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ABSTRACT 

Demyelination in neurodegenerative disorders, is characterized by chronic destruction of myelin 

leading to attenuated saltatory conduction and ultimately axonal dystrophy. Remyelination, the 

regeneration of lost myelin, is dependent on differentiation of oligodendrocyte progenitor cells 

(OPCs) into myelinating oligodendrocytes. Recently, inhibitory muscarinic receptor signaling 

acting via M1R and M3R has been shown to hinder spontaneous remyelination. Previously, we 

found that treatment of human OPCs (hOPCs) with a non-selective muscarinic agonist 

oxotremorine (oxo-M) induced intracellular calcium release and store-operated calcium entry 

(SOCE). In this study, we hypothesized that muscarinic agonist-induced SOCE leads to the 

activation of calcium-activated BK potassium channels (KCa1.1) which mediate the anti-

differentiative effects of M1/3R signaling. BK channels are known to play a functional role in 

various physiological processes including membrane hyperpolarization during action potential, 

proliferation, and transcriptional regulation. To test this hypothesis, primary PDGFαR+ hOPCs 

were treated with pharmacological inhibitors of BK channels, iberiotoxin (IBTx) and paxilline 

(Pax), in the presence or absence of oxo-M. Consistent with our previous data, oxo-M treatment 

impaired hOPC differentiation to O4+ oligodendrocytes. Interestingly, we found that 

pharmacological inhibition of BK channels by both IBTx and Pax dose-dependently rescued the 

anti-differentiative effects of oxo-M treatment leading to increased oligodendrocyte 

differentiation. On the other hand, BK channel activation with NS19504 attenuated hOPC 

differentiation to O4+ oligodendrocytes presence or absence of Oxo-M. Furthermore, siRNA 

mediated knockdown of the pore forming BK α-subunit also mitigated the inhibitory effect of oxo-

M on hOPC differentiation. Additionally, we also investigated the effect of ß4 subunit knockdown 

on OPC differentiation which suggests that auxiliary subunits of BK channel may be essential to 
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regulate hOPC differentiation. These results suggest that BK channels are a necessary component 

of the muscarinic receptor pathway and provide insights into mechanisms that govern commitment 

of OPCs to a myelinogenic fate. 

x 



 

 

 

 

           

  

         

         

         

         

     

          

             

         

  

 

 

CHAPTER 1: BACKGROUND 

1.1 Remyelination and Demyelination Disorders 

Myelin in the CNS is primarily responsible for facilitation of saltatory conduction which relays 

electrical impulses through the axons at an accelerated speed and providing trophic support (Abu-

Rub and Miller, 2018). Inflammatory insults to the CNS trigger demyelination (loss of myelin) 

causing a conduction block. This can lead to motor, sensory and neurological disturbances that are 

witnessed in neurodegenerative disorders like Multiple Sclerosis (MS). Remyelination is a 

neuroadaptive process which is triggered following demyelination resulting into restoration of 

myelin sheaths to the demyelinated axons. Oligodendrocytes-myelin forming cells of the CNS, are 

key players in orchestrating the process of remyelination. A concerted occurrence of recruitment, 

proliferation and differentiation of OPCs to the area of injury where the OPCs extend their 

processes around demyelinated areas and generate compact myelin sheath is essential for 

remyelination. Franklin and Ffrench-Constant (2008). 
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Fig 1. Representation of the fate of remyelination following demyelination. Demyelination 

may lead to successful remyelination and axonal preservation (Left) or remyelination failure 

can lead to axonal dystrophy. (Adapted from Franklin and ffrench Constant 2008) 

Failure of remyelination can be attributed to paucity of OPCs at the site of lesion or the inability 

of OPCs to differentiate to myelinating oligodendrocytes. Decline in remyelination resulting from 

failure of OPCs to differentiate into myelinating oligodendrocytes was also observed in aged 

animals (Sim et al., 2002). Other studies have shown TTX treatment of lesions exhibiting an 

increase in CC1+ OPC recruitment however there was not a significant increase in the number of 

remyelinated axons (Gautier et al., 2015). Factors altering immune response in the lesion 

microenvironment may cause inefficient removal of myelin debris resulting from demyelination 

which may further lead to persistence of molecules or signaling factors inhibiting differentiation. 

Impaired HDAC function may also lead to a differentiation block (Conway et al., 2012). All these 

studies indicate that it is essential for us to understand the cellular and molecular pathways 

governing the process of differentiation which would consequentially promote remyelination. 

1.2 OPC lineage and development 

Oligodendrocytes are myelin generating cells of the central nervous system that develop from a 

population of cells called as the oligodendrocyte progenitor cells. The different stages of OPC 

development can be identified using protein markers specific to a particular sub-population in the 

glial lineage. Most widely used cell surface marker NG2 and PDGFRa (Franklin and Ffrench-

Constant, 2008) are used to identify precursor cells whereas Olig2 and O4 help distinguish a glial 

population committed to a myelinogenic fate. Transition of OPCs to mature myelinating 

oligodendrocytes can be recognized using markers for Myelin Basic Protein (MBP), proteolipid 
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protein (PLP), 2′,3′-cyclic nucleotide 3′-phosphodiesterase (CNP), Myelin associated 

glycoprotein(MAG) and myelin oligodendrocyte glycoprotein (MOG) (Miron et al., 2011), 

(Franklin and Ffrench-Constant, 2008), (Abiraman et al., 2015). 

Fig 2. OPC lineage and development illustrated based on the expression of cell-surface 

antigens (Adapted from Abiraman, Pol et al 2015). 

In the current study we utilized OPCs derived from the fetal human brain subjected to CD140a+ 

MACS sorting. The transplant potential of CD140a/PDGRa was tested in shiverer/rag2 pups which 

adds to their adjunct therapeutic utility in demyelinating disorders. It is crucial to understand the 

downstream signaling mechanisms that contribute to differentiation of OPCs and ultimately 

myelination.  
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1.3 Muscarinic receptors in OPC development 

Identification of novel molecular targets and understanding the downstream signaling 

mechanisms are vital to develop compounds that promote OPC differentiation to myelinating 

oligodendrocytes thereby accelerating remyelination. Recent studies have implicated the 

muscarinic G-protein coupled receptor in regulating OPC differentiation (Abiraman et al.), Mei, 

Fancy et al. 2014). Highthroughput screening led to the identification of Benzatropine an anti-

cholinergic that permeates the blood brain barrier to accelrate OPC differentiation in-vitro. Further 

investigation demonstrated the efficacy of benzatropine in accelerating remyelination in PLP 

induced EAE model of demyelination. OPC differentiation was promoted by non-specific 

muscarinic and Histamine type-1 receptor antagonist clemastine which was demonstrated in the 

EAE model of demyelination (Mei et al.). It was successful in reducing the clinical score of EAE 

and preventing axonal degeneration which was assesed by flouromyelin and neurofilament stainig 

in mice with respect to those who received the vehicle. 

Fig 3. Panel a-c Representative images of dose-dependent decrease in differentiation of 

O4+ve on Muscarinic agonist, Oxo-M treatment. Panel d-f hOPCs cocultured with human 

neuronal aggregates treated with Darifenacin [50nM] (muscarinic antagonist) promotes 

oligodendrocyte differentiation (Abiraman, Pol et al 2015). 
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Abiraman et. al 2015 investigated the effects of muscarinic signaling in-vitro. hCD140a+ cells 

were cultured in-vitro and treated with muscarinic agonist Oxo-M. A significant decrease in the 

proportion of O4+ve cells was observed in a dose-dependent manner. On the contrary, treatment 

with M3R specific antagonist Darifenacin[50nM]reversed the effect of Oxo-M. To investigate 

whether Ach released from the neurons regulates OPC differentiation, hOPCs were co-cultured 

with ChAT+ve neurons. Interestingly, Darifenacin treatment increased the proportion of O4+ve OLs 

with respect to the control. This suggested that neuronal Ach plays a role in inhibiting hOPC 

differentiation and M3R receptor antagonism promotes differention. 

It is cardinal to bear in mind that these muscarinic receptor antagonists have off-target effects due 

to their action on receptors other than the ones desired. Muscarinic receptors have also evolved as 

a therapeutic target for neurodegenerative disorders like Alzheimers disease and psychiatric 

disorders like Schizophrenia (Scarr). It is therefore crucial to elaborate and understand the specific 

downstream signaling mechanisms by which the muscarninic modulators act to regulate OPC 

differentiation. 

1.4 Muscarinic receptors in cell signaling 

The muscarinic receptor has been extensively studied in different cell-types, and has demonstrated 

robust receptor mediated calcium responses in spiral ganglionic neurons, myenteric neurons 

(Rome et al.), (Simeone et al., 1996). Calcium is a widely studied secondary messenger in cellular 

signaling pathways and plays a significant role in regulating proliferation, differentiation and 

migration. (Sousa et al., 2014). A study demonstrated increases in [Ca2+] in rat OPCs on treatment 

with Carbachol, a non-selective muscarinic agonist (Larocca and Almazan, 1997). Muscarinic 
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activation induced calcium elevations have also demonstrated an increase in OPC proliferation and 

survival contingent upon MAPK and PKC actions (Larocca and Almazan). A following study 

conducted was aimed at determining the signaling components mediating OPC survival by 

muscarinic acetylcholine receptors (Cui et al.). Utilizing a pharmacological approach for inhibition 

of PI3K, AKT and Src-like tyrosine kinases the study indicated the importance of PI3K and AKT 

in promoting OPC survival. However, these results suggest the involvement of multiple 

downstream signaling components on muscarinic receptor activation which makes it difficult to 

attribute a precise mechanism governing these signaling cascades. 

Fig 4. Muscarninc activation evokes calcium responses in hOPCs. A. CD104a+ hOPCs 

infected with flourescent GCaMP6 calcium reporter. Time-Lapse flourescnce microscopy 

following Oxo-M treatm ent. C Dose-response curve of % responsive cells. D. Per cell 

quantification of averge amplitude E) number of Ca+2 spikes observed F) Area under the curve 

of Ca+2 responsive hOPCs (Adapted from Welliver et. al 2018) 

Welliver et al 2018, aimed to investigate the downstream signaling components in the muscarinic 

signalling pathway. In this study, hOPCs infected with flourescent calcium reporter GCaMP6 were 
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treated with Oxo-M[40µM]. Robust oscillatory calcium responses were observed which was 

indicated by an increase in the GCaMP6 flourescence intensity. An increase in the number of 

responsive cells and the number of calcium peaks was also observed in a dose-dependent manner. 

Genetic ablation of M3R by a lentiviral mediated knock-down strikingly reduced the intensity of 

muscarinic agonism. These results propose that M3R activation leads to intracellular calcium 

elevations. 

G-protein coupled receptors (Gq/11) activation can cause activation of PLC gamma which can 

further cleave phosphatidylinositol-4,5-biphosphate to 1,4,5-inositol triphosphate and diacyl 

glycerol. IP3 binding to IP3R located on the endoplasmic reticulum causes release of Ca+2 from 

the ER to the cytosol increasing the concentration of Ca+2 from 100nM to 1µM (Clapham). 

Calcium actively reacts with CAMKII to modulate and organize the cytoskeletal assembly. For 

example, in lymphocytes release of Ca+2 reduces cell motility(Gallo et al.). Waggener et al 2013 

demonstrated the contributions of CaMKIIß in altering the morphological maturation of 

oligodendrocytes. As CaMKII activation can be regulated by intracellular calcium increase, it is 

worthwhile to imply the role of calcium in morphological development of OLs. Yoo et al 1999 

showed a close association of the role of Ca+2 in regulating extension of processes in 

oligodendrocytes. In OPCs calcium influx mediated by activation of glutamate induced NMDA 

receptors has been shown to induce cell toxicity. Blocking of neuronal activity with TTX, blockade 

of AMPA/kianate receptors pre-synaptically may decrease calcium signaling thereby impairing 

synaptic activity driven remyelination (Gautier et al., 2015). In Neurons repeated calcium 

transients mediated by glutamate or muscarinic mediated activation of receptors can invade the 

nucleus causing depolarization of the nuclear membrane and opening of the voltage-gated calcium 
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channels (Bading, 2013). Calcium entry into the nucleus promoted by blockade of BK channels 

may cause regulation of gene expression by induction of transcription factors like cyclic AMP 

response element binding protein(CREB (Li et al.). 

A target for nuclear calcium is the downstream regulatory element antagonist 

modulator (DREAM) that bind to the DNA to negatively regulate gene transcription (Oliveira et 

al.). Nuclear calcium can also interfere with HDAC signaling and modulate transcriptional 

regulation. Pharmacological HDAC inhibition mediated by TSA in hOPCs has been shown to 

upregulate the expression of SOX2 which acts as a repressor molecule for oligodendrocyte 

differentiation (Conway et al., 2012). As a secondary messenger in the cell-signaling cascade 

calcium possesses multifarious roles that could contribute to regulation of OPC lineage 

commitment. 

1.5 Calcium mediated activation of BK channels 

The activation of BK channels mediated by increases in [Ca+2] particularly piqued our interest. 

(Gipson and Bordey, 2002) first demonstrated the activation of BK channels upon prolonged 

application of acetylcholine (Ach) at 50µM which induced biphasic calcium responses in glioma 

cells. These results were replicated by using muscarine which is selective to the muscarinic 

receptor subtypes. The activation of BK channels was tested by using Charybdotoxin (ChTx) 

[10nM] whose application reduced the current by 60%. However, the use of non-selective 

muscarinic receptor agonists like ACh and Muscarine could result into activation of all muscarinic 

receptors contributing to the resulting outward current. Furthermore, one cannot overlook the fact 

that ChTx also exerts non-specific actions on other K
+ 

channels including KCa3.1, voltage-

dependent K
+ 

channels, Kv1.2, Kv1.3 and Kv1.6 as well as some small-conductance SKCa channels 
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(Judge et al., 2006), (Hermann and Erxleben, 1987). However, these results presented a new 

downstream signaling pathway that regulated the migration of glioma cells 

Activation of BK channels mediated by a rise in [Ca+2] concentration may promote 

hyperpolarization of the cells; thus, leading to an inhibition of Voltage gated calcium channels 

(Jackson). In vascular smooth muscle cells Ca-dependent relaxation occurs through Ca+2 released 

from the sarcoplasmic reticulum. These calcium sparks released in the vicinity of BK channels 

cause BK activation leading to K+ efflux and hyperpolarization of the membrane and ultimately 

inhibition of voltage gated calcium channels (Latorre et al., 2017) 

L-type Voltage gated calcium (CaV1.2) channels have been known to positively influence OPC 

maturation and development. Cheli et al 2015 conducted in-vitro experiments using Verapamil, a 

selective L-type calcium channel blocker and an siRNA mediated KD of the alpha subunit of the 

calcium channel perturbed the morphological maturation of OPCs. The group further demonstrated 

Cav1.2 mice exhibiting reduction in proliferation, migration and hypomyelination. These 

observations suggest that BK channel mediated inhibition of VOCCs may play a role in hindering 

the differentiation of OPCs to OLs 

1.6 Unraveling BK channel structure and function 

Large conductance Ca+2-activated potassium channel possesses a unitary conductance of 100-300 

pS and are activated through changes in membrane potential and elevations in intracellular calcium 

levels. BK channels possess a broad expression profile in different cell types including neurons, 

neuroendocrine cells, skeletal muscles, glial cells, principal cells, intercalated cells of the kidney 

and epithelial cells (Whitmire et al., 2017), (Buttigieg et al., 2011),(Pallotta et al., 1981), 
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(Gonzalez-Perez and Lingle, 2019). BK channels are responsible for hyperpolarization, 

controlling membrane excitability, calcium signaling and cellular homeostasis. 

Fig 5. Schematic representation of BK channel structure and membrane topology of pore-

forming α and auxiliary ß subunit (Zhang, 2014) 

The pore-forming subunit encoded by the slo1 or KCNMA1 gene has 3 distinct domains serving 

different functions; the Voltage sensing domain (VSD) and Pore gating domain (PGD) together 

are formed by the S1-S4 and S5-S6 respectively. Gating in Kca1.1 is conferred upon the channel by 

changes in membrane voltage detected by the VSD which converts the electric energy stored in 

the membrane to mechanical work thereby causing conformational changes in the open and closed 

states of the ion channel controlling the flow of K+ ions out of the cell (Yuan et al., 2010) . The 

pore gating domain is the site where ion channel selection and K+ permeation occur. 

Regulators of K+ conductance (RCK) are domains found intracellularly attached to the carboxy 

terminus (Lee and Cui, 2010), (Jiang et al., 2002). Two distinct sites calcium binding sites: (1) 

RCK1 at position A362-A367 (2) The high affinity calcium binding site in the RCK2 domain 
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contains a string of aspartate residues also termed as the calcium bowl (Latorre et al., 2017), (Lee 

and Cui, 2010). The calcium sensitivity of this site was first demonstrated by conducting site-

directed mutagenesis targeting the calcium bowl which produced BK channels with a reduced 

calcium sensitivity. (Schreiber and Salkoff, 1997). Due to its high affinity characteristic the Ca-

bowl is able to facilitate channel activation even at low cytosolic calcium whereas RCK1 domain 

may exert effects on both activation and deactivation. 

It has been proposed that each domain of the BK α undergo separate conformational changes in 

response to changes in voltage and Ca+2 ions but are also coupled to each other allosterically (Yang 

et al., 2015). Strong calcium responses have shown to raise BK open probability at resting 

membrane voltages suggesting an interaction between the Ca+2 binding at RCK domains and 

channel opening (Horrigan, 2012). The distinct domains of BK α play a unique role in chemical 

and physical coupling to synergistically operate the activation gate (Yang et al., 2015). 

Functional properties of an ion channel are usually conferred upon the channel by its pore-forming 

subunit. The α subunit can co-assemble with ß and/or γ subunits in a stoichiometric fashion. It is 

important to note that the expression of ß subunits is tissue and cell-type specific with two trans-

membrane domains (TM1 and TM2), intracellular N and C termini and an extracellular loop 

(Torres et al., 2014). In case of BK channels, the presence of auxiliary ß subunits play an important 

role in regulating the gating kinetics of the channel leading to a diversity in channel function. For 

example, co-expression of ß1 subunit along with α was found to increase the apparent calcium 

sensitivity of the BK channel and produce a leftward shift in the G-V curves (Sanchez and 

McManus, 1996); (Cox and Aldrich, 2000). On the other hand, α+ß4 BK channels leads to slower 

activation kinetics and an increased calcium sensitivity, 
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Table 1. Tissue expression of BK channel accessory subunits (Adapted from Toress et. al 

2014) 

Dot blot results demonstrated abundant expression of ß4 subunit mRNA in the brain. Presence of 

extracellular loops of the ß4 subunits are responsible for conferring the resistance upon 

alpha+beta4 BK channels towards peptide toxins. Meera et al 2000 Co-expression of ß1 subunit 

with extracellular loop of ß4 subunit showed a resistance to toxin binding that resenbled the wild-

type ß4 channels. Similarly, ß4 channels co-expressed with extracellular loop of ß1 demonstrated 

a heightened toxin sensitivity corresponding to the ß1 wild-type. 

Presence of ß4 subunit also causes changes in the calcium dependency of the channel 

activation kinetics. Under lower cytosolic calcium concentrations ß4 subunits exhibited a low 

channel opening probability whereas under high calcium concentrations ß4 increased the channel 

opening probability(Meera et al., 1996), (Brenner et al.), (Diez-Sampedro et al., 2006). Voltage 

shift to more negative potentials was observed when BK channels are functionally expressed with 

ß4 subunit. 
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The study suggested that a local rise in intracellular calcium levels may lead to coupling 

between alpha and beta 4 subunit causing conformational changes in the BK pore (Meera et al 

1996). Calcium oscillations mediated by transmitter release or receptor activation causing 

intracellular resting calcium levels to micromolar range. The study also showed under resting 

calcium levels the ß4 subunit does not exert any calcium dependence. Cells subjected to 10nM and 

100nM of Ca+2 depicted no distinguishable change in BK current pattern. The identity of these 

currents were confirmed by TEA which produced 50% of current inhibition. 

Sontheimer et al 1985, showed the presence of a calcium-sensitive potassium current in 

O4+ OPCs. However, only Apamin an SK channel specific blocker was used to reduce the current 

observed. Presence of Ca+2 sensitive K+ current can be extrapolated when O-2A progenitors were 

subjected to [30nM] ChTx treatment and 2/3rd current block was observed (Barres et al., 1990). 

These studies do not provide direct and comprehensive evidence of BK channel expression in 

oligodendrocyte progenitor cells. Molecular evidence of KCa1.1 was first shown in OPCs isolated 

from mice by immunocytochemistry using PDGFαR as an OPC marker. Electrophysiological 

recordings exhibited an outward current that was blocked by Iberiotoxin (IBTx), ChTx and 

tetraethyl ammonium (TEA) (Buttigieg et al., 2011). Additionally, the group also showed via 

Western Blot analysis and qPCR that BK channel expression is downregulated as OPCs mature 

into OLs. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Cell culture preparations for manipulation of BK function 

Fetal human brain tissue samples with gestational age of 17-22 weeks, procured from Advanced 

Bioscience Resources with approval from University at Buffalo IRB, were dissociated with DNase 

and papain using the method as described in Conway et al. 2012 and Sim et al. 2011. Biological 

replicates were obtained from different fetal tissue samples for all experiments. CD140a-positive 

magnetic activated cell sorted (MACS) human oligodendrocyte progenitor cells (hOPC) were 

isolated and cryopreserved as previously described (Conway et al., 2012). 

For experiments, hOPCs were thawed from liquid nitrogen on to poly-L-ornithine- and 

laminin-coated plates or flasks (See Apendix II and III) and cultured at 50k-70k/mL in neural 

differentiation media (Appendix I, included at the end of this chapter) supplemented with growth 

factors (PDGF-AA and NT-3). A 2/3
rd 

media change with fresh media containing growth factors 

was performed every alternate day and cultures were allowed to reach ~80% confluence prior to 

passage (Appendix VI). For in vitro differentiation assays, cells from passage number 0-2 were 

seeded on poly-ornithine and laminin coated 48-well plates and cultured in neural differentiation 

media supplemented with PDGF-AA [10ng/µL; Peprotech, Rocky Hill,NJ] and NT3 [5ng/µL; 

Peprotech, Rocky Hill,NJ]. For all differentiation assays, hOPCs were seeded at 50k/ml in 48-well 

plates. 24 hours post seeding (experimental day 0), all the conditions received a complete media 

change to ND media without growth factors and experimental conditions received 

IBTx/Pax/NS19504 (Tocris Biosciences, Bristol) at their desired concentrations in presence or 

absence of Oxo-M [40µM]. A half media change with IBTx/Pax/NS19504-containing media was 

performed on experimental day 2. Immature and mature oligodendrocyte cells were live stained 
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with O4 primary antibody 1:25 and incubated at 37°C for 30 minutes followed by fixation with 

4% paraformaldehyde on experimental day 3. Secondary antibodies conjugated with Alexa 488 or 

594 were used at a concentration of 1:500 and nuclei were subsequently labelled with DAPI 

(Sigma-Aldrich, St. Louis) at a concentration of 1:5000. Imaging was performed on a wide-field 

fluorescence microscope (Olympus IX51) and images were acquired using Micromanager 1.4 

Multi-D acquisition at 10x magnification for each condition and DAPI+ and O4+ cells were 

manually counted using FIJI plugin for cell-counter. At least 1000 cells were counted per each 

experimental condition.  

2.2 Cell culture preparations for siRNA mediated knock-down experiments 

MAC sorted hOPCs were thawed from liquid nitrogen onto poly-L-ornithine- and laminin-coated 

flasks and cultured in neural differentiation media supplemented with growth factors (as described 

above). Cultures were allowed to grow until ~80% confluent with a 2/3rd media change done every 

alternate day. For evaluating the extent of knockdown, low passage cells (P0-2) were plated onto 

6 or 48-well plates at a density of 50k/ml. 36 hours post seeding, cells were transfected with Stealth 

siRNA (Table 1) using Lipofectamine RNAimax (Invitrogen) at a final siRNA concentration of 

50nM. Block-It FITC-conjugated siRNA was used as a positive control to analyze the extent of 

transfection for each replicate – cells were checked 24h post-transfection to ensure a uniform 

degree of transfection. RNA was extracted from 6-well plates on experimental day 2 following the 

manufacturer’s protocol (Omega E.Z.N.A. Total RNA Kit 1 RNA Extraction Procedure; Appendix 

B, Omega Bio-Tek, Norcross, GA). Complete media change to neural differentiation media was 

performed for all differentiation assays. Conditions were further treated with muscarinic agonist 

Oxo-M 40µM (Tocris Biosciences, Bristol) or vehicle (1X PBS). Second dosing with Oxo-M was 
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done on differentiation day 2. On differentiation Day 3, Cells were live stained with mouse IgM 

aO4 Hybridoma [1:25] , fixed and stained as described in Appendix VII. 

Table 2. Sequences of stealth RNAi siRNA duplexes used for KCNMA1(α-subunit) and 

KCNMB4(ß4 subunit) knock-down. 
Primer name Sequence 

KCNMA1HSS105760 5’-3’ siα (1) CCG AGA AUA AGA AUC AUC ACU CAA A 

KCNMA1HSS105760 3’-5’ UUU GAG UGA UGA UUC UUA UCU UCG G 

KCNMA1HSS105761 5’-3’ siα (2) CCG ACG GAC CUG AUC UUC UGC UUA A 

KCNMA1HSS1057613’-5’ UUA AGC AGA AGA UCA GGU CCG UCG G 

KCNMB4HSS120664 5’-3’ siß4 (1) GCC AUG AAG AAG CGC AAG UUC UCU U 

KCNMB4HSS120664 3’-5’ AAG AGA ACU UGC GCU UCU UCA UGG C 

KCNMB4HSS120665 5’-3’ siß4 (2) GCA ACA GUA CUG GAA AGA UGA GAU U 

KCNMB4HSS120665 3’-5’ AAU CUC AUC UUU CCA GUA CUG UUG C 

KCNMB4HSS120666 5’-3’ siß4 (3) GCA UCG CAC UCA UGA UGA GAU UGU C 

KCNMB4HSS120666 3’-5’ GAC AAU CUC AUC AUG AGU GCG AUG C 

2.3 Cell culture preparations for microwell confocal staining experiments 

Cells from P0-2 were seeded at a density of 50k/ml onto the 35mm microwell plates with a glass 

bottom (MatTek). 250µL of hOPC at 50k/mL was initially seeded onto the microwells and cells 

were incubated at 37°C. 4-6 hours later, 2 ml of neural differentiation media supplemented with 

growth factors (PDFG-AA and NT-3) was added to the microwells and cells were allowed to reach 

~80% confluence (typically 2-3 days in vitro). The individual conditions were then fixed with 4% 

PFA (NMT one week old) and further immunocytochemistry protocols were followed. 
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2.4 Triton X-100 based immunocytochemistry 

1) Bring fixed plate to room temperature. 

2) Wash plate 3 times, 5 minutes each with 1X PBS/T. 

3) Permeabilize cells for 15 minutes at room temperature with 0.1% Triton-X. 

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. 

2.5 Imaging 

Images were acquired using an Olympus IX51 inverted microscope using a 10X objective in 

Micromanager. Images were captures using a Hamamatsu ORCA-ER CCD or ORCA-FLASHv4 

sCMOS camera using a white-light LED fluorescence light source (X-Cite Xylis). A 4x4 grid was 

created from the center of the well with no overlap between the marked positions. Images were 

captured using Multi-D acquisition tool and saved as a stack. Composites for each imaging field 

were created using FIJI software, Cells were manually counted using the FIJI Plugin cell counter 

to identify DAPI
+

/O4
+ 

cells. 
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2.6 Confocal Imaging 

Images for all confocal microscopy experiments were acquired using the Leica TCS SP8 using a 

63X objective from the core facilities at SUNY University at Buffalo Jacobs School of Medicine 

and Biomedical Sciences. 

2.7 Reverse Transcriptase Quantitative PCR 

To determine the efficiency of siRNA mediated knockdown of BK channel components, RNA 

was extracted from hOPCs 48 hours post transfection using EZNA Total RNA kit (Omega Biotek) 

as per manufacturers protocol. RNA was quantified using a Nanodrop (ThermoFisher Scientific) 

and A260/A280 ratio was assessed. cDNA (up to 280ng/reaction of RNA) was synthesized using 

SuperScript III reverse transcriptase (Invitrogen). Human specific primers were designed using 

Primer-BLAST and were used at a final concentration of 200nM. Primers were validated using 

BioRad iQ5 software by Melt-curve analysis for the KCNMA1 and KCNMB4 sequence. Primers 

used were compatible with SYBR green (VWR; Quantabio) (Table 2). Samples (cDNA 5ng/µL) 

were run in triplicates and relative expression was calculated by ∆∆Ct analysis. GAPDH was used 

as a reference. 

Table 3. Real time qPCR primers 

Primer Name Sequence 

KCNMA1 FOR NM_001161352.2 GGG ATG GTG GTT GTT ATG GT 

KCNMA1 REV GCA TCT CTC AGC CGG TAA AT 

KCNMB4 FOR NM_014505.6 CAG GTC TAC GTG AAC AAC TCT G 

KCNMB4 REV CTC TCT TAC AGG GAG GGA TAT AGG 

GAPDH FOR TCG ACA GTC AGC CGC ATC TTC TTT 
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GAPDH REV 

NM_002046.7 

ACC AAA TCC GTT GAC TCC GAC CTT 

2.8 Immunocytochemistry 

Immunocytochemistry was performed to identify markers of interest. KCNMA1 and sloß4 were 

used to identify the alpha and the beta-4 (ß4) subunit of the BK channel respectively. LaminB1 

was used as a nuclear membrane marker whereas O4 was used as an intermediate differentiation 

marker. 

Antibody Target cell Host Dilution Vendor 

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

(Columbia) 

Lamin B1 hOPC Mouse IgG1 1:500 abcam 

Anti-sloß4 hOPC Mouse IgG 1:100 alomone labs 

Anti-KCNMA1 hOPCs Mouse IgG 1:100 alomone labs 

Anti-KCNMA1 hOPCs Mouse IgG 1:500 alomone labs 
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CHAPTER 3: RESULTS 

Introduction 

We have previously demonstrated that muscarinic receptor (MR) agonist treatment causes a dose-

dependent decrease in hOPC differentiation, and that MR antagonist treatment can promote human 

oligodendrocyte differentiation and functional myelination in vivo by transplanted hOPCs 

(Abiraman et al., 2015). Lentiviral mediated genetic ablation of M3R promoted a significant 

increase in OPC differentiation and morphological maturation(Welliver et al.). In-Vivo 

experiments from the study with M3R conditional knockout mice exhibited a significant increase 

in the density of PLP1+ and CC1+ oligodendrocytes. Further analysis was done to evaluate the 

effect on remyelination which revealed a decrease in the g-ratio of M3 R conditional KO mice with 

respect to wild-type. Interestingly, in a follow-up study, we found that robust intracellular calcium 

elevations were observed upon muscarinic activation in hOPCs (Welliver et al., 2018). Calcium 

acts as a significant molecule in several cell signaling cascades and is known to regulate the 

phosphorylation of CAMKIIß thereby playing an important role in the morphological maturation 

of OPCs (Waggener et al., 2013). Calcium-mediated activation of CREB and CAMKIV regulates 

transcription in neurons. Evidence also exists in OPCs where CREB plays an important role in 

signal transduction upon stimulation with NT-3 and PDGF thereby regulating proliferation 

{Johnson, 2000}, Following studies demonstrated the role of CREB mediated phosphorylation in 

transcriptional regulation and OL maturation (Sato-Bigbee et al., 1999). However, the mechanisms 

by which calcium and probable calcium-activated proteins in the muscarinic signaling cascade act 

to regulate hOPC differentiation have not yet been characterized. Single channel recordings have 

demonstrated an increase in intracellular [Ca2+] leads to activation of BK channels (Pallotta et al., 

1981) (McCann and Welsh, 1986) (Gipson and Bordey, 2002). Increase in cytosolic calcium may 
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lead to calcium binding at the intracellular domains of BK channels leading to a conformational 

change in the channel pore and cause potassium efflux. Potassium efflux may further cause a 

change in the ionic milieu by inhibiting voltage gated calcium channels which are known to exert 

a pro-differentiative effect on OPCs. Thus, we hypothesized that BK channel blockade would 

attenuate the anti-differentiative effect mediated by M3R-induced intracellular calcium 

oscillations. 

3.1 Specific BK channel subunits are expressed by human oligodendrocyte 

progenitor cells 

Microarray analysis done on FACS isolated CD140+ and O4+ cells from fetal brain tissue 

detected high expression of KCNMA1 in neurons and OPCs which was downregulated in mature 

oligodendrocytes. However, the expression of KCNMB4 was not very significant in CD140 and 

O4 expressing cells but followed a similar trend of downregulation upon maturation in CD140-

/O4+ (Abiraman et al., 2015). Adult A2B5 expressing cells sorted from white matter and grey 

matter also showed an enhanced expression in A2B5+ve sorted cell pool as compared to unsorted 

pools (Sim, 2006) (Sim et al., 2009). Studies making used of the RNA-seq technology have 

revealed an extensive expression profiling of the BK channel in the CNS (Zhang et al., 2014). 

High expression of KCNMA1 (α-subunit) and KCNMB4(ß4 subunit) was detected in 

OPCs(mouse) which was developmentally downregulated in myelinating oligodendrocytes. These 

findings were consistent with microarray analysis previously performed on different cell types 

purified by immunopanning with a high expression value in OPCs that was reduced in mature 

oligodendrocytes (Cahoy et al., 2008). Since different subtypes γ1,3,4 encoded by LRRC26, 

LRRC38, LRRC55 were found to be expressed in brain tissues (Yang et al., 2015) we looked at 
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the expression of these subunits in OPCs. The Zhang data set showed low expression of γ3 and γ4 

subunit in mouse OPCs. In contrast, no expression was detection in the CNS for the γ1 subunit. 

Table 4. Gene expression of BK channel subunits in hOPCs. (Sim lab, unpublished results)  

Gene Low density hOPCs High density hOPCs 

KCNMA1 0.6 ± 0.3 2.0 ± 0.0 

KCNMB4 2.6 ± 0.3 2.9 ± 0.7 

As species differences can account for alterations in gene expression we referred to Sim Lab RNA-

seq data (unpublished results). Previous colleagues from the lab performed RNA-seq analysis on 

low-density and high-density hOPC cultures that represent a precursor and differentiating state 

respectively. Both experimental conditions detected the expression of KCNMA1 and KCNMB4 

gene consistent with the RNA-seq data from Zhang group. However, expression of γ-subunits 

known to modulate the function of BK channels was undetectable. Upon close examination of the 

Sim Lab RNA-seq data, various other LRRC genes had low FPKM values. Whether these Leucine 

Rich Regions contribute to modulate channel function and properties is a matter that warrants 

further investigation. 

We confirmed the KCNMA1 and KCNMB4 expression in hOPCs by performing qPCR on 

hOPCs. RNA was isolated from hOPCs cutltured in vitro and cDNA synthesis was performed 

using Superscript Reverse Transcriptase III. RT-qPCR was performed on samples with a cDNA 

concentration of 5ng/µL and gene expression was analysed by ∆∆Ct method. 
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Table 5. Gene expression data from qPCR analysis of hOPCs for α(KCNMA1) and 

ß4(KCNMB4). 

Gene Ct ∆Ct 

KCNMA1 24.96 ± 0.3262 7.79 ± 0.5707 

KCNMB4 25.13 ± 0.5974 7.46 ± 0.3039 

(Data was analysed using Ct values displayed as Mean ± S. E. M n = 3 fetal samples∆Ct 
analysis, GAPDH was used as reference) 

Additionally, we performed immunostaining to detect the expression of α and ß4 subunit 

by using antibodies specific to the subunits. Immunofluorescence revealed a membranous and 

nuclear staining for α subunit. To verify whether this was a result of non-specific antibody binding 

we tested these antibodies in KCNMA1 (⍺) and KCNMB4 (ß4) knockdown hOPCs. KCNMA1 

showed a minor reduction however KCNMB4 exhibited a strong reduction in the fluorescence 

intensity. These differences in immunofluorescence intensities can be attributed to differences in 

the degree of knockdown, rate at which the existing protein is degraded, epitope of the antibody 

region binding to the specific region of the subunit. 
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Fig 6. BK channels expression in hOPCs 

PDGFR⍺+ hOPCs were cultured in PDGFR⍺, NT-3 supplemented media for 2-3 days in-vitro 

to analyze the expression of BK channel subunits. (A) Confocal immunofluorescence images of 

ß4 subunit in control and siRNA transfected conditions (B) Representative bar graph of 

Integrated intensity of KCNMB4 (ß4) in control and knockdown conditions (****p < 0.0001 n 

= 15 ROIs of different cells, Two-tailed paired t-test) (C) Confocal immunofluorescence of ⍺-

subunit with APC-107 in control and siRNA transfected conditions (D) Representative bar graph 

of Integrated intensity of ⍺-subunit (n = 3 ROIs, two tailed paired t-test) (E) Confocal 

immunofluorescence of ⍺-subunit with APC-021. (F) Representative bar graph of Integrated 

intensity ( n = 12 ROIs of different cells, two tailed paired t-test). 

Sub-cellular localization of an ion channel can control distinct physiological functions. For 

example, activation of mitochondrial BK channels from isolated hearts reduced ROS generation 

and regulated the levels of Mitok Ca+2 and exhibits a cardioprotective effect (Stowe et al., 2006). 

Fluctuations of ion concentrations across the nuclear membrane can govern activation of specific 

transcription factors and affect the processes of cytoskeletal remodeling, differentiation, migration, 
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regeneration, proliferation and survival. A recent study conducted in hippocampal neurons utilized 

pharmacological and genetic means to block nuclear BK channels which regulated Ca+2 levels in 

the nucleus, CREB phosphorylation, dendritic arborization and nuclear CAMKIV signaling (Li et 

al., 2014). We further sought to determine the localization of α and ß4 in hOPCs. To accomplish 

this we used Lamin B1 as a nuclear membrane marker. Immunofluorescence microscopy 

demonstrated pore-forming α-subunit and accessory ß4 subunit were found to be colocalized with 

LaminB1 ( Figure 7) indicating that a functional α+ß4 BK channel is present in the plasma 

membrane and nuclear membrane of hOPCs. 

Fig 7. BK channel subunit colocalization in hOPCs. PDGFR⍺+ hOPCs were cultured in 

PDGFR⍺, NT-3 supplemented media for 2-3 days in-vitro to analyze the expression of BK 

channel subunits (A) Confocal immunofluorescence images of BK⍺ (APC-021) and Lamin B1 
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(B)Representative images of confocal immunofluorescence microscopy of BKα and auxiliary 

ß4with nuclear membrane marker Lamin B1(LMNB1) (C) Confocal immunofluorescence of ⍺-

subunit (APC-107) and Lamin B1 (LMNB1)  (Scale bar represents 5 µ) 
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3.2 BK channel blockade mitigates the anti-differentiative effect of Oxo-M 

Text To investigate the functional contribution of calcium-sensitive potassium channels 

(BK) in muscarinic receptor-mediated inhibition of hOPC differentiation we first adopted a 

pharmacological approach using BK channel-specific antagonists. There is a plethora of KCa2.1 

blockers, however, a large number of these drugs also exert an effect on other voltage-gated 

potassium channels, which prompted us to use Iberiotoxin (IBTx) due to its specificity of action. 

IBTx, a peptide toxin found in the venom of scorpion Buthus tamulus (Galvez et al 1990), binds 

externally to the pore of the channel thereby controlling K+ efflux (Candia et al., 1992). Previous 

research has demonstrated that the presence of the extracellular loop of an auxiliary ß4 subunit can 

reduce the sensitivity of the BK channel towards extracellular toxins like charybdotoxin (ChTx) 

and Iberiotoxin (IBTx) (Behrens et al., Brenner et al.). As concentrations of 100nM of ChTx and 

IBTx are not effective in blocking α+ß4 channels,) we pursued higher drug concentrations to 

overcome this issue (Behrens et al.). hOPCs were treated with either 300nM or 1000nM IBTx in 

presence or absence of muscarinic agonist Oxo-M (40µM) to drive muscarinic receptor activity 

for 3 days. Consistent with previous findings (Abiraman et al., 2015), we found that muscarinic 

agonist Oxo-M induced a significant decrease in generation of oligodendrocytes with the 

proportion of O4+ differentiated oligodendrocytes significantly reduced compared to vehicle 

control (29.5 ± 5.1% vs. 38.2 ± 7.0%, respectively; p = 0.0172, repeated measures one-way 

ANOVA, n = 5 individual fetal brain samples) (Figure 8). Importantly, IBTx treatment rescued 

the inhibitory effects of Oxo-M treatment, increasing the proportion of O4+ oligodendrocytes at 

both doses tested (39.2 ± 5.3% IBTx [300nM] with Oxo-M; 35.4 ± 6.1% IBTx [1000nM] with 

Oxo-M RM One-Way ANOVA, n = 5 fetal samples). IBTx treatment did not influence 

oligodendrocyte differentiation when treated in the absence of muscarinic receptor activation 
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(IBTx [1000nM] 42.5 ± 5.1) and did not influence the number of live cells per field either in the 

presence or absence of Oxo-M (84.7 ± 35 IBTx 300nM + Oxo-M; 85.6 ± 38.16 IBTx 1000nM 

+Oxo-M; 67.48  ± 28.99 IBTx 1000nM ). 

Fig 8. Treatment with BK channel specific blocker Iberiotoxin (IBTx) attenuates anti-

differentiative effect of Muscarinic agonist Oxotremorine-M(Oxo-M) 

hOPCs were treated with desired concentrations of IBTx/Oxo-M and immunostained for 

DAPI(blue) and O4(red). For each condition the proportion of O4+ve cells was calculated. (A)-

(D) Representative images of DAPI+ and/or O4+ hOPCs post IBTx and/or Oxo-M treatment. 

(E) Bar graph representing proportion of O4+ve cells as a percent of total DAPI+ve cells in control 

and IBTx and/or Oxo-M treated cultures (*p<0.05, mean ± SEM, n=5 fetal forebrain samples, 

One-way ANOVA with Dunnett’s post hoc test, Scale= 50µ). 

To further establish a role of BK channels, we used an alternative BK channel blocker paxilline 

(Pax), an indole tremorigenic fungal alkaloid which is widely utilized as a pharmacological tool to 

investigate BK channel function (Knaus et al., 1994) (Sanchez and McManus, 1996). Due to its 

lipophilic nature, Pax is able to permeate the cell membrane and bind to the pore within the central 

cavity and reduce potassium current (Zhou et al., 2010). We observed a similar muscarinic agonist 

dependent blockade of oligodendrocyte differentiation (27.8 ± 6.4 Oxo-M [40µM] p=0.0028 RM 
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One-Way ANOVA n = 5 fetal samples) (Figure 9). Similar to IBTx, we found that Pax treatment 

successfully overcame the differentiation block induced by Oxo-M (RM One-way ANOVA; 32.2 

± 5.2% Pax 300nM with Oxo-M; 31.7 ± 6.8% Pax 500nM with Oxo-M, n = 5 fetal samples). 

Paxilline treatment alone had no effect on differentiation of oligodendrocytes (RM One-way 

ANOVA; 35.9 ± 7.3 Pax [300nM]; 34.9 ± 7.2 Pax [500nM]). Live cell density was unaffected by 

paxilline treatment in presence or absence of Oxo-M (118.9 ± 36 Pax 300nM + Oxo-M; 119.2 ± 

41 Pax ± 500nM + Oxo-M; 115 ± 48 Pax 300nM; 113 ± 46 Pax 500nM). Taken together these 

data demonstrate that pharmacological BK channel blockade successfully rescues the anti-

differentiative effects of muscarinic receptor activation and suggests a novel role of BK channel 

in mediating differentiation downstream of the muscarinic receptor. 

Fig 9. Paxilline treatment mimics effect of Iberiotoxin. 

hOPCs were treated with desired concentrations of IBTx/Oxo-M and immunostained for 

DAPI(blue) and O4(red). For each condition the proportion of O4+ve cells was calculated. (A), 

(B) (D) (E) Representative images of DAPI+ and/or O4+ treated with Pax and/or Oxo-M. (C) 

(F) Representative bar graph of O4+ cells displayed as a percentage of DAPI+ (**p < 0.01 Mean 

± S. E. M n=5 fetal forebrain samples, RM One-way ANOVA with Dunnett’s post hoc test, 

Scale: 50µ). 
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3.3 NS19504 mediated BK channel activation attenuates OPC differentiation 

Based on the results from pharmacological blockade of BK channels, we next sought to 

investigate the direct contribution of BK channel activation on hOPC differentiation. Due to its 

high potency and selectivity towards calcium-sensitive potassium channels (Nausch et al., 2014), 

we decided to use NS19504 (NS), a novel BK channel activator, at concentrations of 3, 10, and 30 

µM with or without the addition of Oxo-M. As described above, Oxo-M blocked the 

differentiation of hOPCs O4+ oligodendrocytes from 17.0 ± 3.1% in control to 10.2 ± 1.5% in Oxo-

M (p<0.05 RM One-way ANOVA, n=4) (Figure 10). Interestingly, concomitant addition of NS 

in presence of Oxo-M exerted additional anti-differentiative effect in a dose-dependent manner, 

further decreasing O4+ oligodendrocyte differentiation with respect to the control (RM One-Way 

ANOVA; 12.7 ± 1.9 NS [3µM] + Oxo-M; 8.2 ± 1.3 NS [10µM] + Oxo-M, p=0.0002; 4.40 ± 0.52 

NS [30µM] + Oxo-M). Indeed, NS19504 alone led to a similar dose-dependent decrease in O4
+ 

oligodendrocytes with respect to the control (15.9 ± 2.6 NS [3µM]; 11.3 ± 2.8 NS [10µM], 3.63 

± 0.10 NS [30µM]). Quantification of live cell density by DAP/field was unchanged upon NS 

and/or Oxo-M treatment (334.9 ± 53 NS3 + Oxo-M; 345 ± 31 NS10 + Oxo-M; 350 ± 36 NS3; 

330 ± 44 NS10; 274 ± 18 NS30). A decrease in live cell density for NS30 + Oxo-M could be 

attributed to a dose-induced toxicity for NS19504 (RM One-Way ANOVA, Dunnett’s post hoc 

test, n = 3 fetal samples, 270.7 ± 34, p = 0.043). 

These data suggest that activation of BK channels in the absence of muscarinic receptor activity is 

sufficient to block hOPC differentiation. 
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Fig 10. BK channel activation modulates hOPC commitment in-vitro. 

hOPCs were treated with 0-30µM BK activator NS19504 and immunolabeled with DAPI(blue) 

and O4(red). Proportion of O4+ve cells was calculated for each dose. Proportion of O4+ve cells 

were determined at each dose as a percentage of DAPI+ve cells. (*p<0.05, Mean ± S. E. M, n=4 

fetal forebrain samples, One-Way ANOVA, Mixed effect analysis with Dunnett’s Multiple 
comparisons test; Scale: 50µ). 
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3.4 siRNA mediated knockdown of specific BK channel subunits affects 

human oligodendrocyte differentiation 

Introduction 

The α-subunit plays a critical role in controlling potassium efflux and regulating a cells 

response to membrane potential changes and. Encoded by the KCNMA1 gene, alpha subunit 

undergoes extensive splicing which lead to BKα subunits with different phenotypes (Kyle and 

Braun, 2014)that respond to phosphorylation, signaling cascades, membrane trafficking and 

voltage in a splice variant specific manner. Interestingly, STREX splice variant expression was 

found to be highly expressed in OPCs. STREX expression was also found to be developmentally 

regulated as OPCs matured into oligodendrocytes (Buttigieg et al., 2011). Presence of different 

splice variants can cause BKα to respond differently to protein kinases like PKA and PKC which 

may get activated during M3R receptor activation (Kyle and Braun, 2014). These studies indicate 

the significance of the pore forming subunit contributing channel activity and regulation of cellular 

signaling processes. 

KCNMA1 KD reversed the differentiation block induced by Oxo-M. 

The data from pharmacological experiments performed suggested the involvement of BK 

channels in attenuating the differentiation block induced by Oxo-M treatment in-vitro. To further 

establish the role of BK channels in regulating hOPC differentiation we opted for a genetic 

approach utilizing siRNA mediated gene silencing of the pore forming α-subunit encoded by the 

KCNMA1 gene. Two predesigned primer sets from Invitrogen were chosen. Considering issues of 

toxicity based on previous literature we tested concentrations of [100nM] and [50nM] for each 

siRNA sequence. The efficiency of the KD was analyzed by using RT-qPCR 24-48 hours post 
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transfection. The first primer set at [50nM] proved to be most effective in knocking down BK 

channel expression to 28.35 ± 0.06371 with respect to the control (p<0.05 Paired t-test, Mean ± 

S.E.M n = 3 F.H.B). This primer set was further used for all differentiation assays.  
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Fig 11. siRNA specific to KCNMA1 gene provides a consistent knockdown. 

RNA was isolated from hOPCs 24 - 48 hours post-transfection with siRNA at concentrations of 

100nM and 50 nM respectively. cDNA synthesis was performed using Superscript III reverse 

transcriptase and samples were subjected to qPCR. (A) KCNMA1 gene expression with siRNA 

at 100 nM evaluated 24 hours post-transfection. (B) KCNMA1 gene expression with siRNA at 

50nM evaluated 48 hours post-transfection. (**p < 0.05, Mean ± S. E. M. n = 3 Fetal forebrain 

samples, Two tailed paired t-test). 

To determine the effect of KD of the alpha subunit on muscarinic activation and 

oligodendrocyte differentiation we treated the hOPCs with M3 R agonist Oxo-M 40µM 48 hours 

post transfection Consistent with the data from (Abiraman et al.) and from pharmacological 

experiments, we observed a significant decrease in O4
+ 

oligodendrocytes on muscarinic activation 

mediated by Oxo-M (RM One- way ANOVA Dunnett’s post hoc test, n = 3 fetal samples, 10.41 

± 0.46 p=0.0313). The genetic knock down of α-subunit alleviated the anti-differentiative effect 
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of Oxo-M (14.0 ± 0.46 siα + Oxo-M). BKα silencing did not have any effect on oligodendrocyte 

differentiation when compared to control (14.7 ± 2.2 siα). These results indicate that ⍺-subunit 

knockdown was successful in reversing the anti-differentiative effect of Oxo-M. 

Fig 12. siRNA mediated KCNMA1 (⍺-subunit) knockdown regulates hOPC differentiation. 

hOPCs were transfected with siRNAs specifically targeting the pore-forming subunit of BK 

channels using Lipofectamine RNAiMax as the transfection reagent. 48 hours post-transfection, 

complete 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. Proportion 

of O4+ cells in each condition was determined as a percentage of DAPI+ cells. (A)-(D) 

Representative images of siRNA transfected conditions treated with Oxo-M/vehicle (1X PBS) 

immunolabelled with DAPI/O4. (E) Graphical representation of O4+ cells as a percentage of total 

DAPI+ cells. (F) Graphical representation of %O4+ cells for each condition expressed normalized 

to control (*p< 0.05, Mean ± S. E. M n= 3 fetal forebrain samples, Repeated Measures One-way 

ANOVA Dunnett’s post hoc test, Scale = 50µ). 
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3.5 KCNMB4 knockdown may fine tune muscarinic induced differentiation 

blockade 

Introduction 

ß4 subunit encoded by the KCNMB4 gene is responsible for modulating the gating kinetics of 

BKα subunits. Co-expression of ancillary ß4 subunits with BK α leads to an increase in the 

fractional open probability in response to voltage. Under physiological conditions when the 

intracellular calcium level is maintained in the nanomolar range by buffering to calcium binding 

proteins it the activity of BK channels is independent of calcium. However, an increase in the 

calcium concentrations causes a prominent shift in the V1/2 suggesting a coupling between α and 

ß4 subunits (Meera et al.). Presence of ß4 can also regulate channel activation mediated by ligand 

activation and their downstream signaling components. For example, (Yuan et al., 2014) 

potentiation of BKα channel activity occurs when cells are treated with PKA activator 8-Br-cAMP. 

However, presence of ß4 subunit causes a strong reduction in channel opening probability 

indicating that its presence plays a role in regulating PKA mediated channel activation. The same 

study further investigated the downstream mechanism by which PKA activation could be possibly 

acting. Point mutations to Ser-869 (a site required for PKA mediated activation) entirely 

eliminated the cAMP mediated activation of BKα whereas αß4 BK channels demonstrated a 

striking rise in cAMP driven activation (Yuan et al., 2014). These observations suggested that ß4 

possessed alternate sites of phosphorylation that could exert an additive effect on BKα activation 

by altering PKA interactions. (Brenner et al.) generated ß4 knockout mice to understand the 

physiological role of the accessory subunit on BK. Electrophysiological recordings from these 

experiments demonstrated that genetic ablation of ß4 caused a conversion of iberiotoxin resistant 

type-II BK to fast gated type-I BK channels that exhibited increased spike frequency and reduced 
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inter-spike intervals. (Shruti et al., 2012) elaborated on the role of BK channel in trafficking of 

BKα to the ER due to the presence of its ER retention sequence at the C-terminal. The study also 

showed that absence of ß4 subunit in CA3 neurons strongly increased amplitude of the whole cell 

current. Expression of ß4 may regulate BK hOPC differentiation by manifesting altered 

physiological responses to muscarinic activation mediated by Oxo-M. We therefore hypothesized 

that ß4 knockdown would alter hOPC differentiation by exhibiting an altered calcium sensitivity 

and channel opening. 
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Fig 13. Validation of siRNA sequences targeting KCNMB4 gene. 

RNA was isolated from hOPCs 24 - 48 hours post-transfection with siRNA at concentration of 

50nM respectively. cDNA synthesis was performed using Superscript III reverse transcriptase 

and samples were subjected to qPCR. Representative graph of KCNMB4 (ß4) expression 

analysed 48 hours post transfection (****p < 0.05, Mean ± S. E. M n=3 fetal forebrain samples, 

RM One-way ANOVA Dunnette’s post-hoc test) 

We sought to examine the effects of the auxiliary ß4 subunit of the BK channel. We tested 

3 primer sets from Invitrogen’s Stealth siRNA technology (see Materials and Methods, ) to 

evaluate the specific contributions of ß4 subunit on oligodendrocyte differentiation. RT-qPCR was 

used for analyzing the efficiency of these siRNA sequences and validation of the KD 48 hours 
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post-transfection. One-Way ANOVA revealed a significant reduction in the mRNA expression of 

KCNMB4 (n=3 FHB; siß4(1) 16.8±0.0055 p=0.0001; siß4(2) 6.87±0.0020 p=0.0001; siß4 (3) 

7.60±0.014 p=0.0006). 

Fig 14. ß4 subunit knockdown may regulate muscarinic induced differentiation block. 

hOPCs were transfected with siRNAs specifically targeting the pore-forming subunit of BK 

channels using Lipofectamine RNAiMax as the transfection reagent. 48 hours post-transfection, 

complete 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. Proportion 

of O4+ cells in each condition was determined as a percentage of DAP+ cells. (A)-(D) 

Representative images of siß4(1), siß4(2) in presence or absence of Oxo-M. (E) Graphical 

representation of %O4+ as a percentage of DAPI+ (Each data point represents 1 field, n = 1 fetal 

forebrain sample, Scale Bar = 50µ). 

To investigate the contributions of ß4 subunit on BK channel activation Oxo-M mediated 

muscarinic activation and hOPC differentiation we subjected hOPCs to Oxo-M. Preliminary data 

obtained from pilot studies of genetic silencing of ß4 subunit did not influence muscarinic 

mediated inhibition of O4+ cells in conditions treated with Oxo-M (5.20 ± 0.50 siß4(1) + Oxo-M; 
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2.92 ± 0.50 siß4(2) + Oxo-M). Treatment of hOPCs with individual siRNA sequences alone had 

no effect on differentiation of oligodendrocytes (10.2 ± 0.78 siß4 (1); 10.1 ± 1.4 siß4 (2)). These 

results indicate that knockdown of ß4 subunit may play a role in fine tuning the functioning of BK 

channels in muscarinic activation. 
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CHAPTER 4: CONCLUSION, DISCUSSION AND 

FUTURE WORK 

In this study we demonstrate for the first time through a combination of pharmacological and 

genetic approaches that direct modulation of calcium-activated potassium channels and their 

auxiliary subunits ameliorates the anti-differentiative effects of muscarinic activation. These 

findings unravel the significance of BK channels as a regulator of hOPC differentiation and present 

us with a novel downstream signaling component in the muscarinic pathway. 

The potential role of BK channels in mediating oligodendrocyte differentiation was 

initially established by opting a pharmacological approach. By using BK channel specific 

antagonists Iberiotoxin and Paxilline we demonstrated that BK channel blockade mitigates the 

differentiation block induced by oxotremorine-M. However, the presence of the ß4 subunit in the 

BK channel complex can render the BK channel insensitive to IBTx which complicates 

investigating the role of calcium-activated potassium channels by utilizing peptide blockers in 

cellular pathways (Meera et al., 2000). Concentrations greater than 100nM are required to attain a 

complete block of BK channels that contain the ß4 subunit. Due to its peptide composition, in vivo 

administration of IBTx warrants additional considerations such as longer toxin incubation period 

or use of higher toxin concentrations pertaining to drugs delivery (Meera et al., 2000). Therefore, 

to supplement our results we used a different BK channel blocker, paxilline which was also 

successful in reversing the effect of Oxo-M. However, the use of paxilline the small molecule 

fungal alkaloid can also exert its actions on the sarco/endoplasmic reticulum pump (SERCA) in a 

tissue specific and concentration dependent manner (Bilmen et al., 2002). In that case, at higher 

concentrations of paxilline inhibition of SERCA may cause further increases in intracellular 
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calcium concentrations and lead to a rise in BK channel open probability instead of a block. Indeed, 

paxilline binding to the BK channel (Ki) is dependent on intracellular calcium concentrations such 

that increasing calcium concentration reduces the potency of paxilline-mediated BK channel block 

(Sanchez and McManus, 1996). These findings suggest that effects of low dose paxilline on 

muscarinic mediated differentiation block may be obscured by the robust oscillatory calcium 

elevations observed after M3R activation. On the contrary, due to its ability to permeate the cell 

membrane, paxilline action is not altered due to the presence of accessory ß4 subunits and it does 

not distinguish between the ß4-containing (Type 1; fast gated) and ß4 absent (Type-II; slow gated) 

BK channels (Brenner et al., 2005). Therefore, paxilline is useful as a molecular or therapeutic tool 

to elucidate BK channel properties containing the ß4 subunit. 

Consistent with a direct effect of BK channels leading to inhibition of hOPC 

differentiation, we found that directly activating the BK channel by NS19504 treatment 

significantly reduced oligodendrocyte differentiation. Unlike other BK channel activators (e.g. 

NS1619 and NS11021) (Bentzen et al., 2014), NS19504 is both highly potent and specific having 

no effect on NaV1.2 (HEK 293), Cav (DRG neurons) or SK (SPCs guinea pig bladder) channels 

(Nausch et al., 2014). This novel BK channel activator could therefore serve as a functional tool 

to investigate the role of BK channels in vivo. While NS19504 has not yet been used clinically, 

similar small molecule drugs like BMS204352 have progressed to clinical trials as possible 

neuroprotective agents for the treatment of ischemic stroke where this drug was well tolerated but 

did not meet primary outcome measures (Jensen, 2002). Use of  another BK activator isoprimaric 

acid (ISO) culminated into increased neuro-protection via reduction of reactive oxygen species 

and inhibiting excitotoxicity (Jacobsen et al., 2018). In vivo motor function analysis revealed that 

mice treated acutely with ISO exhibited improved motor function. This suggests that activation of 
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BK channels in disease may provide benefit indicating that inhibition of BK channels would likely 

have clinically relevant side-effects in MS. In contrast, neurotransmitter mediated activation of 

BK channels via N-type calcium channels has been shown to contribute to reduced axonal 

conductance following spinal cord injury (Ye et al., 2012). IBTx treated animals also showed a 

greater degree of myelinated tracts when assessed 8 weeks post spinal cord injury (Jacobsen et al., 

2018). Thus, the timing of BK channel activation and inhibition is significant in regulating 

remyelination. 

To establish a direct correlation between the individual subunits of the BK channel and 

their effect on hOPC differentiation, we next used a genetic approach to knockdown the expression 

of BK channels in hOPC primary cultures. Importantly, siRNA-mediated knockdown of the ⍺ 

subunit reversed the differentiation block induced by Oxo-M. This confirms the observations using 

pharmacological BK antagonists and suggests BK channel expression is necessary for MR-

mediated effects on hOPC differentiation. These in vitro experimental data correlate with the 

experimental mouse models for KCNMA1 (⍺-subunit) global and smooth muscle specific 

knockout mice. KCNMA1 KO mice develop urinary incontinence which is a known side-effect of 

clinically used muscarinic agonists (Meredith et al., 2004) and treated with muscarinic antagonists 

and is therefore consistent with KCNMA1 representing a down-stream mediator of MR signaling. 

In preliminary studies, we have established a highly efficient siRNA knockdown (KD) of 

the ß4 subunit and observe in pilot studies that ß4 KD alone did not substantially alter hOPC-

oligodendrocyte differentiation. Furthermore, ß4 KD did not influence the anti-differentiative 

effect of MR activation. We hypothesized that the effect of ß4 KD may have multiple effects on 

BK channel function in response to MR activation. The BK ß4 subunit is known to reduce the 

surface expression of the ⍺-subunit to the plasma membrane by keeping it tethered to the 
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endoplasmic reticulum due to its 6 amino acid (KKRKFS) ER retention sequence at the 

intracellular C-terminal (Shruti et al., 2012). Thus, ß4 knockdown may cause increased plasma 

membrane expression of BK channels and thereby increase BK conduction and sensitize the cell 

to MR-mediated signaling. Alternatively, the ß4 KD is known to decrease the calcium sensitivity 

of the BK channel which might lead to reduced MR-mediated signaling (Meera et al., 1996). 

However, as oxotremorine-M was added at high dose (40 µM) in our experiments, it may not be 

possible to discern relatively subtle changes in BK channel conductance due to altered surface 

expression or calcium sensitivity. Future work would pursue an analysis of oxotremorine-M dose-

response in the presence and absence of ß4 subunit expression. 

Genetic deletion of KCNMB4 encoding ß4 subunit in mice leads to an increased seizure 

activity which causes increase in BK channel spike frequency and speeds up the after-

hyperpolarization decays (Brenner et al., 2005). Use of KCNMB4 conditional transgenic 

experimental mouse models (Brenner et al., 2005) would therefore prove to be insightful in 

investigating the role of BK channels in OPCs. 

Our findings substantiate the role of BK channels in hOPC differentiation. However, the 

mechanisms by which BK channels act to specifically regulate hOPC differentiation need deeper 

investigation. Studies in MCF-7 cells show that ATP stimulated activation of IP3R from the 

endoplasmic reticulum was implicated in intracellular calcium elevations which led to the 

activation of calcium sensitive potassium channels (Mound et al., 2013). The study further 

established a colocalization between the IP3R and BK channels to regulate cell proliferation. 

Downregulation of BK channels suppressed proliferation of MCF-7 cells which was observed by 

a reduction in cyclin D1 and CDK-4 expression. In hOPCs, it is tempting to suggest that an arrest 

in cell cycle progression may enhance OPC differentiation. It is also possible that 
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hyperpolarization may cause an inhibition of neuronal activity-dependent signaling that 

contributes to adaptive myelination. Blockade of glutamatergic neuronal activity by incubation 

with o-conotoxin MVIIC (a vesicular release blocker) which leads to inhibition of neurotransmitter 

release results into reduced remyelination Additionally, post-synaptically located AMPA/kianate 

and NMDA receptor blockade reduced remyelination at early and late time-points respectively 

(Gautier et al., 2015). Voltage-gated calcium channels. L-type voltage gated calcium channel 

(VGCC) expression is necessary for the normal timing of OPC differentiation and myelination 

(Cheli et al., 2015). This could imply that an interaction between calcium channels and potassium 

channels may cause inhibition of the calcium signaling thereby inhibiting OPCs. 

Another interesting aspect of BK channel activation is their role in transcriptional 

regulation due to their presence on the nuclear membrane. We confirmed BK channel presence on 

the nuclear membrane by immunocytochemistry analysis and a colocalization with Lamin B1. 

Intracellular calcium elevations from the ER may lead to calcium elevations in the nuclear 

membrane which could activate BKs (Bading, 2013). It has been demonstrated in hippocampal 

neurons that paxilline-induced BK channel blockade resulted into a rise in calcium concentrations 

in the nucleus paralleled with a transient decrease in the nuclear envelope. shRNA mediated RyR 

knockdown lead to a weakened calcium elevation which provide evidence that RyRs mediate BK 

blockade induced [Ca+2]nu (Li et al., 2014). Further investigation established that BK channel 

block induced transcription factors like CREB, CAMKIV which presents an important link 

between BK channel signaling and neuronal activity dependent regulation of gene transcription. 

An important finding from this study includes induction of CAMKIV by nuclear calcium was 

responsible for increasing dendritic arborization. This suggest that modulation of intracellular BK 
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channels in hOPCs may have implications in transcriptional regulation which affects OPC 

differentiation. 

Together, this data suggests that BK channel activation plays an important role in the 

regulation of hOPC differentiation, being both necessary for the anti-differentiative effects of 

muscarinic receptor activation and sufficient to inhibit differentiation when stimulated 

independently of muscarinic activation. Further investigations should seek to delineate the precise 

mechanisms by which BK channel activation controls hOPC differentiation. Future work will 

therefore be aimed at a conditional knockout of BK channel in OPCs to evaluate the roles of BK 

channels during development. It would also be intriguing to investigate the effects of BK knockout 

OPCs during remyelination to better understand the contribution of OPC expressed BK channel 

conductance in the context of demyelination. Experiments aimed at identifying induction of 

specific transcription factors will help us gain a better understanding of the possible downstream 

signaling cascade of BK channel activation. This will provide us with an elaborate understanding 

of downstream mechanisms that would promote oligodendrocyte differentiation and the process 

of remyelination. BK channels would serve as a therapeutic target in MS treatment. 
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CHAPTER 5: APPENDIX A 

5.1 Neural differentiation (ND) media 500 mL 

Component Amount (ml) 

DMEM/F12 (VWR/MediaTech Cat. 4500-350) 240 mL 

Neurobasal Media (Invitrogen Cat. 21103-049) 240 mL 

Sodium Pyruvate (100mM, VWR/Lonza Cat. 12001-636) 5 mL 

L-Glutamine (200mM, VWR/Lonza Cat. 12001-698) 5 mL 

Pen/strep (10,000U/mL, VWR/Lonza Cat. 12001-692) 5 mL 

N2 Supplement (100X, Invitrogen Cat. 17502-048) 5 mL 

Sodium Selenite (2μg/μL, Sigma Cat. S9133-1MG) 125 μL 

Progesterone (2μg/μL, Sigma Cat. P6149-1MG) 15 μL 

Trace Elements B (1000X, VWR/MediaTech Cat. 45000-714) 500 μL 

Biotin (50ng/μL, Sigma Cat. B4639-500MG) 100 μL 

B-27 Supplement (50X, Invitrogen Cat. 17504-044) 10 mL 

N-acetyl cysteine (5mg/mL, Sigma Cat. A8199-10G) 500 μL 
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5.2 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. 

5.3 Laminin (Invitrogen #23017-015) 

Stock is at a concentration of 1 mg/mL and may be stored in 50 μL aliquots at -20 °C. Working 

stock should be freshly prepared prior to each use, by diluting the 50 μL stock aliquot to 10 mL in 

HBSS(+). To coat a plate previously coated with poly-L-ornithine, add laminin working stock and 

incubate for 3 hours or overnight. Immediately prior to use, aspirate laminin completely 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. 

5.4 PDGF-AA (Peprotech) 

Re-suspend at 100 ng/μL in 1X PBS + 0.1% BSA. Aliquot 20 μL per tube. Store aliquots at -80 

ºC ~1 year. Keep 5 aliquots at -20 ºC for 3 months or 1 week at 4 ºC. Used at a final concentration 

of 20 ng/mL. 

5.5 NT-3 (Peprotech) 

Re-suspend at 100 ng/μL in 1X PBS + 0.1% BSA. Aliquot 5 μL per tube. Store aliquots at -20 ºC 

~3 months. Used at a final concentration of 5 ng/mL. 
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5.6 Human Primary OPC Passage Protocol 

1) Text 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 0.05% trypsin (Corning) to cover the cells and place at 37 °C for 5 min. Using phase 

microscopy, check for detachment of cells. 

4) Add 3 ml of defined trypsin inhibitor (DTI; Invitrogen) to a 15 ml conical vial. DTI is added 

in a 1:1 ratio with respect to the amount of trypsin used (e.g. use 3 mL of DTI for 3 mL of 

Trypsin; scale down for wells based on these standards). 

5) Pipette the cells in Trypsin gently 3-4x, then add to the 15 mL conical vial and pipette once to 

mix in DTI. 

6) Add HBSS(-) to the flask/plate to rinse remaining cells, then add this to the 15 mL conical vial. 

Add HBSS(-) to 14-15 mL. 

7) Spin at 260-300 x g for 5 minutes to pellet cells. 

8) Carefully aspirate supernatant and add it to waste, and re-suspend the cell pellet in 1 mL ND 

media supplemented with PDGF-AA and NT3 and keep chilled on ice prior after the next step. 

9) Make a 1:10 dilution in a 1.5 mL (Eppendorf) tube, with 90 μL of media and 10 μL of cells. 

Tilt or pipette slowly with P1000 to mix, and add 10 μL to a hemocytometer. 

10) Dilute the cells as required in ND media prewarmed to 37 °C for seeding. 
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11) Seed cells at desired density in flask or plate, and briskly slide the flask/plate in all four 

directions to ensure even distribution of cells. 

12) Check cells under microscope and return plated cells to 37ºC / 5.0% CO2 incubator; slide plate 

to ensure even distribution of cells. 

5.7 Live staining of O4 antigen 

1) Text Add mouse anti-O4 hybridoma supernatant (1:25) 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 (freshly prepared on day of experiment) (w/v in 1X PBS, pH 7.4) for 15 

minutes at room temperature. 

4) Aspirate to completely remove PFA followed by washing thrice with 1X PBS/Thimerosal 

(0.04%) 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. 

Stock solutions 

HBSS+ 5% goat serum (50 mL) 

HBSS(+) (VWR) 47.5 mL 

Goat Serum 5% (Invitrogen) 2.5 mL 

Filter the solution and store at 4 °C. 
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5.8 10X PBS/T 

10XPBS (VWR/Lonza, Cat. 12001-680) 1 L 

Thimerosal (Sigma, Cat. T5125-10G) 400 mg 

5.9 0.01% Triton X-100 Blocking Buffer (50 mL) 

10XPBS/T 5 mL 

Goat Serum (Invitrogen) 2.5 mL 

Triton X-100 (VWR) 5 μL 

Sterile ddH20 To 50 mL 

5.10 0.01% Triton X-100 Standard Diluent (SD) (50 mL) 

10XPBS/T 5 mL 

Triton X-100 5 μL 

Sterile ddH20 To 50 mL 

5.11 0.1% Triton X-100 Permeabilization Buffer (50 mL) 

10XPBS/T 5 mL 

Triton X-100 50 μL 

Goat Serum 500 μL 

Sterile ddH20 To 50 mL 
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