks (T-75) in ND media supplemented with 10ng/mL PDGF-

AA and 10ng/mL bFGF (PeproTech). Then cells were allowed to reach ~80% confluent density 

prior to lysis for protein extraction, a detailed passage protocol for CG4 cells can be found in 

Appendix B. 

III. HEK293T 	cultures 

HEK293T cells were cultured in a serum supplemented media (10 ml) in a flask (T-75) at 

a density of 5 x 104 cells/ml without prior coating, two thirds of media volume were replaced with 
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fresh media every other day to replace consumed nutrients in the media. HEK293T cells were 

given time to reach 80 % confluence, either for direct lysis for protein extraction or for further 

passage to set up for other experiments including virus generation and titration. A detailed 

passage protocol for HEK293T cultures can be found in Appendix B. 

2.2	 In vitro differentiation experiment 

MACS sorted human CD140a+ OPCs (passage 0) or thawed human CD140a+ OPCs 

(passage 1) were plated on poly-ornithine and laminin coated 48 well tissue culture treated plates 

(Greiner Bio-one, #677180) in ND media supplemented with growth factors. For all differentiation 

experiments, cells were plated at a density of 25-50k/mL except differentiation experiments with 

prior transfection cells were seeded at 50-80 k/ml. 

Post seeding human CD140a+ OPCs were maintained in culture medium containing 20 

ng/ml PDGF-AA and 5 ng/ml NT-3. 24 hours post seeding, removal of the growth factors 20 ng/ml 

PDGF-AA (Peprotech) and 5ng/ml of NT-3 (Peprotech) and replacement with fresh ND media 

without growth factors. Duration of differentiation experiment is 4 days, cells were live-stained 

with O4 primary antibody (1:10 or 1:25), 30 minutes incubation period at 37 °C, then fixed using 

4% Paraformaldehyde, VWR International (Cat. # JTS898) for 15 minutes. Fixed cultures were 

subsequently stained with conjugated secondary antibody; Alexa 488, 594 or 647 at final 

concentration of 1:500 (Invitrogen), and cell nuclei were labeled with DAPI at a final concentration 

of 1:10,000 (Sigma). Approximately 10-16 random fields are imaged per condition using 10x 

phase objective in using an Olympus IX51 microscope and at least 300-400 O4+ cells were 

counted and expressed as a percentage of total DAPI+ cells. A total of 1000-2000 cells were 

counted per condition. 

Differentiation experiments that involved pre-incubation of hOPCs with TRPC1 channel 

blocking antibody [10 µg/ml], antibody blocking peptide [10 µg/ml], Alomone lab (ACC-010) and 
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dosing with Oxotremorine-M [40 µM], Fischer Scientific, (Cat. # 1067/100), these reagents were 

provided to the cells in two doses; on the first and third days of the differentiation experiment, 

dilutions were made using ND media without growth factors. 

2.3	 siRNA-mediated gene knockdown 

siRNA molecules were obtained from Thermo Fisher Scientific, sorted human CD140a+ 

OPCs were seeded at 50-80% confluence onto 48-well plates. According to the targeted gene in 

the experiment, transfection was done 24 hours later, 100nM stealth siRNA against STIM1 

(Invitrogen, ID#’s: HSS110308, HSS110309, HSS186144) and/or STIM2 (Invitrogen, ID#’s: 

HSS183972, HSS183973, HSS183974) combined or individually or 50 nM silencer select siRNA 

(siTRPC1) and a negative control Invitrogen; Stealth RNAi TM siRNA negative control Med GC 

Duplex #2, (Cat. #: 12935112), Silencer™ Select Negative Control No. 1 siRNA (4390843) and 

Silencer™ Select GAPDH Positive Control siRNA (4390849). siRNA sequences for knocking 

down TRPC1 human gene, Invitrogen s14410, HSS110980, HSS110981 and HSS110982 have 

been assessed using QPCR for knock down efficiency but showed weak to none knock down, so 

were excluded from the study. 

Lipofectamine RNAiMAX (Thermo Fisher Scientific Cat. # 13778030) was used as a 

transfection reagent. Incubation period with the transfection media (siRNA in addition to 

lipofectamine RNAiMax) was changed from overnight period to 8 hours only but toxicity concerns 

then media was replaced by fresh ND media supplemented with growth factors (20ng/ml PDGF-

AA (peprotech) and 5ng/ml of NT-3 (peprotech)). For siSTIM differentiation experiments, removal 

of growth factors and start of differentiation was done 24 hours post transfection while siTRPC1 

experiments, differentiation was started 48 hours post transfection, since enhanced knock down 

efficacy was observed at 48-hour point. Working stock for siSTIM1 and siSTIM2 was 20 µM post 
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siRNA product reconstitution with nuclease free water and 10 µM for siTRPC1siRNA. 

Experimental dilutions to the desired concentrations of the siRNA, negative and positive controls 

were made using Opti-mem, ThermoFischer Scientific (Cat. # 31985-070). 

2.4	 Quantitative PCR analyses 

RNA was extracted from hOPCs after 24-48 hours post transfection with siRNA according 

to the experiment (siSTIM1 or siSTIM2 or siTRPC1), using a total RNA isolation kit (Omega Bio-

Tek). cDNA was synthesized using SuperScript III reverse transcriptase (Invitrogen). Human-

specific primers designed using NCBI Primer-BLAST. GAPDH was used as a control gene. 

Samples were run at least in triplicates and gene expression was calculated by ΔΔCt analysis. 

Specific primer sequences can be found in Appendix A, detailed protocol for RNA isolation and 

CDNA synthesis can be found in Appendix B. 

2.5	 Cell viability assay 

Overall viability was measured in hOPCs cultures 72 hours post-transfection with 

combined and individual sequences of siSTIM1 and siSTIM2 and a negative control. Live staining 

with calcein [3 µg/ml], VWR International (Cat. # 80050-600) and Dapi [1µg/ml], Aldrish (Cat. # 

D8417-5MG) 

for 30 min at 37° C. Then live culture imaging for Calcein and Dapi fluorescence was performed 

utilizing a 10x objective and Olympus IX51 microscope. Images for 10 random fields were taken 

per condition. Cells were counted using the NIH ImageJ software and data expressed as live: 

dead cells ratio and dead cells/mm2 of field area. 
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2.6	 Calcium Imaging With LV-EF1: GCaMP6s 

Calcium imaging experiments were performed using an Olympus IX51 microscope at 10 

x with an Exfo X-Cite or Xylis illumination and Hamamatsu ORCA-FLASHv4 camera. All phase 

images and fluorescent time-lapse acquisitions were performed at room temperature and 

captured using μManager (Edelstein, Amodaj et al. 2010). Drugs were reconstituted and aliquoted 

within 1 week prior to each experiment, and thawed immediately prior to imaging. 

Reagents preparation: Both TRPC1Ab and blocking peptide, Alomone lab (ACC- 010), 

were prepared as a stock of 1:10 dilutions in phenol red, calcium, and magnesium free HBSS 

(Corning, #21-022). Conditions prepared individually with a final concentration of TRPC1 channel 

blocking antibody [10 µg/ml] and antibody blocking peptide [10 µg/ml]. In the condition receiving 

both the antibody and its blocking peptide, they were added as 1:1 ratio. Antibody ± peptide 

preparations were incubated at 37° C for 30 minutes prior to media replacement on the cells 

before imaging. ND media was replaced on all conditions with phenol red, calcium, and 

magnesium free HBSS,15 minutes prior to imaging. 

Calcium containing media was prepared by solubilizing solid CaCl2 in phenol red, calcium, 

and magnesium free HBSS to a final concentration of [500µM] in the well volume. Aliquots for 

Oxo-M & MRS, Tocris Bioscience, were thawed immediately before each experiment. A 1:1 

dilution was completed between 40x stocks per each drug-pair tested in order to prepare a single 

working stock solution containing agonist and antagonists both at 20x final concentrations. Oxo-

M final concentration per well [25 µM] and MRS-1845 [10µM], final DMSO diluent concentration 

did not exceed 0.15%, which did not interfere with [Ca2+]i. 

LV-GCaMP6s (1 MOI) generated as described in Welliver, Polanco et al. (2018), infected 

hOPCs were seeded at 5 x 104 cells/mL in a 48-well plate and imaged 24 hours later. Conditions 

were imaged simultaneously in each trial by alternating between fields in 5 second intervals at 
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488nm excitation and 400ms exposure. Total imaging time of 20 minutes (240 frames) for each 

two opposing wells (conditions). Drug addition (Oxo-M [25 µM] ± MRS-1845 [10µM]) was done 

after 2 minutes from the start of imaging to generate initial baseline, followed by 10 minutes 

interval time to allow the first Calcium response through activated ER store release to occur. 

Calcium re-introduced to the media via addition of [1.2mM] CaCl2 at 10 minutes (frame:144), after 

Oxotremorine-M addition with final 8 minutes of additional imaging to allow second calcium peak 

due to store operated calcium entry to occur and resolve prior to imaging end at the 240th frame. 

Phase images were taken to generate ROIs corresponding to the soma of every cell, 

processing of images and analysis of calcium responses, was carried out in R as previously 

described in Welliver, Polanco et al. (2018). Raw area under the curve measurements of 

responsive cells was analyzed for store depletion (1st peak) and SOCE (2nd peak), and statistical 

significance was tested on AUC of SOCE normalized to that of ER-Depletion using one-way 

ANOVA. 

2.6	 Western blotting 

Protein lysates from minced mice brain tissue from the prefrontal cortex region in addition 

to three cell lines were used for Western blotting for detection of TRPC1 protein expression: 

HEK293T cells, CG4 cells and hOPCs. Each cell line was cultured in the corresponding media as 

described above. Cultures were then washed with cold PBS and lysed in RIPA homogenization 

buffer together with protease inhibitors (Roche, Germany) or protease inhibitor cocktail, Cat. # 

P8340), and phosphatase inhibitor cocktail 2 (Sigma-Aldrich, St. Louis MO) and phosphatase 

inhibitor cocktail 3 (Sigma-Aldrich, St. Louis MO). Lysates were sonicated and protein 

concentrations determined using a Bradford Assay (Bio-Rad, Hercules CA). 30μg of protein 

mixed with a sample buffer Sample Buffer Laemmli (2X) concentrate (S3401 sigma) or NuPAGE 

LDS Sample Buffer (4X) (Thermofischer scientific, NP0007), then this sample preparation was 

loaded to a 10% poly-acrylamide gel for electrophoresis. Proteins were transferred to a 
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nitrocellulose membrane and blocked with commercial blocking buffer (Rockland Pottstown) or 3 

% BSA in PBS, Invitrogen (Cat. # 15260-037) according to Alomone lab protocol. Primary 

antibodies mentioned in Appendix A, were applied for overnight period at 4°C with gentle agitation 

to ensure even exposure. Secondary antibodies mentioned in Appendix A, were diluted in 

Rockland buffer and blots were imaged using Li-Cor Odyssey Infrared Imaging System and 

quantified using the NIH ImageJ software. 

2.7	 Plasmid DNA Extraction 

For STIM2 and the empty vector lentiviral DNA, a prior transformation step was required, 

into One shot TM STBL3TM Chemically competent E. coli, Invitrogen (Cat. # C7373-03) following 

product protocol. DNA from purchased plasmids mentioned in Appendix A was extracted from 

their original plasmids by first streaking and isolating bacteria from the original plasmid bacterial 

stab on an LB Agar plate followed by selection of 2-4 single clones per gene. 

Inoculations from these single colonies were grown and the broth utilized for extraction of 

plasmid DNA from inoculated clones using EZNA Plasmid DNA Mini Kit I, Omega Biotek. DNA 

yield per clone was assessed by Nanodrop then subsequent confirmation of insert size per clone 

was assessed by utilizing restriction digest enzymes in presence of working buffers; for STIM2 

and the empty vector plasmid DNA NEBuffer™ Set (1.1, 2.1, 3.1 and CutSmart®, Biolabs (Cat. # 

B7200S), EcoRI Cat. # B0101S, FspI (Cat. # R0135S) and for STIM1 plasmid DNA, 

Thermofischer, FastDigest Buffer 10 x, (Cat. # B64), Nhel-FD (Cat. # FD0694) and Xhol-FD (Cat. 

# FD0974) were used for DNA samples digestion followed by running PCR for digested and 

undigested DNA sample preparations. Selection of best clone was done post gel imaging and 

inspection of fragments’ bands and comparing with predicted digestion results. The selected clone 

was re- inoculated, growing bacteria for further extraction of plasmid DNA using EZNA Endo-free 

Plasmid DNA Midi Kit I, Omega Biotek. 
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2.8	 Lentiviral Generation, Titration, and Validation 

Transfection of HEK 293T cells cultured in 48 well plate at density 5 x 104 with extracted 

experimental plasmid DNA. In addition, pTRIP-mCherry was transfected as a positive control 

Packaging plasmids pLP/VSVG (Invitrogen) and psPAX2 (AddGene) were used. Transfection 

was carried out using lipofectamine LTX, Invitrogen (Cat. # 15338100). Transfection duration was 

18 hours followed by replacement of HEK media with ND media described in Appendix A. Viral 

supernatant was then collected at 48 hr post transfection. 

HEK and hOPCs were used for assessing virus multiplicity of infection (MOI), cells were 

plated in a 48 well plate VWR (Cat. # 82051-004) at a density of 5 x 104 K/ml. 24 hrs post seeding, 

cells were infected with increasing volume of the test virus assuming a titer of 1-2 million VPU/ml 

with a control pTRIP virus. Virus containing media was removed after 3 hours and replaced with 

the suitable media for HEK/hOPCs. Checking m-Cherry fluorescence after 24 & 48 hours post 

infection for the live cultures using Olympus IX51 microscope and toxicity inspected as well. 

Cultures were fixed 48 hrs post infection using 4% Paraformaldehyde for 15 minutes. 10 random 

fields were imaged for each virus exposure condition, images were analyzed using NIH ImageJ 

software and % infectivity calculated as %mcherry + cells: Dapi. Virus titer was calculated 

according to reasonable % mcherry expression (50-60 %) and cells’ viability consideration. 

Lentiviruses generated with the corresponding MOI and titers can be found in Appendix A. 

2.9	 Lentivirus infection of human OPCs 

Human CD140a+ OPCs were seeded at 25-60 k/ml on poly-L-ornithine- and laminin-

coated tissue-culture flasks and cultured in serum-free medium supplemented with 20 ng/ml 

PDGF-AA and 5 ng/ml NT-3 (PeproTech). Cells were then infected with the described lentiviruses 

in Appendix A, at 1 MOI, virus volume was added according to the virus titer, for 3 hours in 

presence of FGF followed by removal of virus containing ND and a period of recovery and 
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expansion of 4-8 days according to initial seeding density prior to passaging into experimental 

plates. 

2.10	 Immunocytochemistry 

Immunocytochemistry was performed to identify markers of interest. TRPC1, STIM1, STIM2 

and Orai1 were used to identify the components of SOCE in hOPCs whereas O4 was used as an 

intermediate differentiation marker. Detailed protocols for Live O4 staining and Tritone X-100 

based staining are included in Appendix B. 

Antibody Target cell Host Dilution Vendor and catalog 

O4 hOPC Mouse IgM 1:20 
Gift of Dr. James Goldman 

(Columbia) 

Anti-TRPC1 hOPC Rabbit IgG 1:200 Alomone lab (ACC-010) 

Anti- Orai1 hOPC Rabbit IgG 1:20 Alomone lab (ACC-060) 

Anti- STIM1 hOPCs Rabbit IgG 1:100 Alomone lab (ACC-063) 

Anti- STIM2 hOPCs Rabbit IgG 1:100 Alomone lab (ACC-064) 

2.11	 STIM1/2 conditional knock-out	 animals and lysolecithin-induced 
demyelination 

I. In 	Vivo 	cKO 	STIM1/2 	animals 	and 	surgeries 

Animals with conditional deletion of both STIM1 and 2 genes, were transferred as a gift 

from Dr. Carmen J Williams (Bernhardt, Padilla-Banks et al. 2017), after agreement with Dr. 

Masatsugu Ohora (Cheng, Alevizos et al. 2012) and Dr. Stefan Feske (Eckstein, Vaeth et al. 

2017). Experiments were performed according to protocols approved by the University at Buffalo 

Institutional Animal Care and Use Committee. Focal demyelination of the young adult (8-9 weeks 

old), mouse spinal cord was induced as previously described (Zhao, Li et al. 2006). Briefly, 
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animals were anesthetized under isoflurane (5% for induction, 1.5% for maintenance), and 0.5 μl 

1% lysolecithin (Lα-lysophosphatidylcholine, Sigma-Aldrich) was directly injected smoothly into 

the dorsal and ventral funiculi of the spinal cord between two thoracolumbar vertebrae. 

Preoperative and postoperative analgesia was provided by subcutaneous injection of 

buprenorphine (0.1 mg/kg). 

II. Spinal 	cord 	processing	 

Animals were sacrificed at 7 days post lesion generation using intraperitoneal injection of 

160 mg/kg sodium pentobarbital followed by perfusion with 0.9% (w/v) saline for 10 minutes then 

4% (w/v) paraformaldehyde for additional 10 minutes. Injection site marked vertebrae enclosing 

the spinal cord was isolated and placed in 1XPBS overnight. Then the tissue was cryoprotected 

by 24hrs incubations in 7.5% and 15% sucrose in 1XPBS sequentially at 4C. The tissue was then 

frozen in optimal cutting temperature (O.C.T.) media (tissue-Tek) over 2-methylebutane cooled 

by cryobath of ethanol/dry ice. Serial 16-μm-thick transverse sections were cut using a Leica 

cryostat and stored at −80°C, in series of 10 slides, 4 cord sections/animal in each slide, collection 

was done till lesion was no longer observed. 

III. Differentiation 	analysis 	by immunohistochemistry 

To identify lesions and select the best series for staining, spinal cord sections from each 

collected series for all animals were stained with FluoromyelinTM green fluorescent myelin stain, 

Invitrogen (Cat. # F34651). Slides immediately adjacent to the lesion center were used in 

immunohistochemistry. 

Immunohistochemistry was performed on spinal cord sections (16 µm), using mouse 

IgG2b anti-CC1 (1:50) Millipore (Cat. #OP80) and rabbit anti-Olig2 antibody (1:500) Millipore (Cat. 

# AB9610) for overnight incubation. Alexa Fluor (488 and 594) secondary antibodies (Invitrogen). 

Images of cord sections were captured using the 10x objective of an Olympus IX51 with Prior 

XYZ motorized stage (Schindelin, Arganda-Carreras et al. 2012). Quantification of differentiation 
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was performed within ROI generated marking the lesion area in each animal. Cells were counted 

manually in ImageJ. Cells within and on the border of the ROI were included in cell counts. The 

number of positive cells within the lesion was divided by area of the lesion (in μm2) to obtain cell 

density in cells/μm2. This value was multiplied by 106 to convert to cells/mm2. Counts from 2-3 

largest lesions in each animal were averaged. In order to assess human CC1+ oligodendrocyte 

differentiation, % CC1+/Olig2+ were quantified. White matter lesions with cross-sectional area 

<10,000 μm2 were excluded from the analysis, as were lesions that extended into the gray matter. 

Detailed protocol of staining can be found in Appendix B. 

2.12 Statistical	 analysis 

Statistical analyses were performed using Prism software (version 8.01; GraphPad 

Software). In vitro experiments were performed with at least three independent fetal sample, and 

differences among groups were compared using one-way repeated measures ANOVA / two- way 

ANOVA with Dunnett’s or Tukey multiple comparisons post-test. Differences among the groups 

for in vivo experiments were compared using two tailed unpaired t-test. Statistical significance 

was considered at p < 0.05. All data are reported as mean ± SEM. 
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Chapter 3: Assessing the Functional Role of TRPC1 in 
hOPCs 

Introduction 

TRPC channels are known to be highly expressed in all regions of the CNS, confirmed by 

immunohistochemistry which revealed expression of TRPC1 in the hippocampus in both the 

pyramidal cell bodies and granule cell bodies of the dentate gyrus (Strübing, Krapivinsky et al. 

2001). The developmental expression of TRPC1 was detected at E13 mouse brain, evident in 

some postmitotic neurons at the preplate and in neural stem cells that are actively proliferating in 

the embryonic tencephalon. Moreover, TRPC1 mRNA was positively detected by in situ 

hybridization technique in mouse dorsal root ganglion with expression starting from E12 and 

increasing in the adult. Taken together, this evident distribution of TRPC1 in the nervous system 

is highly reflective to its importance in the development and function of the system (Huang J. et 

al. 2011). 

TRPC channels are known to initiate Ca2+ entry pathways in order to maintain cytosolic, 

ER, as well as mitochondrial Ca2+ levels. Their biological roles extend to regulation of cellular 

processes as proliferation, silencing TRPC1 resulted in inhibition of neuronal proliferation and 

neurodegeneration. In addition, TRPC1 has been reported to regulate the switch between 

proliferation and differentiation in immortalized hippocampal neuronal cells (Selvaraj, Sun et al. 

2010). Interestingly, Paez, Fulton et al. (2011) have demonstrated the expression of TRPC1 

channel in association with golli protein modulator in OPC processes. TRPC1 was found to 

mediate Golli evoked Ca2+ influx post store depletion as part of store operated calcium entry which 

was suggested to underlie Golli potentiation of proliferation in OPCs. 

Furthermore, Golovina, Platoshyn et al. (2001) related the observed high Ca2+ influx post 

store depletion in proliferating human pulmonary arterial smooth muscle cell (PASMC) to the 
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detected elevated level of hTRPC1 mRNA . Following studies such as Cai, Fatherazi et al. (2006) 

demonstrated the role of TRPC1 in cell differentiation, silencing TRPC1 gene in human gingival 

keratinocytes (HGKs) resulted in disruption of calcium induced differentiation together with decline 

in Ca2+ influx post Thapsigargin induced store depletion. 

Accordingly, these studies provide emphasis on the role of TRPC1 mediated Ca2+ influx 

on critical cellular processes as proliferation and differentiation. As such, in our study we 

hypothesized that TRPC1 channel mediated SOCE is involved in the regulation of differentiation 

in hOPCs downstream M3R activation. 
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3.1	 TRPC1	 is expressed in hOPCs and CNS 

As an initial step to study the effect of TRPC1 channel in hOPCs, we examined the 

expression of this protein in hOPCs cultures by immunofluorescence (described in Chapter 2). 

We were not able to detect TRPC1 channel in hOPCs in vitro in the absence or presence of Triton-

X detergent to stain for either extracellular membranous or intracellular antigens, respectively 

(Table 1). In mouse, we were able to detect positive TRPC1 expression in the dorsal retrosplenial 

cortex (RSD) of a 1-week and 4-week mice brain sections (Figure 4a). This agreed with previous 

cell-type specific RNA-Seq data (Zhang, Chen et al. 2014) which revealed extensive expression 

of TRPC1 channel in isolated neurons (~10 FPKM) with lower expression in OPCs in the 

developing murine CNS (~ 4 FPKM). 

We next aimed to assess TRPC1 channel expression in human MS patient brain and in 

mouse demyelinated lesions following intraspinal injection of lysolecithin (Table 1). Positive 

staining was detected in the grey matter regions only of the mice lesion whereas positive 

expression was detected in both the grey and white matter of the human brain lesion (Figure 4a-

right panel). The cellular identity of TRPC1-expressing cells was not determined. 

Table (1) TRPC1 expression in murine and human CNS in vivo and in hOPCs in vitro 
Panel A: Immunohistochemistry using TRPC1 antibody Alomone (ACC-010), 
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(1:200). Murine Brain sections of a one week and 4 weeks mice were stained for TRPC1, positive 
expression (+) was detected in the grey matter (dorsal retrosplenial cortex) only, (-) indicates null 
expression of TRPC1 channel in the white matter (corpus callosum). Positive (+) 
immunofluorescence was detected for TRPC1 in chronic MS human brain lesion areas including 
the white and grey matter. TRPC1 was not detected (-) in mice spinal cord lesion in the white 
matter but positively detected (-) in the grey matter. 
Panel B: immunocytochemistry, hOPCs cultures were stained with anti-TRPC1, Alomone ACC-
010 concentration range (1:50-1:400), null (-) expression of TRPC1 in hOPCs cultures in 
presence (post fixation staining) and absence (live staining) of Tritone- X detergent, data 
representative of at least 3 different fetal forebrain human samples. 

To investigate the specificity of TRPC1 antibody and to determine whether TRPC1 could 

be detected in primary hOPCs we utilized western blotting of protein samples extracted from 

hOPC cultures. When probed with TRPC1 antibody, we detected a band of 50 kDa in the lysate 

of hOPCs (Figure 4b). Mouse brain pre-frontal cortex tissue was used as a point of comparison 

and similarly revealed a band of 50 kDa. This compares to the published molecular weight for 

TRPC1 protein as ~80 kDa in human retinal pigmental epithelium (Bollimuntha, Cornatzer et al. 

2005). This could be due to difference in post-translational processes and/or endogenous or 

exogeneous proteolytic cleavage. 

Additionally, we performed real-time quantitative PCR (qPCR) analysis on hOPCs RNA 

extracts. RNA was isolated from hOPCs cultured in vitro and cDNA synthesis as described in 

Chapter 2. qPCR was performed on samples with a cDNA concentration of 5 ng/µL and gene 

expression was analyzed by ∆∆Ct method showing an average of 30 mean Ct ± 0.4826 (11.37 ± 

6.719 ∆∆Ct relative to GAPDH expression, n= 5 fetal human forebrain samples) which is highly 

consistent with very low expression of TRPC1 in hOPCs. 
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Figure 4: TRPC1 is expressed in hOPCs and mice CNS 
(a-left panel) TRPC1 positive expression in a 1week mouse brain grey matter in the dorsal 
retrosplenial cortex (RSD)TRPC1(1:200, Alomone ACC-010). (a-middle panel) TRPC1 positive 
expression in a 4week mouse brain grey matter in the dorsal retrosplenial cortex (RSD)TRPC1 
(1:200, Alomone ACC-010) (a-right panel) TRPC1 positive expression in the white matter 
(corpus callosum) in chronic adult human lesion. (b) Western blotting showing a single band for 
TRPC1 of size 50 kDa in protein extracts from hOPC cultures (right), that were cultured in PDGF-
AA, NT-3 supplemented media for 2-3 days in vitro and tissue of mouse brain prefrontal cortex (1 
wk mouse), data representative of at least 3 different human fetal forebrain samples and a single 
mice brain sample. 

3.2	 TRPC1	 expression is necessary for muscarinic receptor induced SOCE in 
hOPCs 

After confirmation of TRPC1 expression in hOPCs, we hypothesized that TRPC1 channel 

is directly involved in regulating Gq-receptor and SOCE mediated regulation of [Ca2+]I in hOPCs 

downstream M3R. In order to test this hypothesis, we used the same antibody described above 

to selectively block the function of TRPC1 channel. This antibody is specifically designed to bind 
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amino acid residues 557-571 in the proposed pore forming region of human/mouse TRPC1 thus 

blocking the function of this channel and has been used previously to block TRPC1 current and 

TRPC1-mediated Ca2+ influx (Wang, O’Connell et al. 1999, Xu and Beech David 2001, Kim, Kim 

et al. 2003, Paez, Fulton et al. 2011). hOPCs were pre-infected with lentivirus encoding a calcium-

responsive fluorescent reporter protein (LV-GCaMP6s). Cultured OPCs were switched to calcium-

free media and simultaneously treated with TRPC1 antibody [10 µg/ml] or a mixture of TRPC1 

with the antigen-blocking peptide for 15 mins to allow ample incubation time for the antibody to 

bind and block TRPC1 channel. Time-lapse imaging of GCaMP6s fluorescence began 15 mins 

after removal of extracellular Ca2+ and drug addition 2-3 minutes thereafter. Treatment of OPCs 

with Oxo-M [25 µM] evoked a first peak of Ca2+ spikes due to IP3R activation (Figure 5a). 

Following the initial peak (red peak), cells were allowed to return to baseline for 15 mins and 

physiological extracellular calcium was reintroduced to measure the extent of store-operated 

calcium entry (SOCE) evoked by Oxo-M. We identified significant SOCE downstream Oxo-M 

stimulation (blue peak). Consistent with previous findings (Welliver, Polanco et al. 2018), 

treatment with a known SOCE inhibitor (MRS-1845, [10µM]) substantially attenuated muscarinic 

receptor-induced SOCE (41.0 ± 5.9%, P=0.06, two tailed one-sample t-test, n=3 individual fetal 

forebrain samples) (Figure 5b). Importantly, treatment with the TRPC1 blocking antibody 

profoundly attenuated SOCE (40.8 ± 8.7%; P = 0.02) (Figure 5b). It was notable that this decline 

in Ca2+ influx post store depletion was comparable to the SOCE pharmacologic inhibitor MRS-

1845. Moreover, upon combining both antibody mediated block of TRPC1 channel and MRS SOC 

entry inhibitor, the reduction in Ca2+ influx was not influenced (49.9 ± 16.4%). Consistent with a 

specific effect of TRPC1-Ab on pore function, the effect of TRPC1 antibody was itself blocked by 

prior incubation with an antigen-blocking peptide (Pep) (121.1 ± 40.1%, P=0.65). These results 

indicate that SOCE in response to muscarinic receptor activation in hOPC is dependent on 

TRPC1. 
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Figure 5: TRPC1 mediates SOCE in hOPCs 
(5a) Representative diagram of recorded Ca2+ responses per condition. (5b) Bar graph 
representing, AUC calculated from the ratio of Ca2+ influx post depletion and the initial Ca2+ 

response followed by Oxo-M induced IP3R activation. Antibody (Ab) blocked TRPC1 channel with 
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significant reduction in SOCE Ca2+ spikes (*P=0.02), TRPC1 antibody in combination with its 
blocking peptide (Ab+pep) mitigates the blocking effect of the antibody- Ca2+ responses post 
depletion recorded (p=0.65). MRS; CRAC channel inhibitor resulted in decline in the AUC 
(p=0.063), same decline in Ca2+ influx also seen in cells treated with both MRS and TRPC1 
antibody (MRS+Ab), (P=0.09). One-sample t-test (n=3 individual fetal forebrain samples). 

3.3	 TRPC1	 channel is required for human oligodendrocyte progenitor 
differentiation 

Based on the above results, and previous findings that Gaq muscarinic signaling inhibits 

hOPCs differentiation (Abiraman, Pol et al. 2015), we hypothesized that blocking TRPC1 channel 

would mitigate muscarinic receptor-mediated inhibition of hOPC differentiation. In order to test 

this hypothesis, hOPCs were cultured in mitogen free media, then dosed with TRPC1 blocking 

antibody [10 µg/ml] with or without muscarinic agonist (Oxo-M, [40µM]) treatment. After 4 days, 

cells were live immunostained for O4, an intermediate oligodendrocyte marker, to examine 

precursor cell differentiation and extent of branching complexity which reflects morphological 

maturation (Figure 6). As expected (Abiraman, Pol et al. 2015), Oxo-M treatment induced a 

significant reduction in the proportion of differentiated O4+ cells in comparison to the untreated 

control cells (21.2 ± 5.7 O4% vs vehicle 32.6 ± 6.5 O4%, *P= 0.0398, One-Way ANOVA, Mixed-

effect analysis, Dunnett’s multiple comparison test, n=6 fetal forebrain samples, **P=0.0066, F(5, 

23)= 4.304) (Figure 6g). This represented ~ 40% reduction in O4+ oligodendrocyte differentiation 

compared to control (normalized O4%; Oxo-M: 61.9 ± 5.2 O4%) (Figure 6h). Interestingly, 

treatment with TRPC1 blocking antibody [10 µg/ml] exhibited a differentiation block similar to Oxo-

M treatment (20.8 ± 6.07 O4% vs vehicle: 32.6 ± 6.5 O4%, P = 0.0261). The effect of TRPC1 

blocking antibody was dependent on specific TRPC1 antigen binding, as this was completely 

antagonized by pre-incubation of the TRPC1 antibody with the antigen-specific peptide (28.4 ± 

10.4 O4%, P=0.9885). Intriguingly, the combined treatment of muscarinic agonist (Oxo-M) and 

TRPC1 blocking antibody did not significantly further inhibit the differentiation of hOPCs (O4%: 

18 ± 5.7 % vs. 21.2 ± 5.7 O4% Oxo-M alone) (normalized O4%: 49.5 ± 6.8 O4% vs. 61.9 ± 5.2 
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O4% Oxo-M alone), but maintained the significant reduction in oligodendrocytes differentiation in 

comparison with the control (O4%: 18 ± 5.7 % vs vehicle 32.6 ± 6.5 O4%, **P=0.0051) (Figure 

6g/h). In the presence of Oxo-M and TRPC1 blocking antibody, pre-treatment with the antigen 

blocking peptide did not rescue O4+ oligodendrocyte differentiation (24.4 ± 6.2 O4%). 

To further analyze the effect of TRPC1 blocking antibody treatment on the extent of 

oligodendrocyte differentiation we analyzed the branching complexity of O4+ oligodendrocytes 

(Figure 6i). Complex O4+ cells with multiple branches have been associated with more mature 

stages of oligodendrocyte differentiation (Conway, O'Bara et al. 2012). The proportion of complex 

O4+ cells (ratio to Dapi+ cells) was not significantly reduced by Oxo-M or TRPC1 antibody 

treatment (Oxo-M: 9.4 ± 1.7 complex O4% and TRPC1 Ab: 9.6 ± 1.9 complex O4% vs Vehicle 

14.2 ± 3.1Complex O4 %, P= 0.20 and P= 0.24 respectively, One Way ANOVA-Mixed effect 

analysis, Dunnett’s multiple comparison test, **P= 0.0056 and F(5, 24)= 4.4). However, similar to 

the overall effect of TRPC1 blocking antibody in combination with Oxo-M on O4%, we also 

observed a significant reduction in the proportion of complex O4+ oligodendrocytes (7.4 ± 2.2 

complex O4% vs Vehicle: 14.2 ± 3.1 complex O4%, *P= 0.0391). Importantly, Oxo-M in 

combination with TRPC1 antibody treatment had no effect on complex O4% in the presence of 

the TRPC1 blocking peptide (13.5 ± 2.957 complex O4% vs vehicle: 14.16 ± 3.092 complex O4%, 

p >0.999). 

In order to exclude the possibility that Oxo-M or TRPC1 antibody treatment substantially 

influenced cell death and proliferation, we analyzed the density of live cells (determined by DAPI-

stained nuclear morphology) (Figure 6j). Live cell density was unaffected by TRPC1 blocking 

antibody treatment either in the presence or absence of Oxo-M (TRPC1-Ab: 80.7 ± 20.8 DAPI+ 

cells, TRPC1-Ab + Oxo-M: 76.4 ± 16.8 DAPI+cells, Oxo-M: 77.7 ± 18.6 DAPI+cells vs Vehicle:79.2 

± 15.4 cells, P=0.999, P= 0.995, P= 0.999 respectively, RM One-Way Anova, Dunnett’s multiple 
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comparisons test **P= 0.0091, F(5, 18)= 4.341, n = 6 fetal forebrain samples). We observed 

significant decline in cell density in the presence of the TRPC1 antibody together with its blocking 

peptide in presence or absence of Oxo-M in comparison with the control (TRPC1-Ab + Peptide: 

61.6 ± 19.47 DAPI+ cells, and TRPC1 Ab+ Peptide + Oxo-M: 61.9 ± 19.5, P=0.0277, P= 0.0310 

respectively). Since neither Oxo-M nor TRPC1- Ab alone have any influence on cellular density, 

it would be interesting in future experiments to study the effect of the peptide alone on hOPCs 

cell proliferation. 

Overall, these results suggest that TRPC1 antagonism by blocking antibody alters basal 

oligodendrocyte differentiation and that TRPC1 function is necessary for both muscarinic-induced 

SOCE and regulation of hOPCs differentiation. 
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Figure 6: Treatment with anti-TRPC1 channel blocker inhibited hOPCs differentiation 
hOPCs were treated with TRPC1 antibody [10 µg/ml] ± peptide/Oxo-M and immunostained with 
DAPI (blue) and O4(green). For each condition the proportion of O4+ cells was calculated. (6a-f) 
Representative images of DAPI and/or O4+ hOPCs post TRPC1 Ab ± peptide and/orOxo-M 
treatment. (g)-(h) Bar graph representing proportion of O4+ cells as a percent of total DAPI+ cells 
in control and TRPC1-Ab and/or Oxo-M treated cultures (**P=0.0066, F (5, 23) =4.304, One-Way 
ANOVA-Mixed effect analysis, Dunnett’s multiple comparisons test, n=6 fetal forebrain samples, 
Scale bar =50µ). (6i) Bar graph represents the relative proportion of simple vs complex O4+ 

oligodendrocytes as a percent of total DAPI+cells per condition(**P=0.0056, F(5, 24)= 4.384,One 
way ANOVA-Mixed effects analysis, Dunnett’s multiple comparison test). (6j) Bar graph 
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represents live cell density per condition per field as number of DAPI+/field (One-Way ANOVA, 
Mixed effect analysis Dunnett’s multiple comparisons test **P= 0.0091, F (5, 18)= 4.341, n = 6 
fetal forebrain samples), each data point represents a biological replicate with a different fetal 
forebrain human sample. 

3.4 Preliminary results relating to TRPC1 channel knockdown 

In an attempt to further test the functional role of TRPC1, we utilized a genetic approach 

to modulate TRPC1 expression in hOPCs. A number of siRNA sequences were assessed for their 

ability to knockdown (KD) TRPC1 mRNA (Table 2). We used a qPCR primer pair that specifically 

amplified the V1 splice variant of TRPC1 (see methods). Unfortunately, after screening three 

Stealth RNAi sequences (Invitrogen) none were found to result in a significant KD (<35% KD 

relative to scrambled control sequences, 10 nM, n=3). Increasing the dose of Stealth transfected 

RNAi did not yield increased KD efficiency (doses attempted: 25 – 100 nM). Furthermore, a pooled 

transfection of all three Stealth sequences did not yield a consistent improvement in KD efficiency. 

In an attempt to improve these results, an alternative modified RNAi technology was employed 

(Silencer Select, Invitrogen). Four additional sequences were tested and one sequence (S14409) 

resulted in a 50% reduction of TRPC1 mRNA at 50 nM (49.3%, n = 3) and >65% KD at 100 nM 

(66.1%, n = 2). Furthermore, in preliminary studies, a combination of three Silencer Select RNAi 

sequences yielded >75% KD. 

One possible confounding influence on the interpretation of the KD efficiency is the 

observation that multiple splice variants of TRPC1 have been predicted. TRPC1 gene has at least 

5 isoforms; transcript variant 1 (Accession: NM_001251845.2) which represents the longer 

transcript and encodes the longer isoform and transcript variant 2 (Accession: NM_003304.4) 

which represents the shorter isoform are supported by published data. In addition, three isoforms 

have been predicted based on sequencing data (XM_017007121.2, X1; XM_005247738.4, X2, 

and XM_005247739.2, X3). As the qPCR primers specifically amplified V1, we would not detect 

KD of the other splice variants. 
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Nonetheless, as the RNA sequence S14409 was capable of reducing TRPC1 V1 mRNA 

by >50%, we sought to determine the effect of TRPC1 KD on hOPC differentiation. 

Sequence siRNA 
product 
type
(Invitrogen) 

Target
TRPC1 
splice 
variant 

Conc. Mean 
Ct 

Average
TRPC1 
expression 

Average
TRPC1 % KD 

Fetal 
Human 
Brain 
(FHB) 

1) HSS110980 Stealth V1, V2, X3, 
X1, X2 

10 nM 30.61 67.4 ± 12.23 32.6 N=3 
25 nM 29.11 45.2 54.8 N=1 
50 nM 29.65 87.2 12.8 N=1 
100 nM 30.08 82.5 17.5 N=1 

2) HSS110981 Stealth V1, V2, X3, 
X2 

10 nM 30.25 70.8 ± 12.10 29.2 N=3 
25 nM 29.09 49.4 50.6 N=1 
50 nM 30.19 67 33 N=1 
100 nM 30.68 68.6 31.4 N=1 

3) HSS110982 Stealth V1, V2, X3, 
X1, X2 

10 nM 30.28 70.4 ± 4.655 29.6 N=3 
25 nM 29.15 56.6 43.4 N=1 
50 nM 29.59 92.3 7.7 N=1 
100 nM 30.78 64.4 35.6 N=1 

4) Pool: 
HSS110980 
HSS110981 
HSS110982 

Stealth AS ABOVE 10 nM 30.68 70.3 ± 3.119 29.7 N=3 
25 nM 29.48 43.6 56.4 N=1 
50 nM 30.04 79.7 20.3 N=1 
100 nM 31.15 52.7 47.3 N=1 

5) S14409 Silencer 
select 

V1 
V2 
X1 

5 nM 30.84 76.3 23.7 N=1 
20 nM 31.04 42 58 N=1 
50 nM 30.89 50.7± 6.83 49.3 N=5 
50 nMRe 24.68 24.9± 2.1 75 N=3 
100 nM 31.19 37.43 ± 3.55 62.57 N=2 

6) S14410 Silencer 
select 

V1 
V2 
X3 
X1 

5 nM 29.41 197 -97 N=1 
20 nM 30.17 85.7 14.3 N=1 
50 nM 29.76 151.4 ± 28.6 -51.4 N=2 
50 nMRe 23.83 83.3 ± 22.4 16.7 N=3 
100 nM 30.45 87.88 ± 4.47 12.23 N=2 

7) S14411 Silencer 
select 

V2 
X2 

50 nM 28.89 60.3 39.7 N=1 
50 nMRe 23.39 163 -63 N=1 

9) n358789 Silencer 
select 

LOCUS 
AF483645 

50 nM 28.55 49 51 N=1 

10) Pool: 
n358789 
S14409 
S14411 

Silencer 
select 

AS ABOVE 50 nM 33.6 22 78 N=1 

44 



    

 
          

          
         

        
           

                
              

            
         

         
         
             

          
             

            
           

          
        

         
            

         
              
              

             
              

     
  

Table (2) qPCR validation for Stealth and silencer select siTRPC1 sequences. 
RNA was extracted from hOPCs 24-48 hours post transfection with siRNA specific for TRPC1 
human gene using Lipofectamine RNAimax, cDNA synthesis was performed using Superscript III 
reverse transcriptase and samples were subjected to qPCR. 
Three different Stealth siRNA (HSS110980, HSS110981 and HSS110982) either separate or in 
pool with concentration range 10 nM- 100 nM, targeting V1 and V2 splice variants in addition to 
the 3 predicted isoforms X1, X2 and X3 and four different Silencer select siRNA (coding: S14409 
S14410, S14411 and non- coding: n358789) were transfected to knock down TRPC1 in hOPCs. 
Using qPCR primers specific for TRPC1-V1 splice variant, stealth siRNA (HSS110980, 
HSS110981 and HSS110982), [10 nM] insignificantly downregulated TRPC1 ~ 30 % (P=0.088, 
F=2.984, RM One-way Anova, Holm- Sidak’s multiple comparison test n=3 fetal forebrain 
samples). Silencer select S14409 siRNA [50 nM] produced ~ 50 % KD (50.71± 6.8 3% TRPC1 
expression, **p=0.002, Two-tailed paired t-test, n=5 fetal forebrain samples) and S14409 siRNA 
[100 nM] produced ~ 62 % KD (37.43 ± 3.555% TRPC1 expression, *P= 0.036, Two-tailed paired 
t-test, n=2 fetal forebrain samples). Silencer select S14410 siRNA [50 nM] did not produce any 
KD of TRPC1 in hOPCs (151.4 ± 28.62 % TRPC1 expression, p=0.3235, Two-tailed paired t-test, 
n=2 fetal forebrain samples) and [100 nM] produced ~ 12 % KD (87.88 ± 4.475% TRPC1 
expression, P= 0.2251, Two-tailed paired t-test, n=2 fetal forebrain samples). 
[50 nM]Re represents re-analysis of knock down efficiency with qPCR primer that identify both 
splice variant 1 (V1) and splice variant 2 (V2) of human TRPC1 gene, (*P= 0.028, F=9.7, RM-one 
Way ANOVA, Dunnett’s multiple comparison test, n=3 fetal brain samples). Reanalysis of S14409 
[50 nM] KD produced ~75% KD (24.9 ± 2.1% TRPC1 expression, *P=0.02, RM-one way ANOVA, 
n=3 fetal forebrain samples). Reanalysis of S14410 [50 nM] produced ~16.7% KD (83.3 ± 22.4% 
TRPC1 expression, P=0.58, RM-one way ANOVA, n=3 fetal forebrain samples) and reanalysis of 
S14411 [50 nM] did not produce any KD of TRPC1 in hOPCs (163% TRPC1 expression, paired 
t-test, n=1 fetal forebrain sample). 
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Figure 7: siRNA mediated TRPC1knockdown influence hOPC differentiation. 
hOPCs were transfected with siTRPC1 siRNAs [50 nM]. 48 hours post-transfection, complete 
media change was performed to differentiation media and 4 days later O4 immunolabelling was 
performed to identify immature oligodendrocytes and the proportion of O4+ oligodendrocytes 
determined by comparison to total DAPI+ nuclei. (a) Graphical representation of O4+ cells as a 
percentage of total DAPI+ cells (siTRPC1 siRNA: S14409, S14411 and n358789 labelled H, L and 
M respectively, *P=0.0241, F (3,10)= 4.889, One Way ANOVA-Mixed effect analysis, each data 
point represents a biological replicate of a human fetal forebrain sample). 
(b) Bar graph represents live cell density as count of total DAPI+ per field per siTRPC1 siRNA 
hOPCs transfected condition, (**P=0.0071, F= 7.286, One-Way ANOVA-Mixed effect analysis, 
each data point represents a biological replicate of a human fetal forebrain sample). 

siTRPC1 sequences S14409, S14411 and n358789 labelled H, L and M respectively 

produced a range of 40-50 % reduction in human TRPC1 expression using qPCR analysis, so 

they were selected to study the impact of knocking down TRPC1 gene in hOPCs differentiation.  

We found variability in the phenotype produced upon knocking down hTRPC1 using the S14409 

siRNA (H), among experimental replicates there were samples showed decline in differentiation 

and others showed enhancement of differentiation upon down regulation of hTRPC1 using 

S14409 with minimum exhibited differentiation level of (7.8 O4% vs vehicle: 13.7 O4%) and 

maximum oligodendrocytes differentiation level of (42 O4% vs vehicle 34.4 O4%). Overall, we 

detected non- significant change in oligodendrocytes differentiation with S14409 mediated knock 

down of TRPC1 gene (mean O4%: 22.1 ± 5.562 O4% vs vehicle 20 ± 3.2 O4%, P= 0.6755, One-

46 



    

      

            

           

             

                  

            

             

             

             

            

        

                

             

       

           

           

 

            

               

           

              

              

           

             

        

Way ANOVA-Mixed effects analysis, Dunnett’s multiple comparisons test, n=6 fetal human 

samples). We attributed this variability to the possible insufficiency of 50-75% knock down 

efficiency of siTRPC1 S4409 siRNA to produce a reliable phenotype which necessitates either 

increasing siRNA transfection concentration up to [100 nM] but due to the observed significant 

decline in live cell density with the [50 nM] counted as DAPI+ /field with (227 ± 23 DAPI+ cells vs 

control 317 ± 41.1 DAPI+ cells, **P=0.0064, n=6 fetal forebrain samples), we were not able to 

increase the siRNA concentration. In order to further investigate the influence of knocking down 

TRPC1 gene in hOPCs and get more conclusive evidence of the phenotype produced upon 

TRPC1 down regulation in hOPCs, we employed two other siRNAs adopting the same silencer 

select technology and similar concentration [50 nM]. Interestingly, knocking down TRPC1 using 

S14411 (labelled:L) and n358789 (labelled:M) resulted in reduction in differentiated 

oligodendrocytes in comparison with the control (L: 9 ± 3 O4% - M: 9.6 ± 2.5 O4% vs vehicle 20.1 

± 3.2 O4%, P= 0.1042 and P=0.1091 respectively, One way ANOVA- Mixed effect analysis, 

Dunnett’s multiple comparisons test. Samples, *P=0.0241, F (3, 10)= 4.889, n=3-4 fetal forebrain 

samples), these results are in consistence with the previously demonstrated reduction in 

differentiation exhibited by blockade of TRPC1 channel function using specific anti-TRPC1 

antibody. 

It’s worth mentioning, we observed decline in live cell density counted as DAPI+ /field in 

hOPCs transfected with siTRPC1 (L) siRNA (257.9 ± 35.5 Dapi+ cells vs vehicle 317 ± 41.1 DAPI+ 

cells, *P= 0.0357, One- Way Anova Mixed effect analysis, Dunnett’s multiple comparisons test, 

n=4 fetal forebrain samples) but this toxicity was not observed with siTRPC1 (M) siRNA (331.2 ± 

72.4 DAPI+ cells vs vehicle: 317.1 ± 41.1 DAPI+ cells, P=0.9912, One- Way ANOVA- Mixed effect 

analysis, Dunnett’s multiple comparisons test, n=3 fetal forebrain samples). Thus, the decrease 

in differentiation showed by siTRPC1 (L) could possibly be interpreted due to death of 

oligodendrocytes and not necessarily a case of lack of OPCs differentiation. 
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Considering the fact that assessment of the knock down of siTRPC1 (M) was done using 

qPCR primers that only identifies splice variant V1 not X5 that is mainly targeted by n358789, this 

limitation warrants further validation of the knock down efficiency of n358789 (M) siRNA using 

more efficiently specialized qPCR primer that is able to detect the targeted TRPC1 variant. 

Therefore, future studies should re-assess the specificity and efficiency of knocking down TRPC1 

using siTRPC1 siRNA(M) in hOPCs to better judge the influence of knock down on differentiation. 
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Chapter 4: Assessing the Functional Role of STIM1/2 in 

hOPCs 

Introduction 

STIM1 and STIM2 molecules are endoplasmic reticulum calcium sensors. Upon store 

depletion STIM proteins activate Ca2+ influx from the extracellular space via calcium release 

activated channels (CRAC) comprising Orai1 as the pore forming element. Although SOCE 

contributes only a minor fraction of the entire global Ca2+ influx, this route of entry has been proven 

to mediate significant transcriptional control in non-excitable cells (Rosado 2016). The 

downstream signaling of STIM1 and STIM2 has emerged as an interesting research focus, Ca2+ 

that enters the cell during SOCE has been reported to perform various cellular signaling functions. 

For example, STIM1 is reported to inhibit voltage gated calcium channels (VGCs) as Cav1.2 and 

Cav3.1. STIM1 association in proximity to L-type Ca2+ VGCs results in internalization of VGCs and 

inhibition of their Ca2+ currents (Majewski, Maciąg et al. 2017). Interestingly, other groups have 

shown the involvement of L-type [Ca2+]i in potentiation of OPCs differentiation and acceleration of 

remyelination in vivo (Santiago González, Cheli et al. 2017). 

STIM1 is mostly linked to cellular pathways regulating proliferation and DNA replication. 

For instance, STIM1 knockdown in human neural precursor cells elicited a reduction in 

neurosphere size and number, and enhanced differentiation (Gruszczynska-Biegala, Pomorski et 

al. 2011). This study provided more evidence of an effect of SOCE on gene expression in the 

regulation of proliferation and fate of stem/progenitor cells. 

Acknowledging the differences between STIM1 and STIM2 proteins is essential for better 

understanding of their fine differential roles in cellular processes. STIM1 is primarily involved in 

activating SOCE whereas STIM2 maintains Ca2+ homeostasis and controlling resting Ca2+ level in 
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the ER and Ca2+ leakage, since STIM2 has lower Ca2+ release threshold to activate Ca2+ influx 

(Gruszczynska-Biegala, Pomorski et al. 2011). 

Important roles of STIM1/2 in cell survival and regulation of cell cycle have been described 

in multiple studies. Hao, Lu et al. (2014) reporting more apoptotic cell death in STIM1 knockdown 

cells in comparison with the control. Cell cycle analysis revealed that a higher proportion of STIM1 

KD cells remained in the G0/G1 cycle than in the S phase suggesting that STIM1 is necessary for 

cell cycle progression. In the same study, the TUNEL assay was used to identify programmed 

cell death as an underlying mechanism. 

The biological impact of knocking down STIM1 was further investigated in Li, Zhang et al. 

(2013). Specific downregulation of STIM1 gene in the human glioblastoma cell line U251 caused 

an inhibition of cellular proliferation by induction of cell cycle arrest in G0/G1 phase. This was 

mainly through interfering with the expression of genes involved in cell cycle regulation, as STIM1 

silencing induced upregulation of P21Waf1/Cip1, cyclin D1, and downregulation of cyclin dependent 

kinase 4(CDK4). 

Given this reported importance of STIM1 in cellular growth and viability, we investigated 

whether STIM1 and STIM2 genes have a similar influence on survival in hOPCs. We examined 

the relation between knocking down of STIM1 and STIM2 genes with the subsequent effect on 

cell loss by assessing the knock down efficiency of the individual siRNA sequences targeting each 

of STIM1 and STIM2 then evaluate cell death by performing a live culture imaging 72 hours post 

transfection with the siRNA targeting STIM1 or STIM2 genes. 
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4.1 siRNA mediated knockdown of STIM1/2 influence human oligodendrocytes 

differentiation. 

We first examined the expression of CRAC channel components in hOPCs 

(STIM1/STIM2/Orai1) using immune-fluorescent staining as described in (Chapter 2). We 

detected positive expression of CRAC channel proteins in hOPCs cultures in vitro (Figure 8a-c). 

After confirmation of CRAC channel expression by hOPCs, we hypothesized that STIM1/2 

mediated SOCE is an essential downstream component mediating the inhibitory effects of M3R 

signaling on hOPC differentiation. In order to investigate the functional contribution of STIM1 and 

STIM2 in muscarinic receptor mediated inhibition of hOPC differentiation, we opted for a genetic 

approach using siRNA against STIM1 and STIM2. Three distinct Stealth RNAis for each mRNA 

were combined to generate siRNA pools targeting STIM1 or STIM2 mRNA (total concentration -

100 nM, equal molar concentrations of each). We confirmed by BLAST analysis that the siRNA 

sequences used were not predicted to have off-target effects. We first validated the knockdown 

(KD) efficiency of the RNAi pools using qPCR 24-48 hrs post-transfection of hOPCs (Figure 9) 

(n = 5, individual fetal samples). In addition, we combined both STIM1 and STIM2 pools in an 

attempt to KD both genes simultaneously. We measured the expression of both STIM1 (Figure 

9a) and STIM2 mRNA (Figure 9b) following siRNA treatment. STIM1 siRNA treatment induced a 

highly efficient >85% KD of STIM1 mRNA (12.2 ± 1.9% expression compared to scrambled control 

RNAi transfection, One-way ANOVA, Dunnett’s multiple comparison test P < 0.0001). Intriguingly, 

the KD of STIM1 also resulted in a partial 25% reduction in STIM2 expression (75.0 ± 7.8% of 

scrambled control, P = 0.0039). STIM2 siRNA resulted in a highly significant 74% KD of STIM2 

mRNA (25.5 ± 2.9%, post-hoc P = 0.0002) and also a small 20% but significant reduction in STIM1 

mRNA (79.4 ± 4.5%, P = 0.0001). Importantly, the combination of both STIM1 and STIM2 siRNA 

resulted in a highly efficient KD of both genes (STIM1: 15.6 ± 3.0%, P < 0.0001; STIM2: 25.7 ± 
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1.5%, P = 0.0001). Although both STIM1 and STIM2 siRNA alone had a small but significant 

effect on the other STIM gene (i.e. STIM1 KD resulted in 20% reduction in STIM2 and vice versa), 

the magnitude was substantially less than the intended target. This suggested that any differences 

in observed phenotype following STIM KD could be largely ascribed to selective KD of either 

gene. Taken together, both STIM1 and STIM2 siRNA pools were highly efficient at reducing the 

expression of their relative target genes and when combined could result in profound reduction of 

both STIM1 and STIM2 in hOPCs. 

Figure 8: STIM1/2 and Orai1 (CRAC channel) are expressed in hOPCs in vitro. 
Immunocytochemistry for fixed hOPCs cultures seeded at 50 % confluent density and stained for 
STIM1, STIM2 and Orai1 (green) in presence of Tritone-X detergent and DAPI nuclear stain 
(blue). (a) Orai1 positive expression (green) in hOPCs (1:20, Alomone, Cat.#: ACC-060). (b) 
STIM1 positive expression (green) in hOPCs (1:100, Alomone, Cat.#: ACC-063) (c) STIM2 
positive expression in hOPCs (1:100, Alomone, Cat.#: ACC-064), scale bar 25 µm. Data 
representative of a single human fetal forebrain sample. 
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Figure 9: siRNA specific to STIM1 and STIM2 provides a consistent knockdown. RNA was 
extracted from hOPCs 24-48 hours post transfection with siRNA specific for each gene, cDNA 
synthesis was performed using Superscript III reverse transcriptase and samples were subjected 
to qPCR. (a) STIM1 gene expression with siRNA at 100 nM evaluated 24 hours post-transfection. 
(b) STIM2 gene expression with siRNA at 50nM evaluated 48 hours post-transfection. (STIM1: 
***p < 0.0001, F=582.2- STIM2: ****P<0.0001, F=527.1, Mean ± S. E. M, Ordinary One way 
ANOVA, Dunnett’s multiple comparison, n = 5 Fetal forebrain samples). 

In order to determine the effect of KD of STIM1 and STIM2 on muscarinic activation and 

oligodendrocyte differentiation, we next transfected hOPCs with STIM1 or STIM2 siRNA alone, 

STIM1/2 siRNA combined or scrambled siRNA. Following transfection, hOPCs were treated with 

M3R agonist Oxo-M [40 µM] or vehicle (1xPBS) and assessed differentiation at 4 days in vitro. 

The extent of oligodendrocyte differentiation was assessed by O4 immunostaining (Figure 10a-

h). As described in Chapter 3, we observed a significant decline in the proportion of O4+ 

oligodendrocytes following Oxo-M treatment (Figure 10i). hOPCs transfected with scrambled 

siRNA treated with Oxo-M reduced O4 percentage by 8 % compared to vehicle treated cells (SCR 

+ Oxo-M: 26.5 ± 4.2% vs. SCR: 34.7 ± 5.2%, n = 4 individual fetal samples). Interestingly, STIM1 

KD did not influence O4% compared to the corresponding scrambled control either alone or 

following Oxo-M treatment. In contrast to STIM1, STIM2 KD alone produced a significant 

reduction in O4% compared to the scrambled control (siSTIM2: 16.3 ± 5.0% vs. SCR control: 34.7 

± 5.2%). Intriguingly, and suggesting a common mechanism of Oxo-M and STIM2, Oxo-M 

treatment did not further reduce O4% following STIM2 KD (siSTIM2 + Oxo-M: 13.2 ± 3.0% vs. 

siSTIM2: 16.3 ± 5.0%). Lastly, the combined treatment of STIM1 and STIM2 siRNA resulted in 
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essentially identical results compared to STIM2 alone. Together, this suggested that STIM2 has 

an important role in hOPC differentiation whereas STIM1 did not. Furthermore, the lack of an 

additive effect of STIM2 and Oxo-M suggests a common mechanism and that STIM2 acts 

downstream of Oxo-M as a key mediator of these effects. 

Figure 10: siRNA mediated STIM1/2 knockdown influence hOPC differentiation. 
hOPCs were transfected with siRNAs specifically targeting STIM1 or STIM2 or double deletion of 
STIM1/2. 24 hours post-transfection, complete media change was performed to differentiation 
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media and hOPCs were treated with Oxo-M [40µM] or vehicle (1x PBS). O4 immunolabelling was 
performed to identify immature oligodendrocytes and the proportion of O4+ oligodendrocytes 
determined by comparison to total DAPI+ nuclei. (a)-(h) Representative images of siRNA 
transfected conditions in each treatment group. (i) Graphical representation of O4+ cells as a 
percentage of total DAPI+ cells. (j) Graphical representation of relative % complex O4+ cells and 
% simple O4+ to total DAPI+ for each condition (**p< 0.002, Mean ± SEM, n = 4 fetal forebrain 
samples, 2-way ANOVA, Sidak’s multiple comparisons test). (k) Bar graph represents live cell 
density as count of total DAPI+ per field per condition (n = 4) each data point represent a biological 
replicate using a different human fetal forebrain sample. Scale Bar = 50µm 

Based on the above data, we aimed to look more in-depth and confirm the phenotype 

observed in Figure 10 using the individual siRNA sequences instead of employing them in a 

combined pool. Using individual STIM1 siRNA sequences (labelled a/b/c), we found that each 

individual sequence results in a significant KD >60% in STIM1 mRNA (Figure 11a). Likewise, 

STIM2 siRNA sequences results in a highly significant but more moderate effect alone (40-60%) 

(Figure 11b). During these studies, we noted that the density of live cells seems to vary greatly 

following transfection with individual siRNA sequences suggesting the possible for sequencing 

specific toxicity that could be due to either on-target (due to specific KD of STIM1/2) or off-target 

effects (due to KD of other sequences or transfection related). 

Figure 11: Validation of individual siRNA sequences targeting STIM1 and STIM2 genes. 
RNA was isolated from hOPCs 24 - 48 hours post-transfection with siRNA at concentration of 
100nM, cDNA synthesis was performed using Superscript III reverse transcriptase and samples 
were subjected to qPCR. (a) Representative graph of STIM1 expression analyzed 24-48 hours 
post transfection (***P=0.0001, F=28.63, Mean ± S. E. M, Ordinary One-way ANOVA, Tukey’s 
multiple comparisons test, n=3 fetal forebrain samples), each data point represents a biological 
replicate using different fetal human forebrain sample). 
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4.2 Knockdown of STIM1/2 does not correlate with hOPC cell viability 

To quantify the effect of individual siRNA sequences on cell viability, we performed a 

separate set of experiments. hOPCs were transfected with individual sequences followed by 

analysis of cell density and viability at 72 hrs post-transfection. We selected this time point as the 

onset of siRNA-mediated toxicity varied between 24-48 hrs post-transfection. At 72 hours post 

transfection hOPCs were pre-incubated with calcein, a fluorogenic esterase substrate, which only 

labels viable cells, and DAPI, a cell-impermeable nuclear dye to label dead cells (Chapter 2), 

then live cultures were imaged for DAPI and calcein fluoresence (Figure 12). The calcein/DAPI 

ratio thus provided an estimate of cell viability at 72 hours post transfection. We noted that the 

density of scrambled siRNA transfected cells was substantially lower than untransfected (Null) 

cells (Figure 12a/b) (data not shown). As the scrambled sequence is designed to avoid off-target 

effects, this suggested that transfection itself or the presence of high concentrations of siRNA 

themselves resulted in non-specific toxicity of the scrambled control. However, we did not observe 

a significant influence of siRNA sequence on live cell density (RM One-way ANOVA, F(1,1) = 5.2, 

p = 0.26) or dead cell density (RM One-way ANOVA, F(1,1) = 3.7, p = 0.31). In the scrambled, 

the proportion of calcein+ cells was significantly higher than the dead DAPI+ cells per field mm2 

(173 ± 0.2 calcein+ vs 39 ± 11 DAPI+ cells per field mm2, P= 0.0058, Two-way ANOVA, 

Tukey’smultiple comparisons, n=2 fetal forebrain samples) (Figure 12b/i). 
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Figure 12: siRNA transfected hOPCs exhibited a variable degree of cell death 72 hours 
post transfection related to the silencing sequence. 
(12a-12k) hOPCs were transfected with [100 nM] scrambled siRNA or siRNA for 
STIM1(siSTIM1a/b/c) or siRNA for STIM2 (siSTIM2a/b/c). hOPCs live cultures were imaged for 
Calcein(green) and Dapi(blue) 72 hours post transfection as markers for viability and death 
respectively. (12l) Bar graph represents DAPI+ cells (dead) and Calcein+ cells (viable) per mm2 

the image field surface area per condition (**P=0.0016, F(6,14)=6.742, Two-way Anova, Tukey’s 
multiple comparisons test, n=2 fetal forebrain samples). 
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Next, we examined the ratio of calcein+:DAPI+ live:dead cells in the siSTIM1/2 siRNA 

transfected hOPCs to determine the proportion of viable and dead cells at the end of the 

experiment (Table 3)(n=2 fetal forebrain samples). siSTIM1a transfection resulted in a similar 

ratio of live:dead in comparison with scrambled (SCR) transfected hOPCs at 72 hours post 

transfection. Interestingly, siSTIM1c transfection increased live:dead ratio compared to SCR 

indicating the least toxicity compared to other siRNAs. In contrast, siSTIM1b produced substantial 

cellular toxicity, the live:dead ratio reduced to almost with the density of dead cells was 

approaching that of live cells per field mm2 (87.4 ± 24.8 DAPI+ vs 104 ± 4.3 calcein+ cells per field 

mm2, P>0.05). 

Similarly, we compared the live:dead ratio following STIM2 siRNA transfection, we found 

that siSTIM2a induced moderate level of cellular toxicity relative to the other employed siRNA 

(67.7 ± 22.44 DAPI+ vs 148.8 ± 18.2 calcein+ cells per field mm2, P= 0.19, Two way ANOVA, 

Tukey’s multiple comparisons test, n=2 fetal forebrain samples). siSTIM2b closely resembled 

SCR control with significantly more live than dead cells (40.6 ± 10.3 DAPI+ vs 172 ± 3.1 calcein+ 

cells per field mm2, P= 0.0069). In contrast, siSTIM2c transfected hOPCs exhibited a higher 

density of dead cells (56.2 ± 2.2 DAPI+ vs 113 ± 4.2 calcein+ cells per field mm2, P= 0.622). Based 

on these results we decided to exclude siSTIM1b and siSTIM2c in transfecting hOPCs in further 

experiments due to evident cellular toxicity. 

In order to study the importance of STIM1 and STIM2 in regulating hOPCs cell survival 

and viability, we investigated the relationship between target siRNA KD efficiency (%) elicited by 

these siRNA sequences on their target mRNA (either STIM1 or STIM2) and DAPI cell density 

(cells/mm2). For STIM1, STIM1a and 1c (green, live: dead ratio >5) did not differ substantially 

from control SCR and resulted in KD efficiencies of 90.4% and 65.3%, respectively. In contrast, 

STIM1b resulted in a KD of 75.25% and was toxic (red, live:dead ratio< 2). Likewise, STIM2b was 

not overtly toxic (green, live:dead ratio >5) following transfection but resulted in equivalent %KD 
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of STIM2 mRNA as STIM2c which was substantially toxic (red, live:dead ratio < 2). Thus, we did 

not observe a relationship between STIM KD and cell death using either STIM1 or STIM2 KD 

suggesting that variable viability was not due to on-target effects of siRNA in these experiments 

Table (3): The efficiency of knock down of the individual siRNA sequences did not directly 
correlate with the extent of cell death induced by the individual siSTIM1 and siSTIM2 
siRNA. Individual siRNA knock down assessment: hOPCs were transfected with scrambled 
siRNA or siRNA for STIM1 (siSTIM1a/b/c) or STIM2 (siSTIM2a/b/c). RNA was extracted from 
hOPCs 24 - 48 hours post-transfection with siRNA at concentration of 100nM, cDNA synthesis 
was performed using Superscript III reverse transcriptase and samples were subjected to qPCR. 
Average knock down per siRNA was calculated as mean of n=3 biological replicates of different 
fetal forebrain samples. Cell viability assessment: 72 hours post transfection, hOPCs were 
incubated for 30 minutes at 37 °C with Calcein [3µg/ml] /Dapi [1µg/ml] fluorescent dyes as a 
marker for cell viability and death respectively, then hOPCs live cultures were subjected to 
fluorescent imaging. DAPI+ and Calcein+ cells were counted, data represented as DAPI+ cells 
(dead) per mm2 of the image field surface area per condition(siRNA/control) and ratio of live: dead 
(Calcein+:Dapi+) cells per condition. siRNA that showed relatively higher cell death (DAPI+/mm2), 
data marked in red while siRNA with relatively lower cell death, data marked in green. In summary: 
Evaluation of the relation between the strength of STIM1 and STIM2 gene down regulation and 
the subsequent influence on hOPCs survival and viability was done by comparing the average 
knock down efficiency of each siRNA (siSTIM1a/b/c and siSTIM2a/b/c), a sign of (+) was given in 
an incremental manner according to the knock down efficiency. Similarly, a sign of (+) was 
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assigned to the siRNA with lower DAPI+/mm2 and relatively higher safety on hOPCs viability. More 
signs (+) were added to siRNA with better viability. 

4.3	 Effect of individual STIM1/2	 siRNA sequences on hOPC differentiation 

We next asked whether utilizing individual STIM1/2 siRNA sequences would result in 

similar effects to the pooled siRNAs. Unfortunately, these experiments yielded inconsistent results 

with the pool STIM1/2 siRNA (Figure 13) (n=3 fetal forebrain samples). For example, we 

observed significant decline in O4+ oligodendrocyte differentiation upon transfecting with 

siSTIM1a (Figure 13 b/f), which yielded an average KD by qPCR of 90%. STIM1a siRNA 

treatment resulted in 11.0 ± 1.9% O4 vs. 23.0 ± 1.6% in scrambled cells (RM One-way ANOVA, 

Holm-Sidak’s multiple comparison, P = 0.0061). Yet, siSTIM1c resulted in a significant elevation 

of O4+ % (average KD: 65%; 32.5 ± 1.8%, P=0.0119) (Figure 13c/f). One possible confound was 

the presence of a large number of dead O4-labelled cells following siSTIM1a transfection (Figure 

13b). The death of O4+ oligodendrocyte cells in this condition may result in an underestimate of 

hOPC differentiation. Indeed, when we quantified the fraction of simple and complex O4+ cells 

(Figure 13g), we found that the reduction in O4+ cells was not accompanied with an increase in 

the relative ratio of simple:complex O4+ oligodendrocytes which is typical for inhibition of 

differentiation. 

While for STIM2, there was a decline in observed O4+% with siSTIM2a transfection 

(average KD: 39%) (11.6 ± 1.8% vs. 23.0 ± 1.6% scrambled, P = 0.0063). Yet, siSTIM2b which 

exerted a higher KD% (average KD: 56.8%) did not influence O4% (22.7 ± 1.1%, P = 0.9). In a 

similar to manner to siSTIM1a, the reduction in O4+ differentiation following siSTIM2a was 

accompanied by a surprising increase in the relative fraction of mature complex branched O4+ 

oligodendrocytes (Figure 13g). This suggested that the reduced O4% observed in STIM1a and 

STIM2a may be in part due to O4+ oligodendrocyte death rather than differentiation. 
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Figure 13: Individual siRNA mediated STIM1/2 knockdown differently regulates hOPC 
differentiation. 
hOPCs were transfected with individual siRNAs sequences specifically targeting STIM1 or STIM2 
using Lipofectamine RNAiMax as the transfection reagent. 24hours post-transfection, complete 

61 



    

          
             

              
           

           
            

             
           

             
             

 
  

              

            

        

           

            

    

 

	 	 	 	 	 	 	

	

          

              

        

        

           

        

        

           

            

media change was performed to differentiation media and hOPCs were treated with Oxo-M 
[40µM]. Immunolabelling was performed by live staining for O4 and DAPI nuclear stain post 
culture fixation. Proportion of O4+ cells in each condition was determined as a percentage of O4+ 

to total number of DAPI+ cells. (a)-(e) Representative images of siRNA transfected conditions 
immunolabelled with DAPI (blue)/O4(red). (f) Bar graph representing O4+ cells as a percentage 
of total DAPI+ cells per each condition transfected. (g) Graphical representation of relative % 
complex O4+ cells and % simple O4+ to total DAPI+ for each condition (P=0.0001, F=24.76, Mean 
± SEM, n = 3 fetal forebrain samples, RM one-way ANOVA, Holm-Sidak’s multiple comparisons 
test). (h) Bar graph represents live cell density as count of total DAPI+ per field per condition. 
Scale bar = 50µm, each data point represents a biological replicate of fetal human forebrain 
sample. 

In order to better interpret the results, we aimed to exclude potentials of differential toxicity 

between the sequences or variabilities in seeding densities, we analyzed the live cell density per 

each siRNA transfected condition. Repeated measures one-way ANOVA revealed a significant 

effect of transfection on cell density. However, the decreased density of cells following 

transfection with STIM1/2 siRNAs relative to scrambled sequences did not reach statistical 

significance (Holm-Sidak multiple comparisons post-hoc test). 

4.4 STIM1/2 Overexpression possibly may affect	 human oligodendrocytes 

differentiation. 

As the individual siRNA sequences did not yet yield consistent results among siRNA, we 

next sought to validate the effects of the pooled siRNA against STIM1/2 by employing a rescue 

experiment whereby STIM1/2 mRNA were overexpressed to specifically counteract the siRNA-

mediated KD. We developed lentiviruses carrying either STIM1 (AddGene) (Nunes-Hasler, 

Maschalidi et al. 2017) or STIM2 (Genecopoeia) genes. hOPCs were infected with 1 MOI mCherry 

lentivirus (LV-mCherry) as a control, lentivirus expressing a mCherry-STIM1 fusion protein (LV-

mCherry:STIM1) or co-expressing STIM2 and mCherry (LV-STIM2-mCherry). In order to validate 

STIM1/2 overexpression, we performed qPCR following lentiviral infection of hOPCs and after 

transfection with scrambled or STIM1/2 siRNA (n=2-3 fetal forebrain samples) (Figure 14 &15). 
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In preliminary studies, we observed efficient upregulation of STIM1 gene following infection with 

LV-mCherry: STIM1 (423 ± 20%, ****P<0.0001, normalized to LV-mCherry infected cells, ***P < 

0.0003, F(2,6)=42.43, Two-Way ANOVA Tukey’s multiple comparisons) (Figure 14). The 

overexpression of LV-mCherry-STIM1 was sufficient to restore STIM1 mRNA following siRNA-

mediated KD. siSTIM1c KD was fully reversed by LV-mCherry-STIM1 (147.4 ± 25.7% LV-

mCherry:STIM1 + siSTIM1c vs 36.8 ± 18.5% LV-mCherry + siSTIM1c KD, *P < 0.0165) and 

partially restored following siSTIM1a KD (60.1 ± 3.0 % vs 5.3 ± 0.3%, P = 0.2502). Over-

expression of STIM1 by LV-mCherry:STIM1 infection did not influence the expression of STIM2 

mRNA in hOPCs. 

STIM1 STIM2 

Figure 14: Overexpression of STIM1 in vitro restores STIM1 expression and reverses 
siSTIM1-mediated knock down in hOPCS. 
hOPCs were infected with the STIM1/Empty vector lentivirus with m-Cherry tag. Cultures 
maintained in ND media supplemented with PDGFAA and NT3, for 2-3 days post infection then 
transfected with siSTIM1a/c [100 nM], RNA was extracted 24 hrs post transfection, cDNA 
synthesis was performed using Superscript III reverse transcriptase and samples were subjected 
to qPCR. Representative bar graph of STIM1 expression in hOPCs infected with m-Cherry/STIM1 
LV and analyzed 24 hours post siRNA transfection (***P<0.0003, Mean ± S. E. M, Two-way 
ANOVA, Tukey’s multiple comparisons test, n=2 fetal forebrain samples). 
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LV-STIM2-mCherry infection induced a modest 1.5-fold increase in the expression of 

STIM2 (Figure 15) (151.3 ± 17.31%, *P=0.0156, normalized to LV-mCherry, Two-way ANOVA, 

Tukey’s multiple comparison test ***P <0.0008, n=3 fetal forebrain samples). However, this 

resulted in a complete restoration following KD with siSTIM2a (166.8 ± 9.1% vs 34.4 ± 2.7%, 

****P<0.0001) and an almost complete reversal following KD with siSTIM2b (82.2 ± 8.6% vs 29.7 

± 4 %, *P=0.0133, Two-Way Anova- Tukey’s multiple comparison test, n=3 fetal forebrain 

samples). 

STIM2 STIM1 

Figure 15: Overexpression of STIM2 in vitro restores STIM2 expression and reverses 
siSTIM2-mediated knock down in hOPCS. 
hOPCs were infected with the STIM2/Empty vector lentivirus with m-Cherry tag. Cultures 
maintained in ND media supplemented with PDGFAA and NT3, for 2-3 days post infection then 
transfected with siSTIM2a/b [100 nM], RNA was extracted 24 hrs post transfection, cDNA 
synthesis was performed using Superscript III reverse transcriptase and samples were subjected 
to qPCR. Representative bar graph of STIM2 expression analyzed 24 hours post transfection 
(***P<0.0008, Two- way ANOVA, Tukey’s multiple comparisons test, n=3 fetal forebrain samples). 
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As LV over-expression of STIM1/2 could overcome the siRNA mediated KD, we sought to 

ask whether this rescue would reverse the effects observed following siRNA treatment. We 

focused initially on defining the phenotype of hOPCs following over-expression of STIM1 or 

STIM2, hOPCs were infected with LV-mCherry:STIM1 or LV-mCherry, as a control, and the extent 

of O4+ oligodendrocyte differentiation assessed after 4 days post infection following removal of 

mitogens. Utilizing the fact that LV-infected cells could be identified by mCherry, we quantified 

the proportion of O4+ oligodendrocytes among total mCherry+ cells. We found that the O4% was 

similar following STIM1 overexpression and control cells (6.6 ± 2.9 O4% vs 7 ± 3.8 O4%, 

respectively, P=0.7, Two-tailed paired t-test, n = 3 individual fetal samples). STIM1 lentivirus 

infection did not influence the overall DAPI+ density of cells relative to mCherry control (197.8 ± 

42.6 vs 207 ± 58.2, DAPI+/field, P= 0.7691, Two-tailed paired t-test, n = 3 fetal brain samples). 

We observed a higher transduction efficiency in LV-mCherry infected hOPCs in comparison with 

LV-mCherry:STIM1 infected hOPCs (52.5 ± 7.4% vs 39.1 ± 6.1 mCherry+%, *p = 0.0162, Two-

tailed paired t-test, n = 3). This could be due to differences in viral titer between groups. These 

preliminary results suggest that STIM1 overexpression did not influence differentiation by itself. 

This observation is consistent with the previous results (4.1 and 4.3) that suggested that STIM1 

KD did not influence hOPCs differentiation in vitro. 
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Figure 16: STIM1 overexpression in vitro showed no potential influence on 
differentiation. 
hOPCs were infected with the STIM1/Empty vector lentivirus with m-Cherry tag then the infected 
cells were allowed to differentiate for 3 days in a mitogen free media. Immunolabelling was 
performed by live staining for O4 and DAPI nuclear stain post culture fixation. Proportion of O4+ 

cells in each condition was determined as a percentage of O4+ to total number of mCherry+ cells. 
(a)-(b) Representative images of LV-STIM1/EV infected hOPCs immunolabelled with DAPI 
(blue)/O4(green) and mCherry infection marker in red. (c) Bar graph represents O4+ cells as a 
percentage of total mCherry+ infected cells per each condition (P=0.7, Two tailed paired t-test, 
n=3 fetal brain samples). (d) Bar graph represents mCherry+ cells as a percentage of total DAPI+ 

(%infectivity) per each condition (*P= 0.0162, Two tailed paired t-test, n=3). (e) Bar graph 
represents live cell density as count of total DAPI+ per field per condition (P= 0.7691, Two tailed 
paired t-test, n = 3 fetal forebrain samples), scale Bar = 50µm. 
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We next asked whether overexpression of STIM1 in hOPCs that were transfected with 

siSTIM1a and siSTIM1c [100 nM] will result in rescue of the differentiation phenotype observed 

with knocking down STIM1 utilizing individual siSTIM1a/c sequences (Figure 17) (Two way 

ANOVA, Tukeys multiple comparisons test, P=0.4, F(2,4)= 1.1, n= 3 fetal forebrain samples). We 

noticed relative lower O4+ differentiated oligodendrocytes in hOPCs transfected with siSTIM1a 

(Figure17b/e/g) but not to the level of statistical significance in comparison with the control, this 

relative O4% decline was consistent with and without STIM1 overexpression (siSTIM1a & control-

LV: 2.8 ± 0.97 O4%, P= 0.1 and siSTIM1a & STIM1-LV: 3.9 ± 0.9 O4%, P=0.2 vs scrambled 

siRNA & control-LV: 7.7 ± 3.4 O4% and scrambled siRNA & STIM1-LV: 7.7 ± 4.2 O4%, 

respectively). In addition, we observed relative lower live cell density as DAPI+/ field in siSTIM1a 

treated hOPCs in comparison with the control (siSTIM1a & control-LV: 313 ± 117 DAPI+ cells, 

P>0.05 and siSTIM1a & STIM1-LV: 326 ± 106 DAPI+ cells, P>0.05 vs scrambled siRNA & control-

LV: 398 ± 118 DAPI+ cells and scrambled siRNA & STIM1-LV: 330 ± 83 DAPI+ cells, respectively. 

Two way ANOVA, Tukeys multiple comparisons test, P= 0.1, F(2,4)= 4, n=3 fetal brain samples). 

These data suggest that the reduction in differentiation previously noted (Figure 13) upon 

transfection with siSTIM1a sequence could strongly be attributed to oligodendrocyte death owing 

to the relatively higher toxicity of siSTIM1a in comparison with siSTIM1c siRNA and scrambled 

siRNA (Figure 12). While transfection of hOPCs with siSTIM1c showed relatively higher OPC 

differentiation in comparison with the control but not to the extent of inducing significant changes 

in OPC differentiation in presence or absence of STIM1 overexpression (Figure17 c/f/g) 

(siSTIM1c & control-LV: 10.4 ± 4.9 O4%, P= 0.4 and siSTIM1c & STIM1-LV: 13.2 ± 7 O4%, P= 

0.07 vs scrambled siRNA & control-LV: 7.7 ± 3.4 O4% and scrambled siRNA & STIM1-LV: 7.7 ± 

4.2 O4%, respectively). The higher O4+ differentiated oligodendrocytes that was previously 

detected with STIM1c (Figure 13 c/f) could be explained by the very low toxicity exhibited by this 
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siRNA sequence, siSTIM1c toxicity profile was even better than the scrambled siRNA (Figure 12) 

in addition to being obviously comparable in live cell density to the Null un-transfected hOPCs 

(data not shown). Such interpretation is supported by the observed relatively higher live cell 

density counted as DAPI+/field in siSTIM1c treated hOPCs in comparison with the control 

(siSTIM1c & control-LV: 469 ± 193 DAPI+ cells, P>0.05 and siSTIM1c & STIM1-LV: 356 ± 109 

DAPI+ cells, P>0.05 vs scrambled siRNA & control-LV: 398 ± 118 DAPI+ cells and scrambled 

siRNA & STIM1-LV: 330 ± 83 DAPI+ cells, respectively. Two way ANOVA, Tukeys multiple 

comparisons test, P= 0.1, F(2,4)= 4, n=3 fetal brain samples). Cumulatively, these data indicate 

that the reduced O4% observed in STIM1a transfected hOPCs is due to O4+ oligodendrocyte 

death rather than lack of differentiation and overexpression of STIM1 did not rescue this reduced 

differentiation phenotype. Similarly, we found similar differentiation pattern after downregulation 

of STIM1 using siSTIM1c in hOPCs that were initially infected with control/STIM1 LV. 

Overexpression of STIM1 did not rescue the phenotype exhibited by downregulation of STIM1 

using siSTIM1c, the increase in O4+ oligodendrocytes in siSTIM1c treated hOPCs is interpreted 

by lower toxicity of siSTIM1c in comparison with scrambled siRNA. 

Furthermore, there was no significant difference in O4+ cells in hOPCs with STIM1 

overexpression followed by scrambled siRNA, siSTIM1a and siSTIM1c transfection in comparison 

with the corresponding hOPCs conditions that were only subjected to siRNA transfection without 

STIM1 overexpression (scrambled siRNA & control-LV: 7.7 ± 3.4 O4% vs scrambled siRNA & 

STIM1-LV: 7.7 ± 4.1 O4%, P>0.05- siSTIM1a & control-LV: 2.8 ± 0.97 O4% vs siSTIM1a& 

STIM1-LV: 3.9 ± 0.92 O4%, P>0.05 and siSTIM1c & control-LV: 10.4 ± 4.9 O4% vs siSTIM1c & 

STIM1-LV: 13.2 ± 7 O4%, P>0.05.2, Two way ANOVA, Tukeys multiple comparisons test, P=0.4, 

F(2,4)= 1.1, n= 3 fetal forebrain samples). In summary, our data indicates that neither STIM1 

overexpression or downregulation had a significant influence on OPCs differentiation. 
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Figure 17: STIM1 overexpression in vitro did not rescue individual siSTIM1a/c induced 
differentiation phenotype. 
hOPCs were infected with the STIM1/Empty vector lentivirus with m-Cherry tag then the infected 
cells were transfected with siSTIM1a/c [100 nM] siRNA 72- 96 hours post infection. hOPCs were 
then allowed to differentiate for 3 days in a mitogen free media. Immunolabelling was performed 
by live staining for O4 and DAPI nuclear stain post culture fixation. Proportion of O4+ cells in each 
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condition was determined as a percentage of O4+ to total number of mCherry+ cells. (a)-(f) 
Representative images of LV-STIM1/EV infected hOPCs immunolabelled with DAPI 
(blue)/O4(green) and mCherry infection marker in red. (g) Graph represents O4+ cells as a 
percentage of total mCherry+ infected cells per each condition (P=0.4, F(2,4)= 1.1, Two Way 
ANOVA, Tukeys multiple comparisons test, n=3 fetal brain samples). (h) Graph represents 
mCherry+ cells as a percentage of total DAPI+ (%infectivity) per each condition (P= 0.13, 
F(2,12)=2.3, Two Way ANOVA, Tukeys multiple comparison test, n=3 fetal brain samples). (i) 
Graph represents LV-infected cell density as count of total mCherry+ per field per condition (P= 
0.27, F(2,4)=1.8, Two way ANOVA, Tukeys multiple comparisons test, n = 3 fetal forebrain 
samples. (j) Graph represents live cell density as count of total DAPI+ per field per condition 
(P=0.1, F(2,4)=4, Two way ANOVA, Tukeys multiple comparisons test, n = 3 fetal forebrain 
samples), scale Bar = 50µm. 

Interestingly, overexpression of STIM2 (LV-STIM2-mCherry) (Figure 18) seemed to 

induce differentiation with somewhat enhanced O4+% among mCherry+ infected hOPCs in 

comparison to LV-mCherry control hOPCs (6.7 ± 1.5 % vs 4.6 ± 1.3%, two tailed paired t-test P 

= 0.1512, n =5-6 fields counted from one fetal sample). In addition, STIM2 lentivirus slightly 

increased the cell density in comparison with control (473 ± 30.1 vs. 375.6 ± 20.4 DAPI+/field, P 

= 0.0753-Two tailed paired t-test). A higher proportion of hOPCs expressed mCherry following 

infection with control mCherry virus relative to LV-STIM2-mCherry (50.1 ± 4.6% vs 40.4 ± 3.7%, 

Two tailed paired t-test P =0.111). Our preliminary data from a single biological replicate so far 

implicates involvement of STIM2 in fine tuning hOPCs differentiation. 
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Figure 18: STIM2 overexpression in vitro showed possible enhancement of differentiation 
in hOPCS. 
hOPCs were infected with the STIM2/Empty vector lentivirus with m-Cherry tag then the infected 
cells were allowed to differentiate for 3 days in a mitogen free media. Immunolabelling was 
performed by live staining for O4 and DAPI nuclear stain post culture fixation. Proportion of O4+ 

cells in each condition was determined as a percentage of O4+ to total number of mCherry+ cells. 
(a)-(b) Representative images of hOPCs infected immunolabelled with DAPI (blue)/O4(green). 
(c) Bar graph represents O4+ cells as a percentage of total mCherry+ infected cells per each 
condition (two tailed paired t-test P = 0.1512, n =5-6 fields counted from one fetal sample) (d) 
Bar graph represents mCherry+ cells as a percentage of total DAPI+ (%infectivity) per each 
condition, (P =0.111, Two tailed paired t-test). (e) Bar graph represents live cell density as count 
of total DAPI+ per field per condition (P = 0.0753, Two tailed paired t-test, each data point 
represents 1 field, n = 1 fetal forebrain sample, Scale Bar = 50µm). 
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4.5	 Conditional knockout of STIM1/2	 in NG2+	 OPCs enhances oligodendrocyte 

differentiation following lysolecithin-induced demyelination of adult mouse 

spinal cord. 

In order to further investigate the importance of STIM1/2 genes in OPC differentiation in 

vivo, we utilized a conditional transgenic approach. Transgenic mice bearing loxp-flanked alleles 

of STIM1 and STIM2 genes (Cheng, Alevizos et al. 2012, Bernhardt, Padilla-Banks et al. 2017, 

Eckstein, Vaeth et al. 2017) were bred with mice expressing the transgene CreER-recombinase 

under the control of NG2 (Welliver, Polanco et al. 2018). To ask whether STIM1/2 has a functional 

role in adult OPC, we administered tamoxifen to 8-9 week mice. In preliminary studies, spinal cord 

demyelination was induced by intraspinal lysolecithin injection 7 days after the last injection of 

tamoxifen to ensure clearance and recovery from tamoxifen (n = 3 [control -

NG2creERwt/wt;STIM1fl/fl;STIM2fl/fl] and 2 [iCKO mice - NG2creER+/wt;STIM1fl/fl;STIM2fl/fl]). To 

assess the role of STIM1 and 2 signaling on OPC differentiation, mice were sacrificed 7 days 

post-lesion induction at which point initial oligodendrocyte differentiation is expected (McLane, 

Bourne et al. 2017). Coronal spinal cord sections harboring the demyelinated lesion were stained 

for Olig2 as a marker for oligodendroglial lineage cells and CC1 as a marker for terminally 

differentiated oligodendrocytes (Figure 19). We observed no significant difference in Olig2+ cell 

density between WT and iCKO animals (WT: 463.2 ± 52.1 -icKO:417.4 ± 2.7 cells/mm2) (Figure 

19c). Intriguingly, STIM1/2 iCKO mice exhibited an enhancement in the proportion of CC1+ 

oligodendrocytes among Olig2+ cells relative to WT controls (65.4 ± 1.4 % vs 47.2 ± 2.7%, t-test 

P = 0.016) (Figure 19d). These preliminary data suggest that STIM1/2 related signaling contribute 

to delay oligodendrocyte differentiation following demyelination. Additional experiments are 

necessary to define whether KO of STIM1 or STIM2 or both are sufficient to promote 

oligodendrocyte differentiation and, importantly define the ultimate effect on remyelination. The 

observed negative role of STIM1/2 on oligodendrocyte differentiation following demyelination is 
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consistent with STIM/12 acting as downstream regulators of inhibitory muscarinic receptor 

activation. 

Figure 19: iCKO of STIM1/2 enhances differentiation in vivo. 
(a)-(b) immunostaining for OLIG2(red) and for differentiated oligodendrocytes (CC1, green) 
showed that STIM1/2 KD increased the number of CC1+ oligodendrocytes as a % of total OLIG2+ 

cells, quantified within the marked hypomyelinated lesion area, dotted lines indicate the outline of 
the lesion. (c) Bar graph represents density of OLIG2+ cells and CC1+ cells per mm2 per condition 
group. (d) Bar graph represents percentage of CC1+ cells to total OLIG2+ cells in the lesion area 
per condition, *P=0.0158, two tailed-unpaired t-test, n=2cKO and 3WT). 
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Chapter 5: Discussion, Conclusions and Future directions 

In this study we report for the first time the involvement of store operated calcium entry 

components; TRPC1, STIM1 and STIM2 in regulating hOPCs differentiation through a 

combination of specific antibody mediated blockade of TRPC1 channel and genetic approach for 

blocking the function of STIM1 and STIM2 genes. These findings infer the importance of SOCE 

mediated Ca2+ influx as a regulator of hOPCs differentiation and provide insights to novel 

downstream signaling components of muscarinic receptor (M3R). 

We used RT-PCR to detect the presence of TRPC1 channel in primary cultures of hOPCs, 

we found consistent expression of TRPC1 mRNA using specific primers for splice variant (V1) in 

addition to qPCR primers identifying V1, V2 and the predicted isoforms X1, X2 and X3. In addition, 

we performed western blotting for hOPCs protein samples, we were able to detect a single 

significant band of 50 kDa molecular weight using polyclonal TRPC1 antibody raised in rabbit, the 

band size of 50 Kda is smaller than the usual reported TRPC1 protein molecular weight of about 

130 kDa in murine OPCs by Paez, Fulton et al. (2011) and 100 kDa in HEK-293 cells (Liu, Qu et 

al. 2008). The predicted molecular weights of TRPC1 α isoform (long) and β isoform (short) are 

91.2 kDa and 87.6 kDa respectively as reported in ONG, CHEN et al. (2002). In the same study, 

Ong group detected a band of 92 kDa for TRPC1 channel in H4-II cells (rat liver hepatoma cells) 

and ASM (guinea pig airway smooth muscles’ cells), and this band size was interpreted due to N-

glycosylation of the short β isoform of TRPC1. It’s worth noting that these studies ONG, CHEN et 

al. (2002) and ONG, BRERETON et al. (2003) were only able to detect TRPC1 protein within the 

predicted range 80-200 kDa after employing a combination approach of immune-precipitation 

using rabbit polyclonal anti-TRPC1 followed by western blotting utilizing a specific monoclonal 

TRPC1 antibody. Interestingly, Ong group were able to detect two bands of 60 kDa and 120 kDa 

using the same TRPC1 antibody employed in our study (Alomone ACC#010) in ASM cells, these 

bands were predicted to be fragments of TRPC1 or TRPC1 channel existing in the form of dimers. 
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Considering the consistent detection of 50 kDa band for TRPC1 protein represented by at 

least three different human OPC protein samples, we tend to explain this band size as a fragment 

of dominantly expressed short isoform of TRPC1 in hOPCs or the utilized antibody may be only 

able to detect particular membranous fraction of the channel. 

The potential contribution of TRPC1 channel to the SOCE in hOPCs was studied by using 

TRPC1 antibody to bind and block the channel function. We demonstrated that TRPC1 channel 

blockade significantly reduced calcium currents post store depletion induced by the muscarinic 

agonist Oxo-M, we concluded that Ca2+ entry through TRPC1 channel is essential in modulating 

hOPCs Ca2+ dynamics. We observed that after Oxo-M treatment of hOPCs in presence of zero 

Ca2+ `in the media, there was strong calcium response owing to activation of IP3R and depletion 

of intracellular Ca2+ stores, the re-exposure to Ca2+ containing media resulted in increase in 

cytosolic calcium evident by the recording of a significant second intracellular calcium response 

(peak) attributed to the activation of SOCE. This second peak due to SOCE was reduced by ~ 60 

% when TRPC1channel was blocked by specific antibody that bind amino acid residues 557-571, 

an intracellular epitope between transmembrane segment 4 and transmembrane segment 5 in 

TRPC1 channel. This attenuation in inward calcium current by TRPC1 channel inhibition indicates 

that TRPC1 is an integral component of SOCE and actively participates in re-filling the intracellular 

stores in hOPCs when SOC is induced by direct muscarinic stimulation. Upon targeting CRAC 

channel the other component of SOCE that is comprised of STIM1 and STIM2 in complex with 

Orai1 pore forming element, using MRS- 1845 pharmacologic inhibitor, we observed strong 

reduction in the second peak of SOCE Ca2+ influx of ~ 60 % which is comparable to the SOC 

influx reduction induced by TRPC1 blockade. 

When we blocked the function of both TRPC1 and CRAC channels concomitantly using a 

combination of TRPC1 specific antibody and MRS-1845, the reduction in Ca2+ influx was not 

potentiated (~50%). Likely these data could be interpreted by presence of independent activity of 

TRPC1 and CRAC channel, they may not necessarily work simultaneously following muscarinic 
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induction of store depletion. Noting that blocking each channel did not result in full abolishment 

of current implies possible compensation from CRAC channel when TRPC1 is blocked and vice 

versa. However, this residual calcium influx could be alternatively explained by endogenous 

constitutive activity of the channel, which make either TRPC1/CRAC channel able to allow certain 

minimal level of calcium entry despite presence of a blocking/inhibitory agent. Taken together, to 

our best knowledge the data presented here provide first evidence for the implication of TRPC 

channels particularly TRPC1 subfamily in store operated Ca2+ influx mediated by muscarinic 

activation in human OPCs. 

TRPC channels early expression during CNS development allows TRP family members 

to regulate neural progenitor cells proliferation (Pla, Maric et al. 2005). Previous studies have 

implicated calcium entry through TRPC1 cation channel in regulating cellular process besides its 

role in refilling the stores, enhancing cellular proliferation in non-small cell lung cancer activated 

by epidermal growth factor receptor (EGFR) (Tajeddine and Gailly 2012) and in adult hippocampal 

neural progenitor cells (Li, Chen et al. 2012). Another study demonstrated the importance of 

Calcium influx mediated by TRPC1 in promoting cellular differentiation in adipocytes (Schaar, Sun 

et al. 2019). 

According to our prior results TRPC1 is activated downstream muscarinic signaling and 

considering the inhibitory effect of muscarinic induction on hOPCs differentiation as described by 

Welliver, Polanco et al. (2018), we hypothesized that SOCE including TRPC1 are important and 

sufficient to mediate the anti-differentiative effect of M3R on hOPCs. As expected activation of 

muscarinic signaling by Oxo-M lead to decline in O4+ differentiated oligodendrocytes in vitro but 

unlike what we expected, we found that blocking the function of TRPC1 channel using specific 

anti-TRPC1 antibody resulted in inhibition of differentiation. Restoration of differentiation and 

reversal of this inhibitory effect was detected when the antibody was combined with its 

antagonizing peptide. Thus, our data shows that TRPC1 is indeed activated downstream 

muscarinic receptor activation to provide a path for calcium entry but most likely such Ca2+ influx 
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is involved in other unknown pathways that appeared to be important for hOPCs differentiation. 

In this case, further investigation is required to identify such downstream events regulating hOPCs 

differentiation. 

SOCE channels may contribute to the pathology of neurodegenerative disorders such as 

Huntington’s disease where enhanced STIM2 expression lead to exacerbation in synaptic SOCE 

inducing synaptic loss (Secondo, Bagetta et al. 2018). Nonetheless, loss or dysregulation of 

SOCE could underlie degeneration of dopaminergic neurons in Parkinson’s disease and 

contribute to the pathogenesis of Alzehimer disease as well (Secondo, Bagetta et al. 2018). These 

findings highlight the important role SOCE components; TRPC and CRAC channels lead in the 

CNS. 

Numerous studies have implicated SOCE particularly STIM1 in modulating the cell cycle 

and regulating cell survival and viability. Zang, Zuo et al. (2019) has reported essential role of 

STIM1 in the survival and proliferation of osteosarcoma cells. Moreover, Wang, Ren et al. (2018) 

demonstrated that silencing of STIM1 lowered cell viability by induction of cell cycle arrest and 

apoptosis. We aimed to investigate the importance of STIM1 and STIM2 for hOPCs cell survival 

and viability, our study focused on establishing a direct link between the strength of knock down 

of STIM1 and STIM2 genes and the observed subsequent cell loss. We did not find direct 

correlation between the knock down efficiency and cell death represented by DAPI+ (dead) cells 

per field, the siSTIM1 and siSTIM2 siRNAs which showed higher relative knock down efficiency 

did not necessarily result in larger amount of decline in live cell density reflected by an elevation 

in DAPI+ cells. These findings indicate that STIM1 and STIM2 may not play a similar essential role 

for cell viability and survival in hOPCs compared with other cell lines. However, future studies 

would adopt specialized cell survival assays such as TUNEL or MTT assays in addition to cleaved 

caspase 3 staining to further confirm our observation. Our results from the viability assay informed 

the presence of two siRNA primer sets that showed relatively higher toxicity and cell death in 
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hOPCs post transfection so we decided to exclude siSTIM2b and siSTIM2c siRNAs from our 

study. 

Canonical CRAC channel proteins STIM1 and Orai1 provide major route of calcium entry 

in the CNS, Papanikolaou, Lewis et al. (2017) reported the role of CRAC channel in mediating 

Ca2+ homeostasis in the white matter glia in mice optic nerve. Moreover, Somasundaram, Shum 

et al. (2014) have demonstrated the regulatory role of calcium signaling elicited by CRAC 

channels in both embryonic and adult neural progenitor cells proliferation. Therefore, CRAC 

channel presents an intriguing target in investigating novel downstream components in the 

muscarinic pathway that induces SOCE. 

We studied the expression of CRAC channel components (STIM1/2 and Orai1) in hOPCs 

using immunofluorescent staining in fixed hOPCs cultures in vitro, we found positive expression 

of these proteins in oligodendrocytes progenitor cells. The potential role of CRAC channel in 

regulating oligodendrocyte differentiation was then established by opting a genetic approach to 

knock down the expression of STIM1 and STIM2 in hOPCs cultures. Initially, we have used a pool 

of three different siRNA primer sets in combination to target STIM1 or STIM2 in addition to a pool 

of the 6 siRNA sequences for double deletion of both genes in vitro. We found that silencing 

STIM2 resulted in significant decline in differentiation of hOPCs with lower expression of O4+ 

oligodendrocytes while STIM1 knock out did not influence differentiation in comparison with 

control hOPCs that were transfected with scrambled siRNA. Concomitant dosing with Oxo-M in 

addition to STIM1 or STIM2 knock down did not alter the reduction in differentiation exhibited by 

STIM2 deprived hOPCs but did lower the differentiation level in hOPCs with STIM1 

downregulation. These data are likely explained that the reduction in differentiation was already 

established by the downregulation of STIM2 and addition of Oxo-M did not induce any further 

change. Whereas the decline in differentiation in STIM1 knock down in combination with Oxo-M 

dosing is mainly attributed to Oxo-M inhibitory effect on OPCs differentiation not to the 

downregulation of STIM1. These findings suggest the differential importance of STIM2 over 
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STIM1 in driving differentiation in hOPCs. Interestingly, the differential roles could be explained 

by activation of distinct signaling pathways downstream STIM1 and STIM2 whose activation is 

initially dependent upon signal strength in terms of the level of store depletion. STIM2 is reportedly 

activated by minimal oscillations in endoplasmic reticulum Ca2+ level while STIM1 activation 

requires full store depletion as described in (Thiel, Lis et al. 2013). 

In order to further investigate the phenotype observed with STIM1 and STIM2 down 

regulation in hOPCs, we aimed to utilize the siRNA on individual bases without using a pool that 

could potentially render siRNA primer sets mask the effect of one another. Down regulation of 

STIM1 using the siSTIM1a siRNA unexpectedly resulted in significant decline in hOPCs 

differentiation in contrary to the phenotype exhibited by another siRNA siSTIM1c targeting STIM1 

which significantly enhanced differentiation in comparison with the control. While, down regulating 

STIM2 with siSTIM2a siRNA resulted in significant decline in differentiation of hOPCs in 

consistence with the phenotype revealed previously with the pool siSTIM2 siRNA but the second 

employed siSTIM2b siRNA resulted in slightly lowered hOPCs differentiation levels but still 

comparable to the control. 

Reviewing our knock down efficiency validation of STIM1 and STIM2 siRNAs using qPCR 

we found that both siSTIM1 sequences (siSTIM1a and siSTIM1c) exhibited efficient knock down 

of STIM1 gene expression of ~90 % reduction using siSTIM1a and ~65 % reduction with 

siSTIM1c. Whereas, siSTIM2a average knock down efficiency was ~ 40 % reduction in STIM2 

gene expression unlike siSTIM2b with relatively higher efficacy of average ~60 %. Thus, we 

predicted presence of off target effect with any of the utilized siRNA for STIM1 and STIM2 knock 

down. Therefore, in order to detect any foreign alignments of the utilized STIM1 and STIM2 siRNA 

with other non-target genes we ran blast for all utilized siRNA sequences, we did not find any 

foreign alignments with other genes. Despite the absence of foreign alignment hits, we did not 

exclude the possibility of potential off target effects produced by one or more of the siRNA primers 

sets that yielded the opposing phenotypes we observed. We noted that the three different siSTIM2 
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siRNAs we got from Invitrogen and employed in our study were also used by other group, 

Darbellay, Arnaudeau et al. (2010) who reported equivalent knock down efficiency by the different 

siSTIM2 siRNAs assessed by protein decrease, comparable inhibition of SOCE and subsequent 

similar influence on human myoblast differentiation. The different genetic composition and 

corresponding variation in cellular responses between our study cell line; hOPCs and the 

mentioned study cell line; human myoblasts cells, provided us insights that expecting same level 

of consistency in STIM2 knock down effects may not be achievable. 

Together, these data necessitate adopting a different approach to investigate the 

functional role of STIM1 and STIM2 in hOPCs. In order to resolve such paradox, we developed 

lentivirus to overexpress STIM1 and STIM2 genes in hOPCs. We confirmed overexpression and 

lentiviral infection efficiency by qPCR of RNA extracts from hOPCs primary cultures that were 

infected with STIM1 or STIM2 lentivirus and STIM1/2 expression levels were assessed in 

comparison with control hOPCs that were infected with control empty virus vector. Following 

infection, STIM1 expression was significantly elevated up to four folds the endogenous gene level. 

Similarly, a boost of one and half fold increase in STIM2 expression was detected. STIM1 and 

STIM2 overexpression was sufficient to reverse the knock down produced by transfection of 

hOPCs with siSTIM1a and siSTIM1c targeting STIM1 in addition to siSTIM2a and siSTIM2b 

targeting STIM2. We aimed to study the influence of STIM1 and STIM2 overexpression on 

restoration/rescue of the differentiation phenotype elicited by STIM1 and STIM2 knock down 

utilizing the previously mentioned siRNAs. 

It has been demonstrated that overexpression of STIM1 and STIM2 results in upregulation 

of SOCE in cervical cancer cells in Chen, Chen et al. (2018) and amplification of CRAC currents 

in HEK293 cells in Peinelt, Vig et al. (2006). Initially, we first assessed the functional impact of 

overexpressing STIM1 and STIM2 genes in hOPCs focusing on differentiation of STIM1/STIM2 

lentiviral infected hOPCs in comparison with hOPCs control infected with empty vector. We found 

that STIM1 overexpression did not significantly affect hOPCs differentiation and the proportion of 
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O4+ oligodendrocytes was similar to the control. Interestingly, overexpression of STIM1 followed 

by transfection with siSTIM1a/c siRNA did not rescue the differentiation phenotype exhibited with 

the downregulation of STIM1 using siSTIM1a and siSTIM1c siRNAs alone without prior STIM1 

LV infection. siSTIM1a maintained the relatively lower O4+ cells and live cell density in comparison 

with the control in presence or absence of STIM1 overexpression. In contrast, siSTIM1c 

preserved the relatively higher O4+ cells and live cell density in comparison with the scrambled 

control with or without STIM1 overexpression. 

Collectively, these results indicate no significant effect of STIM1 on hOPCs differentiation 

considering lack of influence of STIM1 overexpression by itself on hOPCs differentiation together 

with our prior data reporting no change in O4+ differentiated oligodendrocytes upon silencing 

STIM1 utilizing a pool of siSTIM1a and siSTIM1c concomitantly. The inconsistent results we got 

upon knocking down STIM1 using the individual sequences siSTIM1a and siSTIM1c are most 

likely interpreted due to differences in their toxicity profiles which possibly evoked oligodendrocyte 

death in case of siSTIM1a but not siSTIM1c. 

However, evaluating our preliminary data for STIM2 overexpression in hOPCs, we 

observed slight enhancement in STIM2 -LV infected hOPCs differentiation with reference to the 

control. The influence of STIM1 and STIM2 overexpression on differentiation was assessed 

without induction of muscarinic signaling using Oxo-M, so we do not expect major activation of 

SOCE post store depletion that is induced by Oxo-M beyond the endogenous or constitutive 

levels. Future studies will assess the impact of upregulating STIM1and STIM2 genes with 

concomitant dosing of OXO-M to provide us elaborate understanding of the effect of amplified 

SOCE Ca2+ currents in regulating hOPCs differentiation. 

In order to supplement our study, we used transgenic mice with conditional deletion of 

both STIM1 and STIM2 genes generated by Oh-hora, Yamashita et al. (2008) in murine NG2+ 

OPCs, to study the influence of the double deletion of STIM1 and STIM2 genes in OPC 

differentiation in vivo in a lysolecithin induced hypomyelination model. Intriguinglybvv5, our pilot 
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results showed that deficiency of STIM1 and STIM2 genes resulted in enhancement of OPCs 

differentiation and expression of CC1+ oligodendrocytes (terminal differentiation marker) in 

animals with conditional knock out of STIM1 and STIM2 genes in comparison with the control wild 

type group. Such results encourage further investigation on the influence of STIM1/2 conditional 

deletion on myelin repair and evaluate the re-myelination capacity of the differentiated 

oligodendrocyte population within the hypomyelinated lesion area. 

In summary, our data demonstrate that TRPC1 mediates Ca2+ homeostasis in hOPCs and 

allow SOCE for refilling of intracellular stores post store depletion induced by muscarinic 

stimulation. There’s direct signaling sequence that implicates TRPC1 channel as a downstream 

component in M3 R signaling pathway. Furthermore, Ca2+ entry through TRPC1 channel appeared 

to be important for mediating signaling events that drive hOPCs differentiation in vitro, inhibiting 

the function of TRPC1 lead to direct inhibition of hOPCs differentiation. Our future studies will 

include employing different approach for blocking TRPC1 channel in hOPCs including gene 

silencing approach or a dominant negative mutant for TRPC1. 

It would be intriguing to study the regulators of STIM1, STIM2 and TRPC1 and their 

intracellular trafficking in hOPCs that control their function. For instance, de Souza, Ong et al. 

(2015) has reported that TRPC1 is subject to internalization from the cell membrane by Arf6 

pathway. Interestingly, overexpression of Arf6 lead to enhanced endosomal internalization and 

retention of TRPC1 and inhibition of its function. While trafficking of TRPC1 to the cell membrane 

is mediated by Rab4, whose expression restored the surface expression of TRPC1. Thus, TRPC1 

channel turnover is an important regulator of TRPC1 function hence TRPC1 recycling determines 

TRPC1-STIM1 efficient clustering within the endoplasmic reticulum -plasma membrane junctions 

following ER- Ca2+ store depletion (de Souza, Ong et al. 2015). 

Future work will involve investigation of the functional role of Orai1 as a central component 

of CRAC channels in hOPCs differentiation. In addition, employing a third approach besides 

siSTIM1/2 siRNA and STIM1/2 overexpression such as CRISPR Cas system, would definitely 
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help reaching a conclusive phenotype for the influence of STM1/2 on differentiation. Collectively, 

these experiments would provide us novel insights and deeper understanding to the downstream 

mechanisms of SOCE that could regulate oligodendrocytes differentiation and the process of 

myelin repair identifying novel therapeutic targets in MS treatment. 
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Appendix A: Reagents and Formulas 

A. Cell Culture Reagents 
Neural 	Differentiation 	(ND) 	Media 	(500mL) 

DMEM/F12 (VWR/MediaTech Cat. 4500-350) 240mL 

Neurobasal Media (Invitrogen Cat. 21103-049) 240mL 

Sodium Pyruvate (100mM, VWR/Lonza Cat. 12001-636) 5mL 

L-Glutamine (200mM, VWR/Lonza Cat. 12001-698) 5mL 

Pen/strep (10,000U/mL, VWR/Lonza Cat. 12001-692) 5mL 

N2 Supplement (100X, Invitrogen Cat. 17502-048) 5mL 

Selenite (2μg/μL, Sigma Cat. S9133-1MG) 12.5μL 

Progesterone (2μg/μL, Sigma Cat. P6149-1MG) 15μL 

Trace Elements B (1000X, VWR/MediaTech Cat. 45000-714) 500μL 

Biotin (50ng/μL, Sigma Cat. B4639-500MG) 100μL 

B-27 Supplement (50X, Invitrogen Cat. 17504-044) 10mL 

N-acetyl cysteine (5mg/mL, Sigma Cat. A8199-10G) 500μL 
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HEK293T Media (500mL) 

DMEM (VWR/MediaTech Cat. 4500-316) 440mL 

L-Glutamine (200mM, VWR/Lonza Cat. 12001-698) 5mL 

Pen/strep (10,000U/mL, VWR/Lonza Cat. 12001-692) 5mL 

FBS (VWR/Corning Cat. 450734) 50mL 

Poly-L-Ornithine 	(Sigma-P3655-100MG) 

Prepare 0.01% (w/v) solution and sterile filter, storing at 4°C until required for use. Incubate plates 

with poly-L-ornithine for 3 hours or overnight. Remove liquid and rinse twice with sterile water 

prior to use. Washed and dried plates may be stored at 4°C. 

Laminin 	(Invitrogen 	#23017-015) 

Stock is at a concentration of 1mg/mL and may be stored in 50μL aliquots at -20°C. Working stock 

should be freshly prepared prior to each use, by diluting the 50μL stock aliquot to 10mL in HBSS 

(+). To a plate previously coated with poly-L-ornithine, add laminin working stock and incubate for 

three hours or overnight. Immediately prior to use, aspirate laminin and wash once with HBSS 

(+). If desired, plates may be stored in laminin solution at 4°C- but be sure to properly wash with 

HBSS (+) prior to use. 

Poly-D-Lysine (Sigma 	P6407) 

Add 100 ml of sterile tissue culture grade H2O to 10 mg poly-D-lysine. Final concentration of poly-

D-lysine is 100 µg/ml, mix by pipetting several times then store at 2-8 ºC or –20 ºC. Prepare 

Coated Plates: Add enough poly-D-lysine solution to cover culture plate surface, then incubate at 
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room temperature for 1-24 hours then aspirate the solution. Rinse the plate surface thoroughly 

with sterile tissue culture grade H2O then dry the plate and finally store the plate at 4-8 ºC or room 

temperature. 

PDGF-AA 	(Peprotech) 

Re-suspend at 100ng/μL in 1X PBS + 0.1% BSA. Aliquot 20μL per tube. Store aliquots at -80ºC 

~1year. Keep 5 aliquots at -20ºC for 3 months or 1 week at 4ºC. Typically use at a final 

concentration of 20ng/mL. 

NT-3 	(Peprotech) 

Re-suspend at 100ng/μL in 1X PBS + 0.1% BSA. Aliquot 5μL per tube. Store aliquots at -20ºC 

~3 months. Typically use at a final concentration of 5ng/mL. 

FGF-2 	(Peprotech) 

Re-suspend at 100ng/μL in 1X PBS + 0.1% BSA. Aliquot 20μL per tube. Store aliquots at -80ºC 

~1year. Keep 5 aliquots at -20ºC for 3 months or 1 week at 4ºC. Typically use at a final 

concentration of 5ng/mL. 

Primer 	sequences 

Primer Sequence 5’-3’ 

GAPDH Forward: GTGAAGGTCGGAGTCAACGG 

Reverse: CCTGGAAGATGGTGATGGGA 

STIM1 Forward: CCTCTCTTGACTCGCCATAATC 
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Reverse: CTTGGAGTAACGGTTCTGGATATAG 

STIM2 Forward: CAACACACACCACACTCCTT 

Reverse: GCCTCTTCCTCCTCTTCATTTC 

Forward: TGAGGACAGAGTCGCGAACA 

TRPC1-(V1) 

splice variant 

Reverse: AGGACGAGAGATCTGTGGGAG 

TRPC1-(V1&V2) Forward: CGCCAGTCCAGCTCTAATAATG 

splice variants Reverse: CCTGAATTCCACCTCCACAAG 

Western 	blot 	antibodies 

Antibody Host Vendor Dilution Buffer 

TRPC1 (primary) Rabbit Alomone lab (ACC-010) 1:200 Rockland 

β- Actin (primary) Mouse Cell Signaling Technology 1:10000 Rockland 

IRDye 680RD Donkey anti- Mouse Donkey LI-COR Biosciences 1:5000 Rockland 

IRDye 800CW Goat anti-Rabbit Goat LI-COR Biosciences 1:5000 Rockland 
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Plasmids 

Plasmid Name Promoter & CDS Vendor 

P2k7bsdUBI-mCherry-

STIM1(ID# 1141781) 

Ubiquitin-c 

mCherry-STIM1 fusion 

Addgene 

STIM2 (Cat. # EX-H5206-

Lv166-Gs) 

Efla (STIM2) 

IRES2 (mCherry) 

GeneCopoeia 

Empty vector (Cat. # EX-NEG-

Lv166) 

Efla/IRES2 mCherry GeneCopoeia 

Lentivirus 

Titer (VPU/ml) MOI 

STIM1 3.12 * 105 1 

pTRIP-mcherry 2.4 * 107 1 

STIM2 1.28 * 106 1 

Empty vector 2.29 * 105 1 
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Appendix B: Detailed Protocols 

B. Cell Culture Protocols 

I. Culturing/ Maintaining CG-4 Cells 

50 ML of ND-T3 P10 F10 

Stock PDGFAA diluted in 1XPBS to 100 ng/ul 

Stock FGF2 diluted in 1XPBS to 100 ng/ul 

Both ordered from preprotec 

ND-T3 media. Add AB/AM (10ul per ml). Add PDGFAA 1 ul per 10 ml, Add FGF2 1 ul per 10 

ml (PDGFAA and FGF stocks are 100 ng/ul) 

1. Coat a flask or dish with poly-l-lysine (enough to cover the bottom) in 37 incubator for at least 

15 minutes. Wash 1x with water and let dry in the hood while you passage. 

Poly l-lysine: T25- 4mL, T75- 8mL 

2. Passaging: remove the media from the flask and wash once with HBSS-. 

3. Use the 1X trypsin. Add trypsin to the flask (7 ml for T-75 Flask, or 4 ml for T-25 Flask). 

4. Place at 37 for 5 minutes. View the cells under the scope and look for the edges getting 

“bright”. 

5. Add one volume of HBSS- to the flask (7 ml for T-75 Flask, or 4 ml for T-25 Flask) and pipette 

up and down a few times to make a single cell suspension. (Note that trypsin may be removed 

first and the flask subsequently washed with HBSS(-) if desired). 

6. Collect the cells into a 15 ml conical with 70 ul of PD-FBS in it. 

7. Spin 3 click 2 min 
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8. Add the supernatant to the waste and add 1ml new media and gently resuspend the pellet 

with a P1000 5 times. Mix 5 more time with P1000 

9. Do a 1:3 split every 2 days or 1:4 split every 3 days. Do not go above 80% confluent 

If there are many cells, add 90 uL of media to a 1.5 mL tube and then add 10 uL of the re-

suspended cells. Swirl mix and add 10 uL to the hemocytometer. 

Count all the cells in a 5 by 5 square. Multiply by your dilution and then multiply by 104 

.Ex) 159 cells in 5 by 5 

159 x 10 (for 1:10 dilution) x 104 = 15900000 cells per mL (15.9 x 106) 

Note: you have 5 mL of resuspended cells so your total # of cells from the flask is 

15.9 x 106 times 5 = 79.5 x 106 cells. 

10. If you want 1 million (1 x 106) cells in a final volume of 10 mL and you have (15.9 x 106) in 1 

mL then, (15.9 x 106) = (1 x 106) 

1000 uL X ul X=300 uL 

11. Add 300 uL (in this case) of your resuspended cells to enough media to make 10 mL (T75 

flask) (150 uL/5mL T-25). 

12. Add the 10 mL(New media plus cells) to a new flask and rock the flask to coat. 

13. Check the cells under the scope and return to the incubator. 

II. HEK 293T Passage Protocol 

1) For adherent cells, remove the media from the flask and wash once with HBSS-. Add trypsin 

to the flask (2.5 mL for T-25 Flask, or 5 mL for T-75 Flask). 

2) Place at 37ºC for 5 minutes. View the cells under the scope and look for the edges getting 

“bright”. 
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3) Add one volume of HBSS- to the flask (3 mL for T-25 Flask, or 5mL for T-75 Flask) and 

pipette up and down a few times gently, to make single cell suspension. 

4) Collect the cells into a 15 mL conical. Rinse with another volume of HBSS- and collect. 

5) Spin the cells at ~300g to pellet (3 clicks, 5 minutes). 

6) Add the supernatant to the waste and add 1-2 mL of new media. 

7) Re-suspend by triturating with a p1000. Add 3 mL more media and mix  with a 5 mL pipette. 

8) Tilt to mix and add 10 uL to the hemocytometer. 

9) Count all of the cells in one of the 16 squares. Multiply by your dilution (if you diluted) and 

then multiply by 104 to obtain total cell density per/mL (or volume of resuspension) 

10) Add desired volume of your re-suspended cells to enough media in order to seed flasks 

and/or plates at desired final density. 

11) Add cells and media volume to a flask and rock the flask to evenly distribute cells. 

12) Check the cells under the microscope and return to the incubator. 

III. Human Primary OPC Passage Protocol 

1) Remove media from flask/plate. 

2) Wash cells on a flask/plate once with one volume of HBSS(-) equal to the amount of   

removed media to remove cells and serum (if any). 

3) Add just enough 0.05% trypsin to cover the cells (Ex: T-75 gets 7mL; T-25 gets 3mL). 

4) Place at 37°C for 4-5 min. Using the microscope, check that the cells are detaching, 

rounding up, and becoming bright. 

5) Add PD-FBS (serum) to a 15mL conical vial. The amount of serum is dependent on the 

volume of trypsin used (Ex: Use 70uL of serum for 3mL of Trypsin, 150uL of serum for 7mL 

of  Trypsin; scale down for wells based on these standards). 
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6) Pipette the cells in Trypsin gently 3-4x, then add to the 15mL conical vial and pipette once 

 to mix in the PD-FBS. 

7) Add HBSS(-) to the flask/plate to rinse remaining cells, then add this to the 15mL conical   

vial. (Add enough HBSS(-) that the total volume in the 15mL conical vial will be 14-15mL. 

8) Spin at ~300g for 5 min to pellet cells. 

9) Carefully aspirate supernatant and add it to waste, and re-suspend the cell pellet in 1mL ND 

media and keep chilled on ice prior after the next step. 

10) Make a 1:10 dilution in a 1.5mL (Eppendorf) tube, with 90uL of media and 10uL of cells. Tilt 

or pipette slowly with a p200 or p1000 to mix, and add 10uL to a hemocytometer. 

11) Dilute the cells as required for seeding in 37°C media. 

12) Seed Cells at desired density in desired flask or plate, slide plate or flask up, down, left, right 

to ensure even distribution of cells. 

13) Check cells under microscope and return plated cells to 37ºC / 5.0% CO2 incubator; slide 

plate up down left and right to ensure even distribution of cells. 

IV. Human Fetal Forebrain Dissociation 

Samples were obtained from patients who consented to tissue use under protocols approved by 

the State University of New York at Buffalo Health Science Institutional Review Boards. Human 

fetal forebrains between 18 and 22 weeks of age were transported to the laboratory in Hank’s 

Buffered Saline Solution with magnesium and calcium (HBSS+). Whole tissue is washed 3 times 

in HBSS+, with all remaining visible capillaries and blot clot were removed using forceps 

afterwards. Using #10 scalpels, the tissue was cut into small pieces and rinsed in HBSS without 

magnesium and calcium (HBSS-) twice. A solution of papain was prepared and activated at 37ºC 

for 15 minutes prior to being filter sterilized. The HBSS- solution was progressively replaced with 

Pipes Working Solution, while activated papain (Worthington Biochemical, Lakewood, NJ) (25 
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units) was added to the tissue and incubated at 37ºC for 30 minutes. Calcium is replenished to 

the tissue by the addition of 2mL DMEM/F12 (Cellgro, Manassas, VA), and DNA released from 

dead cells was digested by DNaseI. Tissue was triturated using graduated glass pipettes with 

progressively smaller bore size, followed by inactivation of the papain by the addition of 0.1% 

platelet-derived fetal bovine serum (Cocalico Biologicals, Reamstown, PA). The triturated tissue 

was next strained through a pre-wet 70μm filter to remove any remaining macroscopic tissue 

debris. Following trituration and filtration, the tissue was twice washed and spun down at 200 x g 

for 10 minutes. For plating, cells were re-suspended in M41 media supplemented with 10ng/mL 

fibroblast growth factor basic (FGF2) (Preprotech, Rocky Hill, NJ) and Antibiotic/Antimycotic 

(AB/AM) (Lonza, Walkersville, MD) and then seeded at 3x106 cells/mL and are incubated 

overnight at 37ºC and 5.0% CO2. 

PREPARE REAGENTS DAYS IN ADVANCE 

Solutions are referred to by number in dissociation protocol. 

1. Pipes Working Solution 

Make up solutions A & B:  

[A] 10x stock of 1.2M NaCl, 50mM KCL Solution, sterile filter, store at RT 

Component 150mL 

NaCl (MW 58.44, Biochem Stock Room) 10.52 g 

KCL (MW 74.55, Biochem Stock Room)  0.559 g 

ddH20  to 150 mL 

[B] 0.5M Pipes buffer stock, pH to 7.4, sterile filter, store at RT 
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Component 

Pipes (Sigma 

1M NaOH 

P8658) 

Amount 

6.048g 

40mL 

Mix together: 

Amount 

5mL 

2mL 

Component 

[A] 

[B] 

0.5mL 45glucose(Sigma,G8769) 

100µL 0.5% sterile Phenol Red (Sigma, P0290-100mL) 

To 50mL sterile water  

Sterile filter, store at RT wrapped in tin foil 
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2. 10x stock of 11mM EDTA, 55mM l-cystein-HCL 

Sterile filter, pH 7.4 (make fresh each week) 

Component Amount 

0.5M EDTA, pH 8 (Invitrogen 15575-020) 220 µL 

L-cystein-HCL (VWR/MP Biochemicals) 0.126 g 

ddH20 9.78 mL 

3. DNase I (Sigma, D4263-5VL) 

Reconstitute one vial (from -20ºC) (20,000 units) in 1mL HBSS(+) (20,000units/mL), 4ºC 

Use fresh each day 

4. Calcein (VWR 800-50-600, store at -20oC ) 

Reconstitute 1mg (one vial) in 1 mL DMSO (VWR/Mediatech, 45001-118). Stored within the -

20ºC freezer. Use at 1:100μl dilution for 20 minutes at 37°C for live cell stain. Count on 

hemocytometer using fluorescent microscope. Live cells should be labeled green. 

5. Sort Wash Buffer  

PBS with 2mM EDTA and 0.5% BSA, sterile filter, 4°C 

Component 

10 x PBS (VWR/Lonza, 12001-680), pH7.2 

ddH20 

Amount for 500mL 

50 mL 

414 mL 

7.5% BSA (Invitrogen, 15260-037) 

0.5M EDTA, pH 8 (VWR/MediaTech, 45001-122) 

0.5% sterile Phenol Red (Sigma, P0290-100mL) 

33.3 

2 

50 µL 

mL 

mL 
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(Note: degassing is accomplished during sterile filtration) 

6. Activated Papain, sterile filter 

Component Amount 

Papain (PAPL Worthington LS003126) 100 units 

10x 11mM EDTA, 55mM l-cystein-HCL 500 µL 

(#2) Pipes Working Solution (#1) 4.5 mL 

V. Magnetic Activated Cell Sorting (MACS) 

To isolate a population of oligodendrocyte progenitor cells (OPCs) from a given fetal sample, 

dissociated cells were sorted based on the marker CD140a with the help of a MACS system from 

Miltenyi Biotec (Auburn, CA). Dissociated cells, after recovery in M41 media overnight, were 

harvested in cold calcium and magnesium free HBSS and pelleted by spinning at 200x gravity for 

10 minutes. The cells were suspended in sort wash buffer and a count of the cells after recovery 

was taken. A small batch of un-marked cells was preserved for flow cytometry. DNA from perished 

cells was respectively removed by treating with 100μL of DNase I. CD140a-PE conjugated 

purified mouse IgGa (BD Pharmigen, San Diego, CA) was added to the cells at a concentration of 

0.2 μg/ 1 x 106 cells and incubated at 4°C for 30 minutes. The sample was then washed with cold 

sort wash buffer to remove the primary antibody. 20μL/ 107 cells of rat anti mouse IgG2a+b 

secondary antibody was added and cells were incubated at 4°C for 30 minutes again. Secondary 

antibody was washed off using cold Sort Wash Buffer and cells were spun at 200 x g for 10 

minutes. Pelleted cells were re-suspended in 5 mL Sort Wash Buffer and a pre-sort sample was 

taken for flow cytometry. The cells were filtered through a 40μm strainer. The magnet and column 

(Miltenyi, Auburn CA) were set up and the column pre-wet with 3 mL of Sort Wash Buffer. The 
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sample was loaded into the column and allowed to pass completely before performing three 

washes with 3 mL Sort Wash Buffer. The collected flow through from the column is composed of 

the CD140a– fraction of cells and a sample was collected for flow cytometry. Next, the column is 

removed from the magnet and CD140a+ cells are collected by addition of 5 mL Sort Wash Buffer 

to the column. The cells were pushed out of the column with the help of a plunger, and a sample 

of CD140a+ cells was collected for flow cytometry. Purity of the sort was determined by flow 

cytometry for the PE labelled cells and an additional column purification was performed if <75% 

cells were CD140a-PE+. CD140a+ cells were expanded and frozen for later use or fresh cells 

seeded at a density of 5 x 104 cells/mL. 

C. Immunocytochemistry 

VI. Live Staining of O4 / TRPC1 Antigen 

1) Add mouse anti-O4 hybridoma supernatant (1:25), TRPC1(1:200) to a live culture. Tilt to 

mix and incubate at 37°C for 30 minutes. 

2) Remove plate from incubator and carefully wash once with room temperature HBSS(+) 

3) Fix cells in 4.0% PFA (w/v in 1X PBS, pH=7.4) for 15 minutes at room temperature 

4) Wash twice with PBS/T at room temperature 

5) Block with 5.0% (v/v) goat serum in HBSS(+) for 1 hour at room temperature 

6) Add secondary antibody of choice (1:500 in 1X PBS/T) and incubate for one hour at room 

temperature 

VII.Triton X-100 based Immunocytochemistry 

1) Bring fixed plate to room temperature 

2) Wash plate 3 time, 5 minutes each with 1X PBS/T 

3) Permeabilize cells for 15 minutes at room temperature 
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4) Block cells in Triton Plate Block for 1 hour at room temperature 

5) Incubate cells with primary antibody, diluted in Triton Plate Standard Diluent (SD) 

overnight at +4°C 

6) Bring plate to room temperature and wash 3x, 5 minutes each with 1X PBS/T 

7) Block cells in Triton Plate Block for 1 hour at room temperature 

8) Incubate cells with secondary antibody, diluted in Triton Plate SD, for one hour at room 

temperature. 

9) Wash cells 3 times, 5 minutes each in 1X PBS/T; store in PBS/T 

VIII. 10X PBS/T (1L) 

10XPBS (VWR/Lonza, Cat. 12001-680) 1L 

Thimerosal (Sigma, Cat. T5125-10G) 400mg 

IX. 0.01% Triton X-100 Blocking Buffer (50mL) 

10XPBS/T 5mL 

Goat Serum 2.5mL 

Triton X-100 5μL 

Sterile ddH20 To 50 mL 
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X. 0.01% Triton X-100 Standard Diluent (SD) (50mL) 

10XPBS/T 5mL 

Triton X-100 5μL 

Sterile ddH20 To 50 mL 

XI. 0.1% Triton X-100 Perm Buffer (50mL) 

10XPBS/T 5mL 

Triton X-100 50μL 

Goat Serum 500μL 

Sterile ddH20 To 50mL 

D. Immunohistochemistry 

XII.Fluoromyelin Staining Protocol 

1. Bring slides from -80°C to room temperature and equilibrate temperature for 15 minutes 

(1 slide from each series like 10, 20, 30 ……….) 

2. Wash 3x5 mins in IXPBS/T 

3. Incubate with Fluoromyelin (1:300) diluted in 1XPBS for 30 min at RT. 

4. Wash 2x 5 mins 1X PBS/T 
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5. Counterstain with DAPI 1:10000 for 3 mins 

6. Wash 2x 5 mins 1X PBS/T 

7. Mount with ProLong Gold 

8. Let dry overnight at RT, seal with nail polish 

XIII. Olig2/CC1  IHC protocol 

XIV. Olig2 staining 

9. Bring slides from -80°C to room temperature and equilibrate temperature for 15 minutes 

10. Wash 3x5 mins in IXPBS/T 

11. Block 1 hr triton Brain Block 

12. Remove excess liquid and incubate with Rabbit olig2 Primary antibody (1:500) diluted 

in Brain SD O/N at 4°C 

13. Wash 3x5 mins in PBS/T 

14. Block sections for 1hr in Triton X-100 BRAIN block at room temperature 

15. Incubate with secondary antibody against the rabbit primary for 1 hour at room 

temperature. Dilute in Triton X-100 BRAIN SD (1:500). 

16. Wash 3x5 minutes in 1XPBS/T 

CC1 staining 

1. Permeabilise 30 mins in PBSTween(0.25%) 1% Triton. 

2. Wash 3x 5 mins 1X PBS/T 

3. Block 1 hour at RT in Mouse on Mouse IgG blocking buffer in humid chamber 

4. Pre-incubate 5 mins in Mouse on Mouse Diluent 
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5. Incubate with mouse primary CC1 (1:50) in Mouse on Mouse Diluent O/N at 4°C 

6. Wash 3x 5 mins 1X PBS/T 

7. Incubate with secondary antibody against the mice primary for 1 hour at room 

temperature. Dilute in MOM diluent (1:500). 

8. Counterstain with DAPI 1:10000 for 3 mins 

17. Mount with ProLong Gold 

18. Let dry overnight at RT, seal with nail polish 

Stock Solutions: 

Perm Buffer (50 ml) 

10X PBS 5 ml 

Tween-20 (0.25% Final) 125 µl 

Triton X-100 (1% Final) 500 µl 

Sterile water to 50 ml ml 

MOM IgG Blocking buffer 

IgG Blocking buffer 90 µl 

1X PBS 2.5 ml 

MOM dilutent 

Protein concentrate Stock sol 600 µl 

1X PBS 7.5 ml 

10X PBS/T (PBS with thimerosal) (50 ml) 
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10X PBS 50 ml 

thimerosal 20 mg 

(Sigma T5125) 

Dilute 1:10 with autoclaved water for a 1X solution 

0.5% TritonX-100 BRAIN Blocking Buffer (50ml) 

10X PBS/T 5 ml 

Goat Serum (5%final) 2.5 ml 

BSA (5% final) 2.5 ml 

Triton X-100 250 µl 

Sterile water to 50 ml ml 

0.5% TritonX-100 BRAIN SD (50ml) 

10X PBS/T 5 ml 

Goat Serum (2.5%final) 1.25 ml 

BSA (2.5% final) 1.25 ml 

Triton X-100 250 µl 

Sterile water to 50 ml 31 ml 
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XV.TRPC1 IHC protocol 

Triton X-100 based BRAIN SLIDE staining protocol 

1. Bring fixed slides from -80 to RT 

2. Wash 3 X 4 mins with at least 2 volumes of PBS/T 

3. Permeabilize 30 mins in PBSTween(0.25%) 0.1% Triton 

4. Wash 3 X 4 mins with at least 2 volumes of PBS/T 

5. Suck away all the extra liquid and Block – 1hr @ RT using triton brain block 

6. Suck away all the extra liquid and put 1o Ab in SD – Over night @ 4o C 

7. 4 x 4 mins wash PBS/T 

8. Suck away all the extra liquid and Block – 1hr @ RT using triton brain block 

9. Suck away all the extra liquid and put 2° Ab in SD – 1hr @ RT 

10. 3 x 4 mins wash PBS/T and proceed with the next marker if you need. 

11. Counterstain with DAPI 1:1000 for 3 mins 

12. Wash 1x 5 mins 1X PBS/T 

13. Mount with ProLong Gold 

Let dry overnight at RT, seal with nail polish 

E. Cell RNA Isolation 

For adherent cells in a culture dish < 6cm: 

a. Remove all the media in the well 

b. Add 350 uL of TRK Lysis buffer (w/ B-Me @ 20 ul/ml) into the well. 

c. Collect all the lysis buffer into a homogenizer column. 

d. Follow step 2 below. 

For adherent cells in a culture dish > 6cm: 
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a. Remove all the media in the well 

b. Add 700 uL of TRK Lysis buffer (w/ B-Me @ 20 ul/ml) into the well. 

c. Collect all the lysis buffer into a homogenizer column. 

d. Follow step 2 below. 

Note. Heat Water or elution buffer to 70 degrees C for last step. 

Procedure: 

1. Lyse cells by adding 350 ul of TRK Lysis Buffer (with B-Me) to the tube with cells. 

2. Load the lysate onto a Homogenizer Spin Column (green) in a 2 ml collection tube. Spin 

two minutes at 14000g. 

3. Add an equal volume (350 or 700 ul) 70% ethanol to the lysate and pipette to mix. 

4. Apply sample onto HiBind® RNA spin column (orange); including any precipitate. 

5. Centrifuge at 10,000 x g for 1 minute at room temperature. 

6. Discard flowthrough and continue until all the lysate has been passed thru the column. 

Then discard the collection tube and place column in a clean 2ml collection tube. 

7. Add 350 ul RNAWash Buffer I to the column. Centrifuge at 10,000 x g 1 minute and discard 

flow-thru. Reuse collection tube. 

8. On column DNase digestion: 

a. For each column, prepare the DNase I digestion reaction mix as follows: 

OBI DNase I Digestion Buffe r (room temp) 73.5 ul 

RNase-free DNase I (20 Kunitz units/ul)(-20) 1.5 ul 

Total volume 75 ul 

b. Pipet 75 ul of the DNase I digestion reaction mix directly onto the membrane. 

c. Incubate at room temperature for 15 minutes. 

9. Add 400 ul RNA Wash Buffer I and wait 2 minutes. 

10. Centrifuge at 10,000 x g for 1 minute and discard flow-through. 
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11. Place column back into the same 2ml collection tube, and add 500 ul RNA Wash Buffer 

II. Centrifuge at 10,000 x g for 1 minute and discard flow-through. Reuse the collection 

tube. 

12. Wash column with a second 500 ul of Wash Buffer II, centrifuge at 10,000 x g for 1 minute 

and discard flow-through. Then with the collection tube empty put the column back in and 

spin for 2 minutes at 14000g to completely dry the HiBind® matrix. 

13. Elution of RNA: Transfer the column to a clean 1.5 ml microfuge tube and add 30-50 ul 

of 70 degree nuclease free water. Let stand 5 minutes. 

14. Centrifuge 1 min at 14000g. A second elution may be necessary if the expected yield is 

>50 ug. 

F. First-Strand cDNA Synthesis Invitrogen SuperscriptIII –random hexamer 
primed 

1. Mix and briefly centrifuge each component before use. 

2. Combine the following in a 0.2 mL tube: 

Component Amount (up to 5 μg total RNA n μl) 

Primer (50 ng/μl random hexamers). 1 μl 

10 mM dNTP mix 1 μl 

RNA+water 8 μl 

3. Incubate at 65°C for 5 min, then place on ice for at least 1 min. 

4. Prepare the following cDNA Synthesis Mix, adding each component in the indicated order. 

Component 1 Rxn 10 Rxns 

10X RT buffer 2 μl 20 μl 

25 mM MgCl2 4 μl 40 μl 

0.1 M DTT 2 μl 18 μl 

RNaseOUT (40 U/μl) 1 μl 10 μl 
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SuperScriptIIIRT (200 U/μl) 1 μl 10 μl 

5. Add 10 μl of cDNA Synthesis Mix to each RNA/primer mixture, mix gently, and collect by brief 

centrifugation. Incubate as follows. 

Random hexamer primed: 10 min at 25°C, followed by 50 min at 50°C 

6. Terminate the reactions at 85°C for 5 min. Chill on ice. 

7. Briefly spin tubes and add 1 μl of RNase H to each and incubate for 20 min at 37°C. 

8. cDNA synthesis reaction can be stored at -20°C or used for PCR immediately. 
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