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Abstract 

Throughout life, oligodendrocyte progenitor cells (OPCs) proliferate and differentiate into new 

myelinating oligodendrocytes.  As OPCs express ionotropic glutamate receptors and voltage-

gated channels, they are able to detect and respond to neuronal activity.  In this context, N-

Methyl-D-aspartic acid (NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA) receptor bind glutamate and alters the behaviour of cells of the oligodendrocyte 

lineage, however, the requirement of kainate receptors and voltage-gated calcium channels 

(VGCC) remains unclear.  In Chapter 1 of this thesis, I review the regulatory the role of ion 

channels and ionotropic receptors in oligodendrogenesis.  In Chapter 2, I characterise the 

expression of VGCCs by adult OPCs and demonstrate their capacity to influence adult OPC 

survival.  In Chapter 3, I explore the importance of kainate receptor for OPC generation and 

myelination and examine their role within the central nervous system (CNS). In Chapter 4, I 

outline my research findings and describe how this research has informed my research goals 

and understanding of the relationship between neuronal activity and myelination. 

Research findings:  

In Chapter 2, I conditionally deleted Cacna1c, a gene encoding the VGCC CaV1.2, from OPCs 

in the adult mouse brain.  Tamoxifen was delivered to P60 Cacna1cfl/fl (control) and Pdgfrα-

CreER :: Cacna1cfl/fl (CaV1.2-deleted) mice and whole cell patch clamp recordings revealed 

that CaV1.2 deletion reduced L-type voltage-gated calcium entry into adult OPCs by ~60%. 

The conditional deletion of CaV1.2 from adult OPCs significantly increased their proliferation 

but did not affect the number of new oligodendrocytes produced or influence the length or 

number of internodes they elaborated. Unexpectedly, CaV1.2 deletion resulted in the dramatic 

loss of OPCs from the corpus callosum, such that 7 days after tamoxifen administration 

CaV1.2-deleted mice had an OPC density ~42% that of control mice. However, OPC density 

recovered within 2 weeks of CaV1.2 deletion, as the lost OPCs were replaced by surviving 

CaV1.2-deleted OPCs.  As OPC density was not affected in the motor cortex or spinal cord, I 

have concluded that calcium entry through CaV1.2 is a critical survival signal for a 

subpopulation of callosal OPCs, but not for all OPCs, in the mature CNS. 

In Chapter 3, I show that Grik4 mRNA is highly expressed by cells throughout the adult mouse 

brain, and the loss of this gene (Grik4 knockout mice; Grik4 -/-) reduces anxiety- and 
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depressive-like behaviour and progressively impair motor function. Such phenotypes can be 

produced by demyelination, however, OPC and oligodendrocyte numbers are normal in Grik4 

-/- mice. While myelination is also normal in Grik4 -/- mice, and callosal compound action 

potentials (CAP) travel at normal velocity, their amplitude is reduced.  However, subtle axonal 

abnormalities were detected and layer 5 pyramidal neurons in the primary motor cortex 

received significantly fewer synaptic inputs. Therefore, Gluk4-containing kainate receptors are 

critical for motor circuit maintenance and consequently motor function in adult mice.
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 - Literature Review 

Multiple Sclerosis 

Multiple sclerosis (MS), first described in 1868, by the French neurologist Jean-Martin Charcot 

(Clanet, 2008), is the most common immune-mediated neurodegenerative disease, affecting 

over 23,000 Australians and more than 2 million people worldwide.  MS often manifests in 

young adults between the ages of 20 and 50 (Baum and Rothschild, 1981; Hammond, 2000), 

is more common in women (2:1 ratio; Taylor et al. 2010) and the incidence in Tasmania is ~7 

times higher than it is in the Northern Territory (McLeod et al., 1994; Palmer et al., 2013b), 

which is consistent with the observation that the incidence of MS increases with increasing 

distance from the equator (Simpson et al., 2011).  People with MS can experience a variety of 

symptoms, which include vision loss and vertigo (Regan et al., 1977; Frohman et al., 2005), 

eye and back pain (Moulin et al., 1988; Filippo et al., 2016), fatigue (Braley and Chervin, 

2010), impaired coordination (Broekmans et al., 2013; Sbardella et al., 2013) and memory loss 

(Chiaravalloti and DeLuca, 2008), which can be accompanied by comorbid depression 

(Chwastiak et al., 2002; Siegert and Abernethy, 2005) and anxiety (Korostil and Feinstein, 

2007).  MS symptoms can be unpredictable and are highly dependent on the severity and 

location of demyelinated lesions in the central nervous system (CNS; (Popescu et al., 2013). 

Between 2005 and 2010 the total cost of MS to Australian society increased by 58% reaching 

AUD 1.24 billion as the results of disability negatively impacts productivity (Palmer et al., 

2013a).  According to MS Research Australia Health and Economics Impact Report (2017), 

from 2010 to 2017 the total cost of MS to Australian society increased by of 41%, from $1.24 

billion in 2010 to $1.75 billion in 2017 due to both an increase in number of people living with 

MS and increased per person costs. We do not know what causes MS, nor do we have a cure. 

MS Clinical Course 

When a person first experiences neurological symptoms that clinically resemble MS, they are 

diagnosed with clinically isolated syndrome (CIS; Marcus and Waubant, 2013).  CIS usually 

lasts for longer than 24 hours and is followed by partial or complete recovery.  It can be 

monofocal, whereby a single CNS lesion is detected by magnetic resonance imaging (MRI) or 

multifocal, with brain lesions detected in several locations (Miller et al., 2005).  Following CIS, 

~82% of people go on to develop MS at some stage over the next 20 years (Gelfand, 2017).  

The MS disease course varies significantly between individuals, however, the clinical course 
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can be broadly defined as: (i) primary progressive MS (PPMS); (ii) relapsing-remitting MS 

(RRMS), or (iii) secondary progressive MS (SPMS; (Lublin and Reingold, 1996; Lublin et al., 

2014).   

Approximately 15% of people with MS are diagnosed with PPMS (Leary and Thompson, 2005; 

Miller and Leary, 2007), and unlike the overall statistics for MS, PPMS affects an equal number 

of men and women (Thompson, 1997; Ontaneda et al., 2017).  PPMS is characterised by a slow 

onset, the regular worsening of symptoms and a lack of distinct attacks (Vollmer, 2007).  

Disability accumulates over months or years, along with evidence of new MRI activity, but can 

also level off at some points (present or absent; Lublin et al., 2014), corresponding to periods 

of disease stability (Figure 1.1a).  Generally, people experiencing PPMS have problems 

walking, often require assistance with everyday activities and experience difficulties remaining 

at work.   

RRMS is the most common form of MS and ~85% of people are initially diagnosed with this 

clinical course (Compston and Coles, 2008).  It is characterised by unpredictable relapses or 

attacks lasting days, or in some cases weeks and months, where symptoms are aggravated or 

new symptoms appear.  The attacks (increased disability and MRI activity; Figure 1.1b) are 

followed by periods of partial or complete recovery. For some people the disease can appear 

inactive for months or even years.  People with RRMS tend to have more lesions on MRI scans, 

and the lesions usually contain more inflammatory immune cells than those associated with 

PPMS.  Patients with RRMS can progress to SPMS over time.  This phase of the disease is 

associated with the progressive development of disability and superimposed relapses (Figure 

1.1c).  In people with SPMS, the disease gradually changes from the initial inflammatory 

process observed in RRMS that is often accompanied by repair, to a more progressive phase 

characterised by irreversible neuron damage and loss (Ontaneda et al., 2017). 

The cellular changes that underpin MS 

Immune cell infiltration into the CNS 

MS is a chronic, autoimmune, inflammatory and demyelinating disease (Franciotta et al., 2008; 

Fletcher et al., 2010).  T-cells are a type of lymphocyte and a component of the adaptive 

immune system. In RRMS pathogenic activated CD4+ (cluster of differentiation 4) and CD8+ 

(cluster of differentiation 8) T-cells are raised against myelin antigens, such as myelin basic 

protein (MBP; D'Aversa et al., 2013) and proteolipid protein (PLP; Muller et al., 2005).  

Antibodies against myelin-associated proteins found in MS lesions and cerebrospinal fluid  
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Figure 1.1. Progression scheme of Multiple Sclerosis clinical courses.  The three graphs show 

Multiple Sclerosis disability progression over time in A. Primary progressive Multiple Sclerosis B. 

Relapse-remitting Multiple Sclerosis C. Secondary progressive Multiple Sclerosis. Disease activity is 

determined by clinical relapses and/or magnetic resonance imaging activity and progression measured 

by clinical evaluation.  Adapted from (Lublin et al., 2014). 
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allow the recruitment of immune cells such as CD8+, CD4+, T helper cell (TH-1; TH-17) and 

macrophages to the lesion (Genain et al., 1999).  The reason why immune cells are directed 

against myelin antigens is unknown and therefore the events that trigger the immune response 

are poorly understood.  However, environmental and life style factors may play an important 

role in genetically susceptible individuals triggering on immune-mediated response against the 

CNS (Losy, 2013). The human leukocyte antigen (HLA) complex is a group of proteins 

responsible for the regulation of the immune system and fine-tune the adaptive immune system. 

The HLA-DR15 haplotype is the strongest genetic risk factor for MS, but the contribution to 

disease pathology is poorly understood (Wang et al., 2020). Analysis of immunopeptidomes of 

two HLA-DR15 allomorphs, DR2a and DR2 from human primary B cells and monocytes, 

thymus, and MS brain tissue revealed that self-peptides from HLA-DR molecules, particularly 

from DR2a and DR2b were increased in B cells and thymic antigen-presenting cells. 

Autoreactive CD4+ T cell clones were identified and can cross-react with HLA-DR-derived 

self-peptides (HLA-DR-SPs) peptides from MS-associated foreign agents and autoantigens 

presented by DR2a and DR2b. HLA-DR15 allomorphs both present an autoreactive T cell 

repertoire serving as antigen-presenting structures autoreactive CD4+ T cells in MS (Wang et 

al., 2020). 

Activated T-cells break down the blood brain barrier (Foster et al., 2009) and undergo trans-

endothelial migration (Lopes Pinheiro et al., 2016); Figure 1.2).  Circulating T-cells overcome 

physical forces of blood flow by contacting the endothelium with P-Selectin Glycoprotein 

Ligand 1 (PSGL-1) by tether and roll (Bahbouhi et al., 2009).  Selectins (E, L and P) are 

transmembrane glycoproteins expressed by endothelial cells activated by pro-inflammatory 

stimuli (Langer and Chavakis, 2009).  During MS, endothelial cells upregulate the surface 

expression of chemokines (Greenwood et al., 2011).  After making the first contact via PSGL-

1, T-cells bind to chemokines presented on the luminal face of endothelial cell activating G-

protein coupled receptors (GPCR) signalling that results in lymphocyte arrest mediated by 

adhesion molecules such as intracellular cell adhesion molecule 1 (ICAM-1) and vascular cell 

adhesion molecule 1 (VCAM-1; Steffen et al., 1994).  A signal cascade is activated in the 

inflamed endothelial cell that allows the formation of docking structures that facilitates 

diapedesis, the passage of lymphocytes through the intact walls of the capillaries.  Diapedesis 

includes migration through a single endothelial cell or through adjacent endothelial cells 

mediated by transient junction rearrangement. 
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Figure 1.2. Immune cells invade the nerve system by disrupting the BBB. Circulating 

lymphocytes in the bloodstream contact the epithelium via PSGL-1 interacting with E- and P- selectin 

in inflamed epithelial cells.  It starts tethering and rolling until it finds a chemokine displayed on the 

cell surface.  G-protein coupled receptors on the lymphocyte surface binds to the chemokine being 

presented resulting in intracellular signalling in the epithelial cell leading to lymphocyte arrest on the 

BBB.  Lymphocyte binding to intracellular adhesion molecule (ICAM) in the endothelium trigger the 

formation of a docking structure allowing diapedesis to occur and lymphocyte entry into the CNS. 

Adapted from (Lopes Pinheiro et al., 2016). 
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Breakdown of the BBB allows immune cell migration into the CNS and formation of 

inflammatory lesions as they release cytokines, proteases, and reactive oxygen species.  Pro-

inflammatory cytokines such as IL-2, IFN-γ and TNF-α are highly expressed in MS lesions 

(Oksenberg et al., 1993) and may contribute to astrocytes, macrophages and microglia releasing 

more cytotoxic factors, including excitotoxic neurotransmitters such as glutamate (Pitt et al., 

2000; Kostic et al., 2013) and induce a secondary influx of immune cells to reinforce the 

inflammatory response.  Myelin protein is progressively degraded causing oligodendrocyte cell 

death followed by axonal degradation and neuron cell death (Kostic et al., 2013).    

Although immune cell invasion and brain inflammation contribute largely to MS pathology it 

is not exclusively detrimental.  T-cells can secrete factors that protect myelin such as brain-

derived neurotrophic factor TNF-α (BNDF; Razavi et al., 2015).  They can also help to clear 

toxic substances released during the initial phase of lesion formation to prevent secondary 

demyelination (Moalem et al., 1999).  CD4+ T-cells release pro-inflammatory cytokine 

inhibitors such as prostaglandin E2, self-limiting inflammation (Kalinski, 2012).  Macrophages 

and microglia facilitate remyelination by removing myelin debris which inhibits  it (Neumann 

et al., 2009; Lampron et al., 2015) and TNF-α promotes OPC proliferation via TNF-receptor II 

signalling (Arnett et al., 2001).   

Pathogenic active T-cells can later become reactivated by local antigen-presenting cells 

(Constantinescu et al., 2005; Chastain et al., 2011; Kirby et al., 2019).  These activated T-cells 

expand in the CNS and release inflammatory mediators such as chemokine ligand 2 (Tanuma 

et al., 2006) and interleukin 6 (Woodroofe and Cuzner, 1993), contributing to secondary 

immune cells recruitment to the lesion site.  Local microglia and infiltrating immune cells such 

as macrophages and activated T-cells release glutamate (Werner et al., 2000; Kostic et al., 

2013) and reactive oxygen species (Gilgun-Sherki et al., 2004; Mecha et al., 2012) that can 

promote oligodendrocyte death and myelin damage leading to axonal degeneration.  However, 

it is still unclear how oligodendrocytes die in MS. 

Oligodendrocyte, neuron loss and demyelination 

Oligodendrocytes are the CNS cells that produce and wrap lipid-rich, insulating myelin sheaths 

around axons, to support the rapid and reliable conduction of action potentials. Regions of 

oligodendrocyte loss and demyelination are called lesions. During MS, the immune cell-

mediated attack of oligodendrocytes is mediated by oligodendrocyte upregulation of MHC-I, 

INF-γ and TNF-α receptors (Vartanian et al., 1995; Hoftberger et al., 2004).  MHC class I and 
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II are antigen presenting surface receptors and their expression by oligodendrocytes make them 

a target for restricted T-cell cytotoxicity.  Autoantibodies against myelin proteins produced 

locally recruit more immune cells also contributing to oligodendrocyte damage and death 

(Lucchinetti et al., 2000).  However, oligodendrocyte cell death can be observed in people with 

MS even in the absence of overt inflammation (Barnett and Prineas, 2004; Henderson et al., 

2009). Evidence for oligodendrocyte loss leading to immune cell infiltration and immune 

mediated demyelination has been previously demonstrate in mice. In a transgenic mouse model 

in which oligodendrocytes are killed by the induced expression of diphtheria toxin fragment, 

CD4+ T-cells infiltrate to the CNS leading to secondary demyelination disease and axonal loss 

(Traka et al., 2016)  and can be sufficient to trigger adaptive autoimmune response against 

myelin that is similarly to MS (Traka et al., 2016). Despite these insights, it is still unclear how 

oligodendrocytes die in MS and how myelin is lost from axons leading to demyelination. 

Neurodegeneration is any pathological condition in which neuron loses its structure and 

function. Neurodegeneration is largely associated with the progressive phase of MS, a stage 

where inflammatory white matter lesions are less evident and new lesion activity becomes less 

frequent over time (Miller and Leary, 2007).  However, cortical demyelination still occurs in 

the progressive phase of MS and activated microglia can be found in normal appearing white 

matter (Kutzelnigg et al., 2005). Histopathological studies indicate that axon transection occurs 

during active demyelination (Kornek et al., 2000).  Axonal injury and demyelination, most 

extensive in early stages of MS, is reduced over time and less prevalent in the progressive 

disease (Bitsch et al., 2000; Kuhlmann et al., 2002).  Initially, axonal injury does not result in 

obvious neurological disability due to compensation, however chronic axonal demyelination 

in progressive MS leads to neuronal death and irreversible neurological disability (Kornek et 

al., 2000; Bjartmar et al., 2003; Dutta and Trapp, 2011).  Promoting remyelination has been 

shown to increase axonal survival and is associated with functional recovery (Duncan et al., 

2009; Munzel and Williams, 2013).  Additionally, remyelination restores axonal metabolic 

support (Zambonin et al., 2011). Oligodendrocytes provide neurotrophic and metabolic support 

to neurons (Nave, 2010a; Lee et al., 2012; Morrison et al., 2013), making them necessary for 

maintaining axon integrity under normal physiological conditions (Nave, 2010b; Funfschilling 

et al., 2012). This support appears to be more critical under conditions of stress or injury 

(Fruhbeis et al., 2020; Jha and Morrison, 2020).   Experiments where OPCs were transplanted 

to the brain of rodents showed less demyelination-associated axonal loss in response to toxin 

induced demyelination (Irvine and Blakemore, 2008). 
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Although the primary pathology of MS is the immune-mediated attack of myelin and 

oligodendrocyte cell loss, the major cause of disability experienced by people with MS results 

from progressive axonal loss and eventual neuronal death (Trapp and Nave, 2008; Dutta and 

Trapp, 2011; Singh et al., 2017).  Evidence demonstrating this correlation has been extensively 

provided by MRI studies of people with MS (De Stefano and Filippi, 2007; Bakshi et al., 2008).  

Furthermore, post-mortem tissue from people with MS has revealed extensive cortical 

demyelination and neocortical atrophy (Calabrese et al., 2007; Dutta and Trapp, 2011), and a 

correlation has been reported between number of cortical neurons, brain tissue volume and 

disability (Dutta and Trapp, 2011; Radue et al., 2015). 

Axonal loss and neuronal death at late disease stages are not driven by demyelination by 

alternative pathologic events, such as microglia activation (Kostic et al., 2013), gliosis 

(Pomeroy et al., 2010), oxidative stress (Fischer et al., 2012) or glutamate excitotoxicity 

mediated by activation of ionotropic glutamate receptors (iGluR; (Werner et al., 2000; Kostic 

et al., 2013). Excitotoxicity is a process by which excessive activity of the glutamate signalling 

pathway leads to abnormal intracellular calcium levels resulting in cell death. Moreover, 

blocking calcium entry via L-Type voltage-gated calcium channels (VGCC) has been 

demonstrated to ameliorate disability in mouse models of demyelination (Schampel and 

Kuerten, 2017; Hundehege et al., 2018).  For example, experimental autoimmune 

encephalomyelitis (EAE) is a model of inflammatory demyelination.  It is typically induced in 

mice as an active immunization, involving the delivery of exogenous myelin peptides in 

conjunction with activation of the immune system.  This process results in activated myelin-

specific CD4+ T lymphocytes entering the spinal cord and initiating inflammatory 

demyelination and neurodegeneration, which is associated with an ascending paralysis 

(Robinson et al., 2014).  Both the neurological disability and white matter damage induced by 

EAE was ameliorated by the administration of calcium channel blockers bepridil and 

nitrendipine (Brand-Schieber and Werner, 2004), suggesting that calcium entry via VGCCs 

and excitotoxicity mediated by ionotropic glutamate receptors play an important role, perhaps 

even a linked role, in the neurodegenerative pathophysiology of MS. 

Endogenous remyelination 

While oligodendrocytes die in MS, surviving oligodendrocytes can contribute to remyelination 

and new oligodendrocytes can be added to repair the lesions (Hesp et al., 2015; Duncan et al., 

2018; Bacmeister et al., 2020).  New oligodendrocytes are produced by an immature cell 
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population known as oligodendrocyte progenitor cells (OPCs). Those cells can be identified 

using antibodies against transcription factors common to all cells of the oligodendrocyte 

lineage (Figure 1.3) by the expression of oligodendrocyte transcription factor 2 (OLIG2) and 

SRY-Box Transcription Factor 10 (SOX10) and with the platelet-derived growth factor 

receptor α (PDGFRα) and neural/glial antigen 2 (NG2; (Pepper et al., 2018). Upon 

differentiation, OPCs downregulate expression of mitogenic receptor PDGFRα and upregulate 

the expression of adenomatous polyposis coli protein (APC) cell conditioning 1 (CC1),  

aspartoacylase (ASPA) and oligodendrocyte proteins such as myelin basic protein (MBP) and 

proteolipid protein  (Pepper et al., 2018).  OPCs reside throughout the mature CNS and generate 

new oligodendrocytes (Rivers et al., 2008; Zhu et al., 2011; Young et al., 2013), but 

oligodendrogenesis can increases in response to a demyelinating injury (Tripathi et al., 2010; 

Zawadzka et al., 2010; Kang et al., 2013). OPCs were considered the major source of 

remyelinating oligodendrocytes in the adult brain (Gensert and Goldman, 1997; Chang et al., 

2002) populating lesion sites before repair occurs (Ghatak et al., 1989; Franklin and Ffrench-

Constant, 2008; Kipp et al., 2012), however, mature and surviving oligodendrocytes can also 

contribute to remyelination after an injury to the mouse CNS, primate CNS and in MS lesions 

(Duncan et al., 2018; Yeung et al., 2019; Bacmeister et al., 2020). Promoting myelin 

replacement from both sources is likely to improve clinical outcomes as there is evidence that 

myelin repair is associated with functional recovery (reviewd by Franklin and Ffrench-

Constant, 2008Franklin et al., 2020). 

Although remyelination occurs in MS, it eventually fails (Franklin, 2002; Franklin et al., 2020).  

OPCs in the lesion site can fail to differentiate and proliferate due to their sensitivity to 

inflammation (Baerwald and Popko, 1998; Bernardo et al., 2003). Studies in post-mortem MS 

tissue suggest that remyelination failure is associated with reduced OPC recruitment and 

maturation (Kotter et al., 2011), and the presence of OPC differentiation inhibitors in MS 

lesions, such as Notch1 and Wnt signalling molecules, also contribute to remyelination failure 

(Fancy et al., 2009; Fancy et al., 2010; Aparicio et al., 2013).  In addition, OPC recruitment 

and differentiation are prolonged with age, significantly decreasing remyelination efficiency 

contributing to failure (Franklin, 2002). Remyelination failure may also result from 

dysregulated glutamatergic signalling between OPCs and neurons (Gautier et al., 2015) and 

elevated L-type VGCC activity (Schampel et al., 2017). Blocking axons from releasing 

glutamate or inhibiting AMPA receptor activity results in increased OPC number within the 

lesion sites but reduces or inhibits differentiation. While administration of nimodipine, a L- 
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Figure 1.3. Oligodendrocyte lineage cells receptors expression and morphology. All 

Oligodendrocyte lineage cells express oligodendrocyte transcription factor (OLIG2) and SOX10.  a) 

OPCs express Platelet-derived growth factor receptor α (PDGFRα) and neural/glial antigen 2 (NG2). 

b) Premyelinating oligodendrocytes express oligodendrocyte marker (O4), aspartoacylase (ASPA), 

APC clone cell conditioning 1 (CC1) and after differentiating to c) myelinating oligodendrocytes start 

expressing myelin basic protein (MBP). 
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type VGCC blocker, for 10 days after EAE induction promotes remyelination (Schampel et al., 

2017). Because demyelinating episodes can be frequently experienced by people with MS, 

repeated demyelination and remyelination may lead to OPC exhaustion reducing recruitment 

and differentiation over time (Franklin and Ffrench-Constant, 2008). 

Current Treatments for MS 

There is no cure for MS, but the disease is currently managed by the administration of disease 

modifying drugs.  The most effective results are achieved when these drugs are administered 

early to reduce the number of attacks experienced and slow down disability progression (Brown 

et al., 2007; Zivadinov et al., 2008; Goldberg et al., 2009).  However,  many people with MS 

continue to experience disease activity and disability progression (Rio et al., 2011).  Drugs 

currently approved for MS treatment are interferon β-1a (Avonex©, Rebif©), interferon β-1b 

(Betaseron©, Extavia©), peginterferon β-1a (Plegridy©), glatiramer acetate (Copaxone©, 

Glatopa©), natalizumab (Tysabri©), ocrelizumab (Ocrevus©) and daclizumab (Zinbryta©).  

They are known as disease-modifying therapies that impair BBB breakdown by immune cells 

and CNS inflammation. 

Interferons are a family of cytokines produced by cells in response to viral infections.  

Interferon β-1a and Interferon β-1b are used when CIS has a high risk of becoming RRMS,  or 

people have RRMS or SPMS (Panitch et al., 2002).  The difference when treating the different 

disease stages is the dosage, delivery route and frequency delivery (Rio et al., 2011).  Interferon 

β administration reduces antigen presentation, pro-inflammatory cytokines production and 

BBB breakdown (Yong et al., 1998; Mahurkar et al., 2014; Severa et al., 2015) to decrease 

CNS immune activity.  Interferon β is injected multiple times each week due to its fast 

degradation by the kidneys, a delivery rout that impacts on MS treatment initiation and 

adherence (Remington et al., 2013; Hao et al., 2017; Morillo Verdugo et al., 2019). The altered 

pharmacological properties of peginterferon β-1a reduces the number of injections (Kieseier et 

al., 2015) due to a longer half-life (Hu et al., 2012) and its increased biological activity changes 

T-helper cell gene expression (Caliceti, 2003; Kieseier and Calabresi, 2012). 

Glatiramer acetate is a synthetic polypeptide analogue of MBP (Yong, 2002).  It has immune 

regulatory properties allowing it to modulate microglia activation, increasing the secretion of 

IL-10 and TNF-α (Jung et al., 2004; Pul et al., 2011), reducing myelin breakdown, tissue 

damage and stimulating repair to EAE mouse model of inflammatory demyelination (Aharoni 

et al., 2008).  In clinical studies glatiramer acetate reduced relapse rates and a high proportion 



29 

 

of people with MS became relapse-free (reviewed by Ruggieri et al., 2007).  Glatiramer acetate 

is used to treat people with CIS that are considered at high risk of RRMS development as well 

as people with RRMS.   

MS is also treated using humanised antibodies natalizumab, ocrelizumab and daclizumab.  

Natalizumab is the first disease-modifying therapy that selectively inhibits adhesion molecules 

at sites of active lesions in MS.  It is a recombinant humanised antibody that binds to α4β1-

integrin blocking its adhesion to VCAM inhibiting leukocyte migration into the CNS.  As a 

result, it reduces inflammation and prevents the formation of new lesions (Hutchinson, 2007).  

People with RRMS treated with natalizumab showed a sustained decrease in disability 

progression of 42% and a mean reduction in the number of new brain lesions by 92% (Polman 

et al., 2006).  Ocrelizumab is also used to treat RRMS selectively targeting CD20+ cells causing 

a B-cell depletion (Sorensen and Blinkenberg, 2016).  Phase II trial of ocrelizumab showed an 

89% reduction in disease activity seen by MRI and an 96% reduction in gadolinium-enhanced 

lesions (Kappos et al., 2011).  Daclizumab binds to the α subunit of the interleukin-2 receptor 

(IL-2R) to inhibit several IL-2 dependent activated T-cell functions including proliferation and 

cytokine secretion (Milo, 2014) resulting in immunomodulation without lymphocyte 

immunodepletion.  Monthly subcutaneous daclizumab delivery reduces clinical relapse rate 

and MRI activity in people with RRMS (Shirley, 2017).   

While immune modulatory drugs reduce number of relapse, they fail to stop oligodendrocyte 

loss and disability progression experienced by people with MS. Alternative drug targets, 

particularly those outside the immune system, are needed to potentially be administered 

alongside the immune modulatory drugs. Anti-LINGO (Opicinumab from Biogen©) was the 

first drug to enter phase II clinical trials for MS that was not intended to target the immune 

system.  Leucine-rich repeat and immunoglobulin domain-containing 1 (LINGO-1) is 

expressed in within CNS lesions and prevents remyelination by complexing with the 

neurotropin p75NTR and NgR1 (Borrie et al., 2012).  In preclinical EAE trials anti-LINGO-1 

successfully inhibited LINGO-1 to promote myelin repair (Mi et al., 2013) and reduced deficits 

in learning and memory (Wilhelm and Schabet, 2015); (Sun et al., 2015).  Unfortunately, phase 

II clinical trials did not show a significant improvement in disability compared with placebo in 

people with RRMS (Cadavid et al., 2019) and new approaches are needed to enhance myelin 

repair and counteract neurodegeneration.      
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Glutamatergic signalling in OPCs 

Myelin repair and OPC behaviour can be regulated by neuronal activity (de Faria et al., 2019; 

Ortiz et al., 2019; Bacmeister et al., 2020). Forelimb reach task learning by mice transiently 

suppress oligodendrogenesis, subsequently increasing OPC differentiation and myelin sheath 

remodelling in the forelimb motor cortex (Bacmeister et al., 2020). Following toxin induced 

demyelination learning is impaired and behavioural intervention does not improve 

remyelination (Bacmeister et al., 2020). However, partial remyelination restores neuronal and 

behavioural function, allowing learning to enhance oligodendrogenesis, remyelination, 

oligodendrocyte survival and myelination demonstrating that timed motor learning improves 

recovery from demyelinating injury via remyelination from new and surviving 

oligodendrocytes (Bacmeister et al., 2020). Following focal demyelination OPCs have been 

shown to form synaptic connections with demyelinated axons mediated by glutamate signalling 

and AMPA receptors (Gautier et al., 2015).  

Neuronal activity can result in the release of neurotransmitters that influence OPC 

differentiation, including glutamate. Glutamate is the predominant excitatory neurotransmitter. 

Glutamatergic signalling is critical for many neural functions, such as learning and memory 

(Peng et al., 2011; Morris, 2013) due to its involvement in synaptic plasticity (Voglis and 

Tavernarakis, 2006; Luscher and Malenka, 2012; Frenguelli, 2013; Nicoll and Roche, 2013). 

Excessive glutamate can be detrimental due to excitotoxicity. People with MS have elevated 

levels of glutamate in the cerebrospinal fluid when compared to unaffected individuals 

(Sarchielli et al., 2003; Kostic et al., 2013). OPCs express ionotropic glutamate receptors such 

as N-methyl-D-aspartate receptor (NMDA), α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor (AMPA) and kainate receptors (Barres et al., 1990a; Patneau 

et al., 1994). Upregulation of the synaptic protein VGluT2 in MS lesions suggests demyelinated 

axons establish de novo synapses with recruited OPCs in humans. Therefore, glutamate acting 

on OPCs could facilitate remyelination within MS lesions (Gautier et al., 2015).  Calcium 

permeable AMPA and kainate receptors can mediate excitotoxicity resulting in 

oligodendrocyte injury and loss (Deng et al., 2003) and a number of pre-clinical and clinical 

trials have been exploring drugs targeting glutamatergic signalling in MS (reviewed by Macrez 

et al., 2016).  For instance, the efficacy of the AMPA / kainate receptor antagonist 2,3-dioxo-

6-nitro-7-sulfamoyl-benzo[f]quinoxaline (NBQX) reduced neurological deficits and axonal 

damage in the EAE model of inflammatory demyelination (Docagne et al., 2007).  
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Glutamate receptors are divided in two different families of receptors: metabotropic glutamate 

receptors (mGluR) and iGluR (Willard and Koochekpour, 2013). The mGluRs are G protein-

coupled receptors (GPCRs) which activate downstream signalling cascades upon glutamate 

binding to the receptor.  This family is divided in three subgroups: Groups I, II and III (Willard 

and Koochekpour, 2013).  Group I mGluRs couple to Gq heterotrimeric G protein subunits 

while Group II and III couple to Gi heterotrimeric G protein subunit.  The activation of Group 

I mGluRs initiates a signalling cascade involving phospholipase C (PLC), inositol 1,4,5-

triphosphate (IP3) and diacylglycerol (DAG; Ribeiro et al., 2010; Baudry et al., 2012Baudry et 

al., 2012) and are generally localised to glutamatergic post-synaptic terminals (Baudry et al., 

2012).  Group II and III mGluRs are generally found on presynaptic cells (Trepanier et al., 

2013) and upon activation inhibit cyclic adenosine monophosphate production (cAMP; (Cai et 

al., 2001). The mGluRs play an important role in homeostasis in many organs (Kuzmiski and 

Bains, 2010), including the CNS, and are linked to the development and progression of cancer 

(Li et al., 2005). mGluRs also attenuate oligodendrocyte excitotoxicity by controlling 

downstream oxidative stress after iGluR overactivation and inhibiting reactive oxygen species 

accumulation (Deng et al., 2004).   

Kainate receptors have also been reported to contribute to metabotropic signalling (Rozas et 

al., 2003; Petrovic et al., 2017).  Kainate receptor metabotropic pathways mediate inhibition of 

the slow after-hyperpolarization current (IAHP). The IAHP is a voltage-independent, calcium-

dependent potassium conductance, activated for several seconds following a burst of action 

potentials and it is sensitive to the G protein inhibitor pertussis toxin and inhibitors of protein 

kinase C (Melyan et al., 2002; Fernandes et al., 2009). Exposure to kainate evoked a G protein-

dependent increase in intracellular calcium in a population of dorsal root ganglion neurons 

cultured from mice. Furthermore, exposure to kainate inhibited the IAHP in GluK1 knock-out 

mice independent of ion channel activity (Rozas et al., 2003). Signalling through a second 

messenger cascade suggests a non-canonical signalling route for the ion channel-forming 

receptor subunit GluK1.  However, kainate receptors incorporating GluK4/5 high-affinity 

subunits are believed to signal only as ionotropic receptors (Fernandes et al., 2009).  The 

ablation of high affinity kainate receptor subunits, GluK4 and GluK5, results in the loss of 

synaptic ionotropic kainate receptor function in the hippocampus of adult mice.  However, the 

IAHP was intact in GluK4, GluK5 and GluK4/GluK5 knockout mice (Fernandes et al., 2009). 

These results uncover an obligatory role for the high-affinity subunits in ionotropic but not 

metabotropic kainate receptor signalling. 
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The iGluRs are ligand-gated ion channels named for agonists that activates them (Willard and 

Koochekpour, 2013).  Upon glutamate binding, NMDA, AMPA and kainate receptors allow 

cation influx resulting in a depolarising current (EPSC; Hartmann et al., 2011).  A similar 

channel structure of four well conserved domains, including the ligand-binding domain where 

glutamate or the agonist interacts is common to all iGluR (Mayer, 2011).  Excitotoxicity due 

to prolonged iGluR stimulation can contribute to neurodegeneration and nervous system injury. 

Excessive glutamate release increases Ca2+ influx leading to abnormal over-activation of 

proteases and caspases (Weber, 2012).  Studies carried out in animal models and post-mortem 

MS tissue suggest that excitotoxicity mediated by calcium-permeable iGluRs may contribute 

to oligodendrocyte cell death, demyelination and tissue damage in MS (Srinivasan et al., 2005; 

Matute, 2011a).   

AMPA receptors 

AMPA receptors mediate fast glutamatergic neurotransmission in synaptic signalling. The 

functional channel is a tetramer assembled from a combination of four different subunits 

(GluA1-4).  They are complexed with a group of transmembrane AMPA receptor regulatory 

proteins responsible for receptor trafficking and expression at the synapse (Payne, 2008).  

AMPA receptors dynamically move in and out of the post-synaptic membrane in an activity-

dependant manner (Rongo, 2013; Chater and Goda, 2014) and are mostly permeable to sodium 

and potassium ions.  Channel activation causes cell depolarisation due to sodium influx.  

However, depending on the subunit composition, AMPA receptors can also be permeable to 

calcium ions (Itoh et al., 2002).  Receptors lacking GluA2 subunit are permeable to calcium 

ions while receptors containing this specific subunit have low calcium permeability due to the 

presence of a positively charged arginine in the pore-forming segment of GluA2 protein.  In 

contrast, the other subunits have a glutamine in the pore-forming segment which increase 

calcium permeability (Vandenberghe et al., 2000). 

Cells of the oligodendrocyte lineage express AMPA receptors (Patneau et al., 1994)  including 

calcium permeable receptors and the type expressed by OPCs is influenced by signals including 

the activation of group 1 mGluRs and varies according to brain region (Zonouzi et al., 2011). 

AMPA receptor activation can promote OPC migration (Gudz et al., 2006) as well as the 

survival of pre-myelinating oligodendrocytes (Kougioumtzidou et al., 2017).  Upon 

differentiation, OPCs downregulate AMPA receptor expression (De Biase et al., 2010). 
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NMDA receptors 

NMDA receptors are iGluRs that have a high calcium permeability and play an important role 

in CNS development, regulating processes underlying neuroplasticity, learning and memory 

(Li and Tsien, 2009; Hunt and Castillo, 2012).  NMDA receptors are tetramers composed of 

seven potential subunits termed GluN1-3. Unlike the other iGluRs, magnesium ions bind 

tightly to the NMDA receptor pore at resting membrane potentials preventing ion permeability, 

however, this block is removed with significant depolarisation (Luscher and Malenka, 2012; 

Nikolaev et al., 2012).  NMDA receptors are relatively stable at synapses undergoing only 

minimal recycling (Mao et al., 2009). NMDA receptor activation can initiate a calcium driven 

intracellular signalling that alters the functional properties of a synapse (Blanke and 

VanDongen, 2009).  Receptor activation increases the size of excitatory post synaptic currents 

(EPSCs) and consequently results in induction of long-term potentiation (LTP).  NMDA 

antagonists prevent LTP induction affecting learning and memory (reviewed by Luscher and 

Malenka, 2012). However, LTP mechanisms are not all NMDA dependent as kainate receptors 

can also trigger hippocampal LTP (Petrovic et al., 2017). Kainate-receptor-dependent LTP 

enhances synaptic recycling of AMPA receptors to increase their surface expression. It results 

in increased growth and maturation of dendritic spines from CA1 pyramidal neurons (Petrovic 

et al., 2017). These data reveal a new and, to our knowledge, previously unsuspected role for 

postsynaptic kainate receptors in the induction of functional and structural plasticity in the 

hippocampus. In addition, NMDA receptor contribute to glutamate excitotoxicity leading to 

paranodal myelin splitting and retraction by disrupting axo-glial junctions (Fu et al., 2009). 

NMDA-mediated excitotoxicity results in nitric oxide formation as they are bound to nitric 

oxide synthetase via PSD-95 and suppression of PSD-95 selectively attenuates NMDA-

mediated excitotoxicity (Sattler et al., 1999). Cell death happens due to excessive calcium 

influx driving intracellular changes resulting in production of reactive oxygen species, release 

of pro-apoptotic factors e.g. caspases and calpains and impairment of calcium homeostasis 

(Kostic et al., 2013).  Caspases play an important role in apoptosis inducing reactive oxygen 

species formation and lipid peroxidation (Friedlander, 2003).  Although caspase triggers cell 

death, its role in this process is lower when compared to calpains.  Calpain proteases are 

calcium dependent and responsible for excitotoxic signal transduction leading to DNA 

fragmentation (Takano et al., 2005). Calcium ions induce activation of nitric oxide synthetase 

converting L-arginini into citrulline and nitric oxide (Fontana et al., 1997).  Nitric oxide then 

causes protein oxidation, induces protein nitration and cause DNA damage (Szabo et al., 2007).   
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Similarly to AMPA receptors, NMDA receptors are expressed by OPCs  (De Biase et al., 2010; 

Spitzer et al., 2019).  During CNS development NMDA regulates OPC migration by activating 

Tiam1/Rac1 pathway (Xiao et al., 2013).  In the adult brain NMDA receptors influence 

myelination and remyelination (Lundgaard et al., 2013). Conditionally deleting NMDA 

receptors from OPCs in vivo enhances surface expression of calcium permeable AMPA 

receptors but has no effect on OPC maturation and survival, perhaps in compensation (De Biase 

et al., 2011). In vivo studies indicate that remyelination following white matter damage is 

NMDA receptor dependent (Lundgaard et al., 2013). Increased NMDA receptor currents in 

oligodendrocyte lineage cells mediated by neuregulin switches oligodendrocytes from the 

activity-independent to the activity-dependent mode of myelination. When neuregulin is 

present myelination is enhanced and NMDA receptor block reduces myelination to far below 

its level without neuregulin. Therefore, myelination of active axons is increased by the 

neuregulin-controlled switch (Lundgaard et al., 2013). Furthermore, using a cuprizone model 

of demyelination, NMDA receptor block using the specific antagonist MK801 delayed 

remyelination, suggesting NMDA receptor signalling could enhance remyelination (Li et al., 

2013).   

Kainate receptors 

Kainate receptors can be activated by glutamate or kainate and unlike AMPA and NMDA 

receptors, kainate receptors are not predominantly found in excitatory post-synaptic signalling 

complexes (Contractor et al., 2011).  Instead, they act principally as modulators of synaptic 

transmission and neuronal excitability responding to the extrasynaptic and perisynaptic release 

of neurotransmitters (Bhangoo and Swanson, 2013). Kainate receptors are tetramers of GluK1 

(GluR5), GluK2 (GluR6), GluK3 (GluR7), GluK4 (KA1) and GluK5 (KA2).  GluK1, GluK2 

and GluK3 subunits can result from alternative splicing, but GluK4 and GluK5 subunits do not 

undergo this process (Jaskolski et al., 2004). GluK1, GluK2 and GluK3 can form homo and 

heterodimers in order to assemble a functional receptor in HEK293 cells, but those receptors 

exhibit relatively low sensitivity to activation by glutamate and are characterised by rapid and 

complete desensitisation in response to glutamate (Schiffer et al., 1997). Instead, GluK4 or 

GluK5 are included in functional tetramers with a high sensitivity to glutamate that display a 

slower deactivation and an altered concentration-dependence of desensitisation (Barberis et al., 

2008; Mott et al., 2010; Fisher and Mott, 2011).   
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Although kainate receptors are expressed throughout the adult mouse brain, subunit levels of 

expression vary according to specific brain regions.  GluK1 is expressed in hippocampal and 

cortical interneurons (Bahn et al., 1994).  It is also highly expressed in the developing brain 

and may be involved in neuronal maturation (Carta et al., 2014).  GluK2 is expressed mainly 

by hippocampal and cerebellar granule cells and both hippocampal and cortical pyramidal cells 

(Paternain et al., 2003).  It is also widely expressed across other brain regions and combined 

with GluK5 is one of the most common kainate receptor subunit (Paternain et al., 1996; 

Paternain et al., 2003).  GluK3 is expressed at low levels being identified only in layer IV of 

the neocortex and dentate gyrus of the hippocampus (Wisden and Seeburg, 1993).  Kainate 

receptors containing the GluK3 subunit have low sensitivity to activation by glutamate 

(Pinheiro et al., 2007). While GluK5 is abundantly expressed across the brain, GluK4 is mainly 

expressed in the CA3 and dentate gyrus at the hippocampus, the neocortex and by cerebellar 

purkinje cells  (Bahn et al., 1994; Vargas et al., 2013).  Because every subunit presents a ligand 

binding site they all contribute to channel activation (Fisher and Mott, 2011).  For instance, 

glutamate binding to the GluK5 subunit alone results in channel activation but not 

desensitization (Mott et al., 2010). Meanwhile, glutamate binding to GluK2 subunit was not 

necessary to open the channel but instead resulted in desensitization (Fisher and Mott, 2011).  

It suggests that the GluK2 and GluK5 subunits can be individually activated within the 

heteromeric receptor and present different functional roles (Fisher and Mott, 2011).  Therefore, 

kainate receptor subunit composition influences receptor function significantly. 

Kainate receptor function in the CNS 

Kainate receptors can be calcium permeable and contribute to excitotoxic cell death (Deng et 

al., 2003).  Activation of kainate receptors in vivo can induce typical features of MS lesions 

such as inflammation and demyelination (Matute, 1998).  Blocking AMPA / kainate receptors 

using NBQX and cyanquixaline (6-cyano-7-nitroquinoxaline-2,3-dione; CNQX) antagonists 

can protect against oligodendrocyte and axons damage by reducing the destruction of myelin 

and axons (Sanchez-Gomez and Matute, 1999; Alberdi et al., 2006).  Subunit specific kainate 

receptors antagonists may be useful for the treatment of  neurological and psychiatric disorders 

(reviewed by Matute, 2011b). GluK4-containing kainate receptors are key mediators of 

excitotoxic neurodegeneration, as GluK4 knockout mice develop less neurodegeneration in the 

CA3 region of the hippocampus following hypoxia-ischemia, and biochemical analysis suggest 

that GluK4 activates the JNK pathway to induce excitotoxicity (Lowry et al., 2013). Rat 

oligodendrocyte cultures  die when exposed to less than 0.1 µM solution of kainate for 15 min 
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or 24h in the presence of GYKI53655 a selective AMPA receptor blocker (Paternain et al., 

1998). Infusing kainate in the optic nerve using osmotic pumps produced MS like lesions and 

severely depleted the oligodendrocyte population suggesting that abnormal activation of 

kainate and / or AMPA receptors may play an important role in MS-like pathologies.  

Moreover, high levels of extracellular glutamate has been associated with complement attack 

and may contribute to white matter damage as mature oligodendrocytes are very sensitive to 

complement-mediated attack following kainate receptors activation leading to cell death 

(Alberdi et al., 2006).  Complement toxicity was induced by activated kainate receptors using 

glutamate (GYKI53655 was used to block AMPA receptors; (Alberdi et al., 2006). 

Complement attack was associated with increase in plasma membrane conductance and 

calcium overload in the glutamate-sensitised oligodendrocytes (Alberdi et al., 2006).   

Kainate receptors containing the GluK1 and GluK2 subunits play a role in epilepsy.  The 

systemic delivery of 2-amino-3-(3-hydroxy-5-tert-butylisoxazol4-yl) propanoic acid (ATPA), 

a potent agonist induces seizures in the amygdala and hippocampus and cause locomotor arrest 

and forelimb extension (Fritsch et al., 2014). In human and animal models of epilepsy, interictal 

epileptiform discharge is a disease hallmark observed using electroencephalography and used 

as biomarker to diagnose the pathology (Staley and Dudek, 2006). The frequency of interictal 

spikes and ictal discharges are associated with chronic seizures in temporal lobe epilepsy (Peret 

et al., 2014) and strongly reduced in GluK2 knockout mice or in the presence of a GluK2 / 

GluK5 receptor antagonist.   

GluK2, GluK3 and GluK4 subunits are associated with major mood disorders such as 

schizophrenia, depression and bipolar disorder (Schiffer and Heinemann, 2007; Shaltiel et al., 

2008; Lerma and Marques, 2013).  Schiffer and Heinemann (2007) found that GluK3 subunit 

gene GRIK3, the gene coding for GluK3, is a susceptibility factor in recurrent major depressive 

disorder and that the glutamatergic receptor system plays a critical role in the disease aetiology. 

Consistent with this idea, GluK4 knockout mice display antidepressant and anti-anxiolytic 

behaviour (Catches et al., 2012).  GluK4 knock out mice were also hyperactive and had 

impaired pre-pulse inhibition, hallmarks of schizophrenia and bipolar disorder (Lowry et al., 

2013). Mice that overexpress GluK4 in the forebrain are more prone to anxiety and depressive 

behaviour, consistent with this findings (Aller et al., 2015).   

An RNA sequencing experiment comparing gene expression by different cell types in the early 

postnatal mouse cortex has revealed that cells of the oligodendrocyte lineage express mRNA 
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coding for kainate receptor subunits (Zhang et al., 2014).  More specifically, Grik1-4 mRNAs 

are expressed moderately by OPCs (12-18 FPKM; fragments per kilobase million), and while 

some are maintained by newborn oligodendrocytes, expression is rapidly downregulated as the 

cells further differentiate into mature, myelinating oligodendrocytes (2-5 FKPM; Zhang et al., 

2014; Figure 1.4).  Grik5 mRNA is the most abundant of the kainate receptor subunit 

transcripts expressed by OPCs (~47 FPKM), and its expression is sustained in newly 

differentiated oligodendrocytes (~30 FPKM), and it is also expressed moderately by 

myelinating oligodendrocytes (~12 FPKM; Zhang et al., 2014).  GluK4 has also been detected 

in cultured rat oligodendrocytes by immunohistochemistry, looking at the co-localisation of 

MBP and GluK4 staining. Cultured rat OPCs (O4+, MBP- cells) and oligodendrocytes (MBP+ 

cells) also express GluK2/3 and GluK5, and expression is downregulated with differentiation 

(Rosenberg et al., 2003).  Cultured OPCs also respond to application of 500 µM kainate 

producing a large and sustained inward current that was completely abolished by 50 µM 

NBQX, an AMPA and kainate receptor antagonist.  As kainate receptors have fast 

desensitisation to kainate, kainate receptors were distinguished from AMPA receptor currents 

as they produce an intense spike in currents while AMPA receptors currents were persistent. 

By contrast, mature oligodendrocytes did not respond to 500 µM kainate application (holding 

potential of –60 mV; Rosenberg et al., 2003).  In vivo kainate / AMPA receptor currents have 

been detected in OPCs but not in mature oligodendrocytes (Kukley et al., 2010). The 

extracellular stimulation of mature oligodendrocytes has been reported to evoke a fast rising 

and slowly decaying inward currents in oligodendrocytes (-80 mV holding potential).  That 

was reduced by applying the glutamate transporter antagonist DL-threo-β-benzyloxyaspartic 

acid (TBOA).  The GABA transporter antagonist N-(4,4-diphenyl-3-butenyl)-3-piperidine 

carboxylic acid (SKF89976A; SKF) reduced the current response to a much greater extent 

suggesting that oligodendrocytes take up glutamate as well as GABA. 

Kainate receptors and VGCCs as key regulators of adult myelination 

VGCC signalling can be downstream of iGluR activation in health and disease. Cells of the 

oligodendrocyte lineage have excitable membrane properties that are central to their function 

in the CNS.  In particular, they express a number of types of voltage-gated ion channels. 

Voltage-gated ion channels open in response to membrane depolarisation allowing ion influx 

or efflux from cells.  Electrophysiological and gene expression studies show that cells of the 

oligodendrocyte lineage express voltage-gated sodium channels (Bevan et al., 1987; Clarke et 

al., 2012), potassium channels (Wang et al., 2011) and calcium channels (Larson et al., 2016).  
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Figure 1.4. RNA sequencing data comparing Grik1-5 gene expression in different mouse 

brain cell types. An RNA sequencing experiment comparing gene expression by different cell types 

in the early postnatal mouse cortex has revealed that cells of the oligodendrocyte lineage express mRNA 

coding for kainate receptor subunits (Zhang et al., 2014).  More specifically, a-d) GRIK1-4 mRNAs are 

expressed moderately by OPCs (12-18 FPKM; fragments per kilobase million), and while some are 

maintained by newborn oligodendrocytes, expression is rapidly downregulated as the cells further 

differentiate into mature, myelinating oligodendrocytes (2-5 FKPM).  e) GRIK5 mRNA is the most 

abundant of the kainate receptor subunit transcripts expressed by OPCs (~47 FPKM), and its expression 

is sustained in newly differentiated oligodendrocytes (~30 FPKM), and it is also expressed moderately 

by myelinating oligodendrocytes (~12 FPKM).  While these data strongly suggest that OPCs and 

perhaps even oligodendrocytes, can express kainate receptors, the level of protein expression and the 

functionality of those receptor subunits has been little characterised (Zhang et al., 2014). 
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Although it is known that OPCs express voltage-gated sodium channels, the role it plays in 

OPC function is still unclear. When OPCs starts to differentiate, voltage-gated sodium channels 

expression is rapidly downregulated (Cahoy et al., 2008; De Biase et al., 2010; Kukley et al., 

2010; Clarke et al., 2012).  OPCs that express low levels of voltage-gated sodium channels are 

less able to incorporate EdU and have a limited expression of Pdgfrα and NG2 suggesting they 

correspond to differentiating cells (Clarke et al., 2012).  Potassium channels are expressed at 

similar levels throughout the oligodendrocyte lineage (Sontheimer et al., 1989; Barres et al., 

1990b; Vautier et al., 2004; Larson et al., 2018). Conditional deletion of potassium channel 

Kir4.1 from OPCs from the developing mouse brain raised cell membrane potential and 

membrane resistance but did not alter cell survival, proliferation or oligodendrogenesis. 

Moreover, conditional knock out from mature oligodendrocytes reduces cell survival and 

myelination. Although myelin appears normal, these mice exhibited spontaneous seizures and 

deficits in motor behaviour (Larson et al., 2018). 

In vitro and in vivo studies indicate VGCC are expressed by OPCs in the corpus callosum, optic 

nerve and motor cortex during development (Barres et al., 1990a; Cheli et al., 2015; Cheli et 

al., 2016).  Those are six different classes of VGCC defined by their electrophysiological and 

pharmacological properties: P/Q-type, N-type, L-type, R-type and T-type VGCCs.  OPCs 

express VGCC that produce low- and high-voltage activated calcium currents (Paez et al., 

2007; Paez et al., 2009; Fulton et al., 2010) and calcium imaging data indicate that the majority 

of calcium entry after potassium induced membrane depolarisation is mediated by L-type  

VGCC expressed by OPCs (Paez et al., 2007).  L-type voltage-gated calcium channels only 

activate in response to a strong depolarisation and they remain active for a relatively long 

period of time, modulating gene transcription (Ertel et al., 2000; Platzer et al., 2000).  One 

specific calcium channel responsible for mediating L-type calcium currents is CaV1.2.  RNA 

sequencing data and in vitro studies showed that CaV1.2 is the major voltage-gated L-type 

calcium channels expressed by OPCs during development (Paez et al., 2010; Zhang et al., 2014; 

Cheli et al., 2015) and it is encoded by CACNA1c gene.  CaV1.2 is highly expressed by OPCs 

during development, but its expression is downregulated when they differentiate into 

oligodendrocytes (Zhang et al., 2014). 

VGCC can mediate activity-dependent calcium entry into OPCs regulating their behaviour 

(Pitman and Young, 2016).  VGCC CaV1.2 activity induces OPC migration, maturation and 

myelination in vitro (Paez et al., 2010; Cheli et al., 2015).  Protein kinase C pharmacological 
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activation mediated by tyrosine kinase receptors enhanced calcium influx in OPCs induced by 

depolarisation and activation of voltage-gated calcium channels while pharmacological 

activation of protein kinase A has an inhibitory effect decreasing calcium influx (Paez et al., 

2010).  The siRNA knockdown of CaV1.2 from cultured OPCs reduces OPC proliferation and 

the number of mature oligodendrocytes (Cheli et al., 2015).  Additionally, when co-culture 

with cortical neurons they produced oligodendrocytes with a simpler morphology suggesting a 

critical role for CaV1.2 in OPC maturation and the early phases of myelination. The conditional 

deletion of CaV1.2 from OPCs in the postnatal mouse brain similarly reduces OPC maturation 

and reduces the number of CC1+ oligodendrocytes added to the mouse corpus callosum and 

cortex when migrating GFP+, suggesting CaV1.2 modulates oligodendrocyte development and 

myelination in the developing brain (Cheli et al., 2016).  Although CaV1.2 was extensively 

studied in the developing brain, further studies are required to determine its function in OPCs 

from the adult brain and in demyelination / remyelination context.  

While investigating the genetics of MS, unpublished work led by Dr Jac Charlesworth 

(University of Tasmania) suggested that the GluK4 subunit might be associated with MS. In 

her research she studied a family of 7 sibling, 4 of whom developed RRMS. By performing 

whole genome sequencing on affected and unaffected family members, a small number of 

variants were found to be associated with MS development. In particular, a rare variant in 

GRIK4 was identified only in the affected siblings. GRIK4 is the gene encoding the high 

affinity kainate receptor subunit Gluk4. The variant results in an amino acid substitution in the 

ligand-binding domain of the protein and has a high CADD score suggesting that it will 

adversely affect kainate receptor function (Figure 1.5).  We hypothesize that the dysregulation 

of glutamatergic signalling resulted from GRIK4 variant contribute to the development of MS 

pathology in this family. However, little is known about the role of kainate receptors within 

the central nervous system, or within cells of the oligodendrocyte lineage. Herein I explore the 

role of VGCC CaV1.2 in adult OPCs and myelination (Chapter 2). As CaV1.2 gene knockout 

results in reduced oligodendrogenesis and hypomyelination in vitro and in vivo during 

development (Cheli et al., 2015; Cheli et al., 2016), I hypothesize that CaV1.2 is a critical 

regulator of OPC behaviour and myelination in the adult mouse brain. In Chapter 3, I delete 

Grik4 globally to explore the importance of Gluk4-containing kainate receptors for CNS 

function. I hypothesize that Gluk4 is widely expressed in the brain, by both neurons and glial 

cells and it is a critical regulator of myelination. 
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Hypothesis 

1. CaV1.2 is a critical regulator of OPC behaviour and myelination in the adult mouse 

brain. 

2. High affinity kainate receptor subunit Gluk4 is expressed by both neurons and glial 

cells and it is a critical regulator of myelination. 
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Figure 1.5. Tasmanian family pedigree containing a significant number of MS carriers. a) 

The depicted pedigree shows four MS affected siblings and four unaffected. Due to the unusual number 

of people with MS in this family it is likely they carry some high-risk genetic variation.  b) GRIK4 gene 

variant found only in siblings affected by MS is in the ligand-binding domain of the protein and likely 

to be affecting kainate receptor assembly and functionality. c) Graph showing GRIK4 mRNA 

expression in different cell types in the early postnatal mouse cortex including oligodendrocyte lineage 

cells (Zhang et al., 2014). 
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Chapter II - The voltage gated calcium channel 

CaV1.2 promotes adult oligodendrocyte progenitor 

cell survival in the mouse corpus callosum but not 

motor cortex. 

Introduction 

Oligodendrocyte progenitor cells (OPCs) are immature, proliferative cells that differentiate 

into mature, myelinating oligodendrocytes in the central nervous system (CNS).  OPCs 

generate a large number of oligodendrocytes shortly after birth and continue to divide and 

generate new oligodendrocytes throughout life (reviewed by Richardson et al., 2011).  They 

express receptors and ion channels that allow them to detect and respond to neuronal activity 

(reviewed by Larson et al., 2015), and it is well established that neuronal activity can modulate 

OPC behaviours including migration, proliferation and differentiation (reviewed by Wang and 

Young, 2014; Fields, 2015; Purger et al., 2015).  One category of ion channel that is expressed 

by OPCs is the voltage-gated calcium channels (VGCCs; Borges et al., 1995; Haberlandt et al., 

2011).  As VGCCs are important for the ability of other cell types to translate activity-induced 

changes in membrane potential into calcium-dependent responses, such as the release of 

neurotransmitters or altered gene expression (reviewed by Striessnig et al., 2006), calcium 

entry through VGCCs on OPCs may similarly transduce activity-dependent changes in OPC 

behaviour (reviewed by Pitman and Young, 2016).   

OPCs predominantly express two classes of VGCCs, the L-type and T-type channels (Fulton 

et al., 2010; Haberlandt et al., 2011).  The L-type channel CaV1.2, encoded by the gene 

Cacna1c, is the major channel responsible for depolarisation-induced calcium entry into 

developmental OPCs, as measured by calcium imaging in vitro (Cheli et al., 2015, 2016) and 

ex vivo (Cheli et al., 2016).  The conditional deletion of CaV1.2 from OPCs in the early 

postnatal mouse CNS results in hypomyelination of the corpus callosum and cortex (Cheli et 

al., 2016).  While the proliferation of callosal OPCs was reduced, and brain slice culture 

experiments suggested that CaV1.2 was also required for normal OPC migration, the resulting 

hypomyelination was largely attributed to the impaired ability of OPCs to generate myelinating 

oligodendrocytes (Cheli et al., 2016).   
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Consistent with this finding, the deletion of CaV1.2 from adult OPCs was reported to reduce 

their capacity to remyelinate the corpus callosum following cuprizone-induced demyelination 

(Santiago González et al., 2017), suggesting that CaV1.2 can, at least following an injury, 

regulate adult OPC function.  However, it is also possible that CaV1.2 may differentially 

regulate developmental versus adult OPCs or OPCs in the healthy versus injured CNS.  OPCs 

are known to undergo age-related changes, including the slowing of proliferation with 

increasing postnatal age (Clarke et al., 2012; Young et al., 2013) and the reduction of voltage-

gated sodium channel expression between development (P6-16) and adulthood (>P80) in mice 

(Spitzer et al., 2019).  Furthermore, a recent transcriptomics analysis of adult OPCs indicated 

that they are more similar to oligodendrocytes than they are to neonatal OPCs (Moyon et al., 

2015).  Herein, we show that adult OPCs express L-type VGCCs at similar levels to their 

developmental counterparts, and while the deletion of CaV1.2 from adult OPCs increases their 

proliferation, it does not affect adult oligodendrogenesis or myelination.  Instead, the deletion 

of CaV1.2 triggers the apoptosis and loss of approximately half of the adult OPCs in the corpus 

callosum but has no effect on the survival of adult OPCs in the motor cortex or spinal cord.  

These data indicate that CaV1.2 is an essential survival signal for a subset of adult OPCs in the 

corpus callosum.  

Materials and Methods  

Animals and Housing 

All animal experiments were approved by the University of Tasmania Institutional Biosafety 

Committee and Animal Ethics Committee (A0013741 and A0016151) and were carried out in 

accordance with the Australian code of practice for the care and use of animals for scientific 

purposes.  All mice were maintained on a C57bl/6 background and housed in Optimice micro-

isolator cages (Animal Care Systems, Colorado, USA) on a 12-hour light / dark cycle at 20°C.  

Male and female mice were weaned after P30, to allow normal myelin development, and 

housed with gender matched littermates.  Food and water were available ad libitum.  

Heterozygous Pdgfrα–H2BGFP (Pdgfrα-hGFP; Hamilton et al., 2003), heterozygous Pdgfrα-

CreERTM (Kang et al., 2010), heterozygous Tau-lox-STOP-lox-mGFP-IRES-NLS-LacZ-pA 

(Tau-mGFP; Hippenmeyer et al., 2005) and homozygous Cacna1c floxed (Cacna1cfl/fl; 

Seisenberger et al., 2000) transgenic mice were purchased from Jackson Laboratories.  

Heterozygous Pdgfrα-CreERT2 (Rivers et al., 2008) transgenic mice were a kind gift from Prof 

William D Richardson (University College London).  In text, CaV1.2-deleted mice refer to 

mice that carry the Pdgfrα-CreERTM or Pdgfrα-CreERT2 transgene and two floxed copies of the 
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Cacna1c gene (Cacna1cfl/fl).  Control mice (CTRL) refer to mice that either carried the Pdgfrα-

CreERTM or Pdgfrα-CreERT2 transgene, but had a normal Cacna1c gene, or lacked the Pdgfrα-

CreERTM or Pdgfrα-CreERT2 transgene, but carried the floxed version of the Cacna1c gene 

(Cacna1cfl/fl).  These mouse lines were inter-crossed at the University of Tasmania to generate 

the experimental mice used for this study.   

Please note that two distinct Pdgfrα-CreER transgenic mouse lines were used in this study, 

each maintained as a heterozygous stock line: the Pdgfrα-CreERTM transgenic mouse line 

generated by Kang et al. (2010) was used for the majority of experiments, while the Pdgfrα-

CreERT2 transgenic mouse line generated by Rivers et al. (2008) was used to perform the Tau-

mGFP lineage tracing experiments only (Figure 2.3).  When either line is crossed with the 

Rosa26-YFP cre-sensitive reporter mouse (Srinivas et al., 2001) and Tamoxifen administered 

to adult offspring, they specifically label and enable the lineage tracing of OPCs within the 

CNS (Rivers et al., 2008; O’Rourke et al., 2016).  As Cacna1c is located on the same 

chromosome as Rosa26, we instead crossed each Pdgfrα-CreER line with the Tau-mGFP 

reporter mouse line (Hippenmeyer et al., 2005) and administered Tamoxifen to the adult 

offspring.  The Pdgfrα-CreERT2 (Rivers et al., 2008) cross resulted in mGFP-labelling of a 

subset of adult OPCs and the new oligodendrocytes they produce (as per Young et al., 2013 

and Figure 2.3).  By contrast, the Pdgfrα-CreERTM (Kang et al., 2010) cross resulted in 

extensive and seemingly non-specific mGFP labelling throughout the CNS (Figure 2.S1) and 

prevented our use of this mouse line for lineage tracing. 

Genotyping of Transgenic Mice 

Ear biopsies were digested in 100mM Tris-HCl, 5mM EDTA, 200mM NaCl and 0.2% SDS 

containing 0.48mg/ml proteinase K (ThermoFisher Scientific).  The cellular and histone 

proteins were precipitated by exposure to 6M Ammonium Acetate (Sigma) and incubation on 

ice.  After centrifugation, the DNA was precipitated from the supernatant by exposure to 

isopropyl alcohol (Sigma).  The DNA pellet was washed in 70% ethanol (Sigma), resuspended 

in sterile MilliQ water and used as template DNA to genotype the mice by polymerase chain 

reaction (PCR).  The PCR was performed as a 25µL reaction containing: 50-100ng DNA, 

0.5µL of each primer (100nmol/mL; Integrated DNA technologies) and 12.5 µL GoTaq® green 

master mix (Promega) in MilliQ water.  The following primer combinations were used: Cre 5’ 

CAG GTC TCA GGA GCT ATG TCC AAT TTA CTG ACC GTA and Cre 3’ GGT GTT 

ATA AGC AAT CCC CAG AA; GFP 5’ CCC TGA AGT TCA TCT GCA CCA C and GFP 



46 

 

 

  

  

 

Figure 2.S1. A Pdgfrα-CreERTM BAC transgenic mouse line induces non-specific 

recombination of the Tau-mGFP transgene. Pdgfrα-CreERTM transgenic mice (Kang et al., 2010) 

were crossed with cre-sensitive Tau-mGFP reporter mice.  30 µm brain cryosections from P60+7 and 

P60+30 Pdgfrα-CreERTM::Tau-mGFP double heterozygous offspring were immunostained to detect 

GFP (n=10 mice total).  a) Representative image of the forebrain of a P60+7 mouse to highlight the 

extensive non-specific GFP-labelling throughout the motor cortex and corpus callosum.  A higher 

magnification image of the corpus callosum (b) and motor cortex (c).  In these mice, it was not possible 

to identify individual mGFP-labelled OPCs or newborn oligodendrocytes for quantification.  This 

pattern of labelling was present in mice receiving Tx for 1, 2 or 4 consecutive days.  This non-specific 

recombination prevented the use of these mice for the lineage-tracing of OPCs.  Scale bars represent 

150 µm (a) and 20 µm (b-c). 
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3’ TTC TCG TTG GGG TCT TTG CTC; or Cacna1c 5’ CTC CCA CTG TTT GAG CCT GT 

and Cacna1c 3’ TGT CTG CAG GTG GCA TAG.  The PCR amplification program consisted 

of: 94˚C for 4 minutes, followed by 35 cycles of 94˚C for 30s, 60˚C for 45s, and 72˚C for 60s, 

and a final 10 minutes at 72˚C.  The DNA was separated by gel electrophoresis (1% w/v agarose 

in TAE containing SYBR-safe from ThermoFisher) and imaged using an Image Station 4000M 

PRO gel system running Carestream software. 

Tamoxifen administration 

Tamoxifen (Tx; Sigma) was reconstituted to 40 mg/ml in corn oil and placed in a sonicating 

water bath for ≥ 1 hour until dissolved.  From P60, mice received 300mg Tx per kilogram body 

weight daily for four consecutive days by oral gavage, as previously described (Young et al., 

2013; O’Rourke et al., 2016).  Mice were analysed at various time-points and referred to, for 

example, as P60+7, which indicates that the mice were analysed at P67, 7 days after the first 

dose of Tx at P60.   

Tissue preparation and immunolabelling 

Mice were terminally anaesthetised with an i.p. injection of sodium pentobarbital (30mg/kg; 

Ilium) and then perfusion-fixed with 4% (w/v) paraformaldehyde (PFA; Sigma) in phosphate 

buffered saline (PBS).  The brain and spinal cord were removed, and the brain placed in a 1 

mm brain matrix (Kent Scientific) and sliced coronally to generate 2mm tissue blocks.  All 

tissue was post-fixed in 4% PFA at room temperature for 90 minutes before being 

cryoprotected in 20% (w/v) sucrose (Sigma) in PBS at 4°C overnight.  Tissue was subsequently 

placed in cryomolds containing Shandon Cryomatrix™ (ThermoFisher), frozen using liquid 

nitrogen and stored at -80°C.  

For immunolabelling, 30µm coronal cryosections of the brain (Bregma 0.62 – 1.18 mm) or 

transverse cryosections of the spinal cord were collected and processed as floating sections.  

The primary antibodies used were: goat anti-PDGFRα (1:200; GeneTex); rabbit anti-NG2 

(1:200, Millipore); mouse anti-CC1 (1:100 Calbiochem); rat anti-GFP (1:2000; Nacalai 

Tesque), rabbit anti-cleaved caspase-3 (1:200, Abcam); and rabbit anti-Iba1 (1:1000; Synaptic 

Systems).  Secondary antibodies including donkey anti-goat (1:1000), donkey anti-rabbit 

(1:1000), donkey anti-mouse (1:1000), and donkey anti-rat (1:500) were conjugated to 

AlexaFluor -488, -568 or -647 (Invitrogen).  Nuclei were labelled using Hoechst 33342 

(1:1000; Invitrogen).  Mouse anti-CC1 was diluted in blocking solution containing 0.1% (v/v) 

Triton X-100 and 10% foetal calf serum (FCS) in Tris buffered saline.  All other antibodies 
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were diluted in PBS blocking solution [0.1% (v/v) Triton X-100 and 10% FCS in PBS].  

Cryosections were incubated with antibodies overnight at 4°C on an orbital shaker.  After 

immunostaining, floating sections were mounted onto glass slides and the fluorescence was 

preserved by the application of fluorescent mounting medium (Dako) with the coverslip.  

EdU development and detection 

From P60+7, 5-Ethynyl-2′-deoxyuridine (EdU; Invitrogen) was administered to mice via their 

drinking water (0.2 mg/ml, as per Young et al., 2013) for 3, 6, 12 or 24 days.  EdU labelling 

was visualised using the AlexaFluor-647 Click-iT EdU kit (Invitrogen).  Floating sections were 

incubated for 15 minutes in 0.5% Triton X-100 (v/v) in PBS at room temperature.  Cryosections 

were then transferred into the EdU developing cocktail, incubated in the dark for 45 minutes 

then washed in PBS before undergoing immunolabelling as described above.  Alternatively, 

EdU was reconstituted to 5 mg/mL in PBS and filter sterilised, before being administered to 

P60+10 control and CaV1.-2 deleted mice as 2 x intraperitoneal injections (each 25 mg/kg), 2 

hours apart.  Mice were killed by cervical dislocation 2 hours after the final injection (4 hour 

labelling period) and 200 µm thick coronal brain slices (generated as detailed below for calcium 

imaging) were immersion fixed in 4% PFA (w/v) in PBS for 90 min, prior to EdU developing.   

Microscopy 

Low magnification (20x) confocal image z-stacks (3 µm spacing) were aquired spanning each 

transverse spinal cord cryosection using a spinning disk confocal microscope (DSD2, Andor). 

Images were stitched (NIS-Elements, Nikon) to produce a single image for analysis.  All other 

confocal images were collected using an UltraView confocal microscope with Volocity 

Software (Perkin Elmer) with standard excitation and emission filters for DAPI (Hoechst 

33342), FITC (Alexa Fluor-488), TRITC (Alexa Fluor-568) and CY5 (Alexa Fluor-647).  A 

minimum of 5 cryosections were imaged per mouse.  A series of images were collected (20x 

air objective) to span the corpus callosum or motor cortex (3 µm z-spacing), and images 

covering each region were stitched together using Volocity software.  Images for internode 

analyses were collected using a 40x air objective and 0.5 μm z-steps.  Cell number, protein co-

labelling, tissue area measurements and internode number and length measurements were made 

manually from images using ImageJ software (NIH; Schindelin et al., 2012) or Adobe 

Photoshop, by researchers blinded to the experimental condition.   
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Electrophysiology  

Following cervical dislocation, developing (P10-P15) or adult (P60-P84) Pdgfrα-hGFP mice 

were decapitated and their brains dissected into an ice-cold sucrose solution containing: 75mM 

sucrose, 87mM NaCl, 2.5mM KCl, 1.25mM NaH2PO4, 25mM NaHCO3, 7mM MgCl2, and 

0.95mM CaCl2.  Coronal vibratome slices (300 µm) were prepared using a Leica VT1200s 

vibratome and incubated at 31.7°C in artificial cerebral spinal fluid (ACSF) containing: 

119mM NaCl, 1.6mM KCl, 1mM NaH2PO4, 26.2mM NaHCO3, 1.4mM MgCl2, 2.4mM CaCl2 

and 11mM glucose (300 ± 5 mOsm/kg), saturated with 95% O2 / 5% CO2.  After 45 minutes, 

slices were transferred to ~21°C ASCF.  

Recordings of L-type VGCCs were undertaken based on protocols in Fulton et al. (2010).  

Slices were transferred to a bath constantly perfused with ~21°C ACSF (2 mL/min).  Recording 

electrodes were prepared from glass capillaries and had a resistance of 3-6 MΩ when filled 

with an internal solution containing 125mM Cs-methanesulfonate, 4 mM NaCl, 3 mM KCl, 1 

mM MgCl2, 8 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 9 mM 

ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA), 10 mM 

phosphocreatine, 5 mM MgATP and 1 mM Na2GTP, set to a pH of 7.2 with CsOH and an 

osmolarity of 290 ± 5 mOsm/kg.  Whole cell patch clamp recordings of GFP+ cells in the corpus 

callosum or motor cortex were collected using a HEKA patchclamp EPC800 amplifier and 

pclamp 10.5 software (Molecular devices).  Due to the high membrane resistance of OPCs 

(>1GΩ), recordings were made without series resistance compensation.  Cells were held at -50 

mV and a series of voltage steps up to +30 mV applied to determine the presence of a voltage-

gated sodium channel current, the identity of which was confirmed by the bath application of 

tetrodotoxin (TTX, 500 nM; Abcam) to a subset of cells (current at baseline: -232 ± 33 pA; 

current in presence of TTX: -21 ± 6 pA; n = 4, p = 0.0008, paired t-test). No liquid junction 

potential correction was applied to electrophysiological recordings. 

The perfusate was subsequently switched to a calcium recording solution containing 20 mM 

BaCl2, 125 mM Choline Cl, 5 mM tetraethyl ammonium, 10 mM glucose and 10 mM HEPES, 

set to a pH of 7.4 with CsOH and an osmolarity of 300 ± 5 mOsm/kg.  To record L-type 

currents, cells were held at -50 mV and a series of 500 ms voltage steps, from -60 mV to +30 

mV, was applied using a P/N subtraction protocol.  Recordings were taken once a minute for 

≥ 5 minutes.  During the first 2 minutes, the voltage-gated sodium current was completely 

blocked and the VGCC current could be recorded, indicating sufficient solution exchange.  To 
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block L-type VGCC currents, nifedipine (30 µM; Sigma) or nimodipine (10 µM; Sigma) was 

added to the calcium recording solution.  To block VGCC currents, cadmium (100 µM; Sigma) 

was added to the calcium recording solution.  Access resistance was measured before and after 

each recording and an access resistance > 20 MΩ resulted in exclusion of that recording. Cell 

capacitance was calculated using Ohm’s law (V = IR) and the time constant (tau; T = RC) 

obtained from a decay curve evoked by injecting -10 mV using a voltage-step protocol starting 

from the membrane resting potential. Large cells such as neurons cannot have cell capacitance 

accurately calculated. However, this approach has been used previously to estimate cell 

capacitance in oligodendrocyte lineage cells (Spitzer et al., 2019) and different classes of 

neurons (Gentet et al., 2000), and applied to both experimental groups for comparison. 

Measurements were made from each data file using Clampfit 10.5 (Molecular Devices).  The 

steady state current was measured during the last 100 ms of each voltage step. The data file 

that produced the largest inwards current in each cell was selected for analysis, and statistical 

tests were performed on the evoked current that had the largest negative value (peak inward 

current), regardless of voltage step.  In experiments where multiple genotypes were analysed, 

all recordings were collected and analysed by researchers unaware of the mouse genotype. 

Each cell measurement was collected from a single brain slice from a minimum of 3 mice per 

genotype. 

Calcium Imaging 

10 days after Tx administration (Tx+10), Pdgfrα-hGFP (control) and Pdgfrα-hGFP :: 

Cacna1cfl/fl (CaV1.2-deleted) mice were killed by cervical dislocation and each brain dissected 

into an ice-cold sucrose solution containing: 75mM sucrose, 87mM NaCl, 2.5mM KCl, 

1.25mM NaH2PO4, 25mM NaHCO3, 7mM MgCl2 and 0.95mM CaCl2.  Coronal vibratome 

slices (200 µm) were prepared using a Leica VT1200s vibratome and incubated at ~32°C in 

ACSF containing: 119mM NaCl, 1.6mM KCl, 1mM NaH2PO4, 26.2mM NaHCO3, 1.4mM 

MgCl2, 2.4mM CaCl2 and 11mM glucose (300 ± 5 mOsm/kg), saturated with 95% O2 / 5% 

CO2.  After 45 min, brain slices were transferred onto slice culture inserts (Millipore) 

suspended over 1mL of ~21°C ASCF (saturated with 95% O2 / 5% CO2).  5µl of DMSO / 10% 

pluronic acid (ThermoFisher) / 5mg/mL Fura-2AM (ThermoFisher) was added to the tissue 

surface and the brain slice was incubated at 37°C / 5% CO2 for 20 min.  Each slice was washed 

with ACSF before being transferred to the microscope slice chamber, and continually perfused 

with ACSF.  After 3 min of baseline imaging, slices were exposed to a depolarising (high K+) 

ACSF for 2 min, which contained: 74mM NaCl, 50mM KCl, 1mM NaH2PO4, 26.2mM 
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NaHCO3, 1.4mM MgCl2, 2.4mM CaCl2 and 11mM glucose (300 ± 5 mOsm/kg), saturated with 

95% O2 / 5% CO2.  Images were captured every 5 sec for 10 min on an inverted microscope 

(TiE, Nikon), equipped with a 40x Flour-S oil-immersion objective with DIC optics (Nikon) 

and NIS Elements 6D software (Nikon).  Fura-2AM was excited at 340 and 380 nm with an 

attenuated illumination source (50% transmission; Lambda DG-4, Sutter Instruments, CA 

USA).  Images were acquired at 510 nm with an EMCCD digital camera (Evolve 512; 

Photometrics) using regions of interest (ROI) defined by NIS Elements software (Nikon).  

After subtracting background fluorescence, a ratio (F) of fluorescence at 340 nm to 

fluorescence at 380 nm was calculated in the soma.  Cells were subsequently classified as GFP+ 

or GFP-negative.  The Fura-2AM ratio was normalised to the baseline average (first 2 min) 

from each trace (F0).  The maximum ΔF/F0 and area under the curve (ΔF/F0. min-1) calculations 

were made using Prism (GraphPad Software). Each cell measurement was collected from a 

single brain slice from a minimum of 3 mice per genotype. 

Statistical Analyses 

Statistical comparisons were made using GraphPad Prism.  Each data set was first analysed for 

normality using the KS normality test.  As our data passed the normality test, they were further 

analysed using a t-test or 1- or 2-way ANOVA followed by a Bonferroni’s multiple 

comparisons post-hoc test as indicated.  For electrophysiological recordings, data are presented 

as mean ± SEM and n represent the number of cells from a minimum of 3 mice.  Internode 

analyses are presented as mean ± SEM and n indicate the number of oligodendrocytes.  All 

other histological data are presented as mean ± standard deviation and n represents the number 

of mice.  No data have been excluded from histological or calcium imaging analysis. The data 

that support the findings of this study are available from the corresponding author upon 

reasonable request.   

Results 

CaV1.2 is the major L-type VGCC expressed by adult OPCs 

In order to determine whether CaV1.2 signalling regulates adult OPC function, we first 

confirmed that adult OPCs had functional L-type VGCCs.  We performed a whole cell patch 

clamp analysis of GFP-labelled OPCs in the motor cortex of acute brain slices generated from 

P60 Pdgfrα-hGFP mice (Figure 2.1).  The majority of GFP+ cells were small cells with a 

membrane capacitance (Cm) <50 pF and a voltage-gated sodium channel current >100 pA, 

which was sensitive to TTX (Figure 2.1a-b), confirming that they were OPCs.  OPCs were 
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Figure 2.1. Adult OPCs express VGCCs.  Whole cell patch clamp recordings were made from GFP+ 

cells in acute brain slices from Pdgfrα-hGFP transgenic mice.  a) Representative trace of a voltage-

gated sodium channel current evoked in a GFP+ OPC (in the absence and presence of TTX) or newborn 

oligodendrocytes (oligos) by a depolarising step from -50 to 0 mV.  b) Peak inward voltage-gated 

sodium currents were measured in GFP+ cells in the absence or presence of TTX, and the magnitude of 

the evoked current was used to distinguish OPCs (n=8) from oligos (n=5).  c) Graphical representation 

of the current-voltage relationship for leak subtracted L-type VGCC currents recorded from mGFP+ 

OPCs in the P60 mouse motor cortex under control (CTRL) conditions (closed squares, n=8) or in the 

presence of the L-type VGCC antagonist nifedipine (30 μM; open circles, n=7).  d) Representative 

traces depicting the current evoked by a depolarising step from -50 to 0 mV in the absence (black) or 

presence (grey) of nifedipine.  e) The peak inward calcium current recorded from OPCs during a series 

of depolarising steps under control conditions or in the presence of nifedipine, nimodipine or cadmium.  

f) Representative traces depicting the L-type VGCC current evoked by a depolarising step from -50 to 

0 mV in a GFP+ OPC or oligos.  g) Peak inward L-type VGCC calcium current measured in GFP+ OPCs 

or Oligos during a series of depolarising steps.  h) The membrane capacitance (pF) of OPCs in the 

mouse corpus callosum (CC; P10, n=14; P60, n=8) or motor cortex (MC; P10, n=12; P60, n=9).  i) 

Voltage-gated sodium channel current density for OPCs from the MC or CC at P10 or P60.  j) L-type 

VGCC current density for OPCs in the P10 and P60 MC or CC.  Data is represented at mean ± SEM, n 

= 5-14 cells from a minimum of 3 mice.  *** p<0.001.  Data were analysed using an unpaired t-test (2 

bar graphs), 1-way or 2-way ANOVA with Bonferroni’s post-test.  
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held at -50 mV, in a solution designed to isolate VGCC currents and a series of voltage steps 

applied from -60 mV to 30 mV.  OPCs responded with an inward current that appeared at 

approximately -30 mV, peaked at 0 mV, and was sensitive to the L-type VGCC antagonists 

nifedipine (30 μM) and nimodipine (10 µM), and the non-specific VGCC antagonist cadmium 

(100 µM) (Figure 2.1c-e).  A minority of GFP+ cells had a Cm > 40 pF (mean 67 ± 12 pF) and 

an inward voltage-gated sodium channel current <100 pA (Figure 2.1a-b) and were classified 

as newly differentiated oligodendrocytes (as per Clarke et al., 2012; Sahel et al., 2015).  The 

magnitude of the inward VGCC current was smaller in newly differentiated oligodendrocytes 

than in OPCs (Figure 2.1f-g).  These data indicate that, like developmental OPCs (Fulton et 

al., 2010; Zhang et al., 2014; Hrvatin et al., 2018), adult OPCs express L-type VGCCs, that are 

downregulated as they differentiate into oligodendrocytes.   

To determine if L-type VGCC expression by OPCs differs with age or brain location, we 

measured the VGCC current in OPCs located in the motor cortex or corpus callosum of P10 or 

P60 mice.  OPCs in the corpus callosum consistently had a smaller Cm than OPCs in the motor 

cortex (Figure 2.1h), suggesting that they are smaller.  When the peak inward current was 

normalised to Cm for each cell (peak inward current / Cm = current density), we found that the 

magnitude of the OPC peak inward voltage-gated sodium channel and L-type VGCC currents 

were unaffected by brain region (Figure 2.1i-j).  Furthermore, while voltage-gated sodium 

channel current density was reduced in adult OPCs compared with developmental OPCs 

(Figure 2.1i), VGCC current density was equivalent for OPCs found in the P10 and P60 mouse 

brain (Figure 2.1j).  These data suggest that brain OPCs maintain VGCC expression 

throughout development and into adulthood.     

During development, CaV1.2 is the major channel contributing to depolarisation-induced 

calcium entry into OPCs (Cheli et al., 2016).  To determine whether CaV1.2 is also the major 

L-type channel in adult OPCs, we conditionally deleted CaV1.2 from OPCs in the adult mouse 

CNS.  Tx was administered to P60 Pdgfrα-hGFP :: Cacna1cfl/fl  (Control) and Pdgfrα-

CreERTM:: Pdgfrα-hGFP :: Cacna1cfl/fl (CaV1.2-deleted) mice and L-type VGCC currents 

recorded from GFP+ OPCs in the motor cortex of acute slices generated at P60+14.  Tx 

administration to control mice did not alter OPC VGCC current density (no Tx control -2.1 ± 

0.2 pA / pF vs Tx control -2 ± 0.2 pA / pF; p=0.7, unpaired t-test).  However, Tx administration 

to CaV1.2-deleted mice reduced OPC VGCC current density to -0.8 ± 0.1 pA/pF, which 
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equated to a ~60% reduction in the peak inward VGCC current density (Figure 2.2a-c).  

Furthermore, the conditional deletion of CaV1.2 from adult OPCs significantly reduced K+ 

 

 

Figure 2.2. CaV1.2 is the major VGCC expressed by adult OPCs. a) Graphical representation of 

the current density-voltage relationship for leak-subtracted L-type VGCC currents recorded from OPCs 

in the motor cortex of P60+14 control (filled squares, n = 10) or CaV1.2-deleted (Pdgfrα-CreERTM :: 

Cacna1cfl/fl; open squares, n = 13) mice.  b) The peak inward current density of L-type VGCC currents 

recorded from control (filled squares) or CaV1.2-deleted (open squares) OPCs during a series of 

depolarising voltage steps (p<0.001, unpaired t-test).  c) Representative traces showing the leak-

subtracted calcium current evoked in response to a depolarising step from -50 mV to 0 mV.  Values 

represent mean ± SEM, n = 10-13 cells from a minimum of 3 mice. 
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Figure 2.S2. CaV1.2 deletion reduces K+ depolarisation-induced calcium entry into adult 

OPCs. Acute brain slices were generated from adult (P60-P90) control and CaV1.2-deleted (Pdgfrα-

CreERTM :: Cacna1cfl/fl) mice at Tx+10 were used to perform calcium imaging (with Fura-2AM) of 

GFP+ OPCs (a-d) and GFP-negative cells (e-h) in the same slice.  ΔF/F0 traces for GFP+ OPCs in control 

(i) and CaV1.2-deleted (j) mice at baseline and following exposure to ACSF containing 50mM K+ to 

induce depolarisation (grey traces are from individual cells and black trace shows the mean).  (k) 

Quantification of ΔF/F0 between 8 and 10 mins for control OPCs in the absence or presence of 

nifedipine and CaV1.2-deleted OPCs.  (l-m) ΔF/F0 traces for GFP-negative cells in slices generated 

from control and CaV1.2-deleted mice, before and after exposure to ACSF containing 50mM K+ to 

induce depolarisation.  (n) Quantification of ΔF/F0 between 8 and 10 mins for GFP-negative cells in 

slices generated from control mice (+/- nifedipine) and CaV1.2-deleted mice.  o) Maximum ΔF/F0 for 

GFP+ OPCs and GFP-negative cells in acute brain slices from control mice (+/- nifedipine treatment) 

and CaV1.2-deleted mice.  p) Quantification of the area under the curve (ΔF/F0*min) for GFP+ OPCs 

and GFP-negative cells in acute brain slices generated from control mice (+/- nifedipine treatment) and 

CaV1.2-deleted mice.  Data is represented as the mean ± SEM for 5-20 cells per condition, from n=3-

6 mice per genotype.  * p<0.05, ** p<0.01, *** p<0.001 or **** p<0.0001 for 1-way (k, n) or 2-way 

(o, p) ANOVA with Bonferroni’s post-test.  Scale bars represent 10 µm. 
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depolarisation-induced calcium entry into GFP+ OPCs in acute brain slices, without impacting 

calcium entry into GFP-negative cells (Figure 2.S2).  These data indicate that CaV1.2 is the 

major L-type VGCC in adult OPCs.   

When comparing the peak L-type VGCC current density for control and CaV1.2-deleted OPCs, 

we noted that the majority of control OPCs had a peak L-type VGCC current density between 

-2.6 pA/pF and -1.4 pA/pF (within one standard deviation of the mean), while only 1 of the 13 

OPCs examined in the CaV1.2-deleted mice had a peak L-type VGCC current density within 

this range (Figure 2.2a-c).  Therefore, we conservatively estimate that the Cacna1c gene was 

recombined and deleted from ~92% of OPCs in these mice (12/13 x 100).  This recombination 

efficiency is in line with that previously reported for adult Pdgfr-CreERTM :: Rosa26-YFP 

mice that received an equivalent Tx treatment (O’Rourke et al., 2016).  When CaV1.2 was 

instead deleted from OPCs using the less efficient Pdgfrα-CreERT2 transgenic mouse, the 

VGCC current density was reduced by ~29% (control OPCs -2.1 ± 0.1 pA/pF, n=27; CaV1.2-

deleted OPCs -1.5 ± 0.2 pA/pF, n=12; unpaired t-test p=0.001), suggesting that in these mice, 

the Cacna1c transgene was successfully deleted from ~45% of OPCs (29% current reduction / 

60% current reduction x 0.92).  Again, this recombination efficiency is consistent with that 

previously reported for Pdgfr-CreERT2 :: Rosa26-YFP mice that received an equivalent Tx 

treatment (Rivers et al al., 2016).   

CaV1.2 does not affect adult OPC differentiation or newborn oligodendrocyte myelination 

To determine whether CaV1.2 regulates OPC differentiation in the adult CNS, we performed 

lineage tracing of adult OPCs.  Tx was administered to P60 Pdgfrα-CreERT2 :: Tau-mGFP 

(Control) and Pdgfrα-CreERT2 :: Tau-mGFP :: Cacna1cfl/fl (CaV1.2-deleted) mice, to label 

adult OPCs with a membrane-targeted form of GFP (mGFP), that is retained by the pre-

myelinating and myelinating oligodendrocytes they produce in the motor cortex (Figure 2.3a-

j) and corpus callosum (Figure 2.3k-t).  As the Tau-mGFP transgene recombines inefficiently 

to label only a subset of OPCs in the adult mouse CNS, we performed immunohistochemistry 

to detect PDGFRα and mGFP in the P60+30 brain, and found that an equivalent fraction of 

PDGFRα+ OPCs were mGFP-labelled in the motor cortex (Figure 2.3a-b, g) or corpus 

callosum (Figure 2.3k-l, q) of control and CaV1.2-deleted mice.   

To determine whether CaV1.2-deletion altered the ability of adult OPCs to produce 

myelinating oligodendrocytes, we morphologically characterised the PDGFRα-negative 
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mGFP+ cells, classifying them as pre-myelinating (Figure 2.3c-d, 2.3m-n) or myelinating 

(Figure 2.3e-f, 2.3o-p) oligodendrocytes (as per Young et al., 2013).  In the motor cortex of 

P60+30 control and CaV1.2-deleted mice, PDGFRα+ mGFP+ OPCs had differentiated to 

produce a small number of PDGFRα-negative mGFP+ myelinating oligodendrocytes, that 

comprise ~20% of all mGFP+ cells in the region (Figure 2.3h).  By contrast, PDGFRα+ mGFP+ 

OPCs in the corpus callosum of control and CaV1.2-deleted mice had differentiated to produce 

many new mGFP+ myelinating oligodendrocytes, that comprise ~60% of all callosal mGFP+ 

cells (Figure 2.3r).  These data indicate that adult OPCs in the corpus callosum of control and 

CaV1.2-deleted mice produce myelinating oligodendrocytes more rapidly than their cortical 

counterparts (p<0.0001, unpaired t-test).  However, the number of mGFP+ myelinating 

oligodendrocytes was equivalent between control and CaV1.2-deleted mice in each region 

(Figure 2.3h, r), indicating that CaV1.2 does not influence the number of OPCs that 

differentiate into myelinating oligodendrocytes in the adult mouse brain.   

To determine whether CaV1.2 could influence the maturation of adult-born oligodendrocytes, 

as reported in development (Cheli et al., 2016), we next examined the morphology of individual 

myelinating oligodendrocytes in the motor cortex (Figure 2.3e-f, i-j) and corpus callosum 

(Figure 2.3o-p, s-t) of P60+30 control and CaV1.2-deleted mice.  In the motor cortex, 

individual newborn, myelinating oligodendrocytes elaborated a smaller number of mGFP+ 

internodes than those added to the corpus callosum (compare control Figure 2.3i and Figure 

2.3s; p < 0.0001, unpaired t-test).  However, the deletion of CaV1.2 from adult OPCs did not 

affect the ability of newborn oligodendrocytes to produce the normal number of myelin 

internodes (Figure 2.3i, s), nor did it affect the length of the internodes produced (Figure 2.3j, 

t).  These data suggest that adult-born oligodendrocytes do not require CaV1.2 for myelination.    

As Pdgfr-CreERT2 :: Cacna1cfl/fl mice only delete CaV1.2 from approximately half of adult 

OPCs (see above), we confirmed this phenotype using Pdgfr-CreERTM :: Cacna1cfl/fl 

transgenic mice.  We administered EdU to P60+7 control and Pdgfrα-CreERTM :: Cacna1cfl/fl 

(CaV1.2-deleted) mice for 24 consecutive days, and performed immunohistochemistry to 

detect EdU and the oligodendrocyte marker CC1 in the motor cortex (Figure 2.4a-b) and 

corpus callosum (Figure 2.4c-d).  Consistent with our lineage tracing data (Figure 2.3), an 

equivalent density of EdU-labelled CC1+ newborn oligodendrocytes accumulated in the motor 

cortex and corpus callosum of control and CaV1.2-deleted (Pdgfr-CreERTM :: Cacna1cfl/fl)  
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Figure 2.3. CaV1.2 is not required for oligodendrogenesis in the adult mouse brain. Brain 

cryosections from P60+30 control (CTRL) or CaV1.2-deleted (Pdgfrα-CreERT2 :: Cacna1cfl/fl) mice 

were immunolabelled to detect GFP (green) and PDGFRα (red).  Representative images of GFP+ 

PDGFRα+ OPCs (a, b), PDGFRα-negative pre-myelinating oligodendrocytes (c, d) and PDGFRα-

negative myelinating oligodendrocytes (e, f) from the motor cortex of control and CaV1.2-deleted mice.  

(g) The fraction of OPCs that recombine to express GFP in the motor cortex of control (n=5) and 

CaV1.2-deleted (n=7) mice.  h) The proportion of GFP+ cells in the motor cortex that are OPCs, pre-

myelinating oligodendrocytes or myelinating oligodendrocytes.  i) Average internode number per GFP+ 

myelinating oligodendrocyte in the motor cortex of control (n = 40 cells) and CaV1.2-deleted (n = 71 

cells) mice.  j)  Average internode length per GFP+ myelinating oligodendrocyte in the motor cortex of 

control and CaV1.2-deleted mice.  Representative images of GFP+ OPCs (k, l), pre-myelinating 

oligodendrocytes (m, n) and myelinating oligodendrocytes (o, p) in the corpus callosum of control or 

CaV1.2-deleted mice.  (q) The fraction of OPCs that recombine to express GFP in the corpus callosum 

of control (n=5) and CaV1.2-deleted (n = 7) mice.  r) The proportion of GFP+ cells in the corpus 

callosum that are OPCs, pre-myelinating oligodendrocytes or myelinating oligodendrocytes.  s) 

Average internode number per GFP+ myelinating oligodendrocyte in the corpus callosum of control (n 

= 36 cells) and CaV1.2-deleted (n = 49 cells) mice.  t)  Average internode length per GFP+ myelinating 

oligodendrocyte in the corpus callosum of control and CaV1.2-deleted mice.  Data is represented at 

mean ± SD, except for internode analyses, which are represented as mean ± SEM.  Scale bars represent 

10 µm. 
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mice during the labelling period (Figure 2.4e), confirming that CaV1.2 expression by OPCs 

does not impact oligodendrogenesis in adult mice.   

CaV1.2 suppresses adult OPC proliferation  

To examine the influence that CaV1.2 signalling exerts on adult OPC proliferation, we 

provided EdU to P60+7 control and Pdgfrα-CreERTM :: Cacna1cfl/fl (CaV1.2-deleted) mice, via 

the drinking water for up to 24 days, and performed immunohistochemistry to detect EdU and 

PDGFRα in the motor cortex (Figure 2.4f-m) and corpus callosum (Figure 2.4n-u).  After 6 

and 12 days of EdU delivery (P60+13 or P60+19), we detected a small but significant increase 

in the proportion of EdU-labelled PDGFRα+ OPC (EdU+ PDGFRα+ / total PDGFRα+; Figure 

2.4v) in the motor cortex of CaV1.2-deleted mice, relative to control mice (Figure 2.4v).  More 

specifically, we found that the conditional deletion of CaV1.2 from adult OPCs significantly 

increased OPC proliferation in the superficial layers of the motor cortex (Figure 2.S3).  

Furthermore, by providing EdU for a longer time period (24 days), we determined that CaV1.2 

signalling in OPCs influenced their rate of proliferation, but did not influence the total 

proportion of OPCs capable of dividing (the proliferative fraction), as essentially all OPCs had 

become EdU-labelled by P60+31 in control and CaV1.2-deleted mice (Figure 2.4v). 

CaV1.2 similarly suppressed OPC proliferation in the corpus callosum of adult mice, as the 

fraction of callosal OPCs that incorporated EdU over a 3 (P60+10) or 6 (P60+13) day labelling 

period was elevated in CaV1.2-deleted mice, compared to control mice (Figure 2.4w).  

Consistent with this finding, the acute delivery of EdU to P60+10 mice (by i.p. injection), to 

label OPCs that proliferate within a 4-hour window, revealed that approximately twice as many 

OPCs incorporated EdU in CaV1.2-deleted mice than control mice (Figure 2.S4).  However, 

CaV1.2 did not influence the proportion of OPCs capable of dividing in the corpus callosum, 

as essentially all OPCs were EdU-labelled following 12 or 24 days of EdU delivery to mice of 

either genotype (P60+19 and P60+31; Figure 2.4w).  Therefore, we conclude that CaV1.2 

reduces the rate of OPC proliferation in the healthy adult mouse motor cortex and corpus 

callosum but does not impact the fraction of OPCs that are capable of division. 

CaV1.2 is essential for the survival of OPCs in the adult mouse corpus callosum, but not the 

motor cortex or spinal cord  

To investigate the possibility that CaV1.2 could regulate OPC number in the brain, we 

quantified the density of PDGFRα+ OPCs in the motor cortex (Figure 2.5a-g) and corpus 

callosum (Figure 2.5h-p) of control and CaV1.2-deleted (Pdgfrα-CreERTM :: Cacna1cfl/fl) 



60 

 

 

 

 

Figure 2.4. CaV1.2-deletion increases adult OPC proliferation. Control (CTRL) and CaV1.2-

deleted (Pdgfrα-CreERTM :: Cacna1cfl/fl) mice received EdU from P60+7 for up to 24 days before 30 

µm brain cryosections were immunostained to detect EdU (green) and the oligodendrocyte marker CC1 

(red) or the OPC marker PDGFRα (red).  Representative images of newborn EdU-labelled CC1+ 

oligodendrocytes in the motor cortex of control (a) and CaV1.2-deleted (b) mice and the corpus 

callosum of control (c) and CaV1.2-deleted (d) mice.  e) Quantification of the density (per mm2) of 

EdU+ CC1+ newborn oligodendrocytes in the motor cortex (MC) and corpus callosum (CC) of control 

and CaV1.2-deleted mice, after 24 consecutive days of EdU administration.  Representative images of 

EdU-labelled PDGFRα+ OPCs in the motor cortex of control (f-i) and CaV1.2-deleted (j-m) mice, and 

in the corpus callosum of control (n-q) and CaV1.2-deleted (r-u) mice.  v) Quantification of the 

proportion of OPCs in the motor cortex that incorporate EdU over time.  w) Quantification of the 

proportion of OPCs in the corpus callosum that incorporate EdU over time.  Note that the EdU labelling 

of OPCs is saturated within 12 days of EdU delivery.  Data is represented as the mean ± SD of n=4-7 

mice per genotype per timepoint.  * p<0.05 and ** p<0.01, 2-way ANOVA with Bonferroni’s post-test.  

Scale bars represent 20 µm. 
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mice.  We found that the density of PDGFRα+ OPCs did not vary significantly between P60+4 

and P60+30 in the motor cortex of control or CaV1.2-deleted mice and was equivalent to the 

OPC density of mice that did not receive tamoxifen (plotted as P60+0) (Figure 2.5g).  OPC 

density was also stable over time in the corpus callosum of control mice but dropped 

significantly between P60+4 and P60+7 in the corpus callosum of CaV1.2-deleted mice, such 

that at P60+7, the density of PDGFR+ OPCs was only ~42% that of control mice (Figure 

2.5p).  OPC density remained low in the corpus callosum of P60+10 CaV1.2-deleted mice but 

returned to control levels by P60+13 (Figure 2.5p).  NG2+ cell density was similarly reduced 

in the corpus callosum of P60+10 CaV1.2-deleted mice, when compared to control mice 

(Figure 2.S4e-g), confirming that CaV1.2 deletion resulted in OPC loss rather than the loss of 

PDGFRα expression by OPCs.  As this reduction in OPC density was not recapitulated by the 

partial pharmacological blockade of CaV1.2, achieved by giving daily injections of nimodipine 

for up to 7 consecutive days (Figure 2.S5), it is likely that OPC density can only be 

compromised by the complete and sustained loss of CaV1.2 signalling, as was achieved by our 

gene deletion approach.  

To determine whether CaV1.2 affects OPC number in other white matter regions of the CNS, 

we performed immunohistochemistry to detect PDGFRα+ OPCs in the spinal cord grey (Figure 

2.6a-g) and white matter (Figure 2.6h-n) of control and CaV1.2-deleted (Pdgfrα-CreERTM :: 

Cacna1cfl/fl) mice.  OPC density was higher in the spinal grey matter relative to the spinal cord 

white matter in mice of both genotypes (compare Figure2.6g with Figure 2.6n; p < 0.001 

regional affect, 2-way ANOVA), and OPC density was not affected by CaV1.2 expression in 

either spinal cord region between P60+0 and P60+10 (Figure 2.6g, n), the period 

corresponding with OPC loss from the corpus callosum.  These data suggest that CaV1.2 

supports the survival of a subset of OPCs in the corpus callosum, but that CaV1.2 is not critical 

for the survival of OPCs in all white matter regions of the CNS.    

Callosal OPCs die by apoptosis and are replaced by parenchymal OPCs that lack CaV1.2  

To determine whether callosal OPC density decreases in CaV1.2-deleted mice because OPCs 

undergo apoptotic cell death, we stained coronal brain cryosections from P60+4 control and 

Pdgfrα-CreERTM :: Cacna1cfl/fl (CaV1.2-deleted) mice to determine whether PDGFRα+ OPCs 

expressed the apoptotic marker, cleaved caspase 3 (Figure 2.7a-f).  While OPC density was 

equivalent in the corpus callosum of P60+4 control and CaV1.2-deleted mice (Figure 2.5p), 

the density of PDGFRα+ Caspase3+ OPCs had already risen in the corpus callosum of CaV1.2- 
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Figure 2.5. CaV1.2-deletion leads to OPCs loss in the corpus callosum of adult mice. 30 µm 

brain cryosections were collected from control and CaV1.2-deleted (Pdgfrα-CreERTM :: Cacna1cfl/fl) 

mice spanning P60+0 to P60+30 and stained to detect PDGFRα (red).  Images show OPCs in the motor 

cortex of control (a-c) or CaV1.2-deleted mice (d-f).  g) Quantification of the number of PDGFRα+ 

OPCs per mm2 (x-y) in the motor cortex of control (closed squares) and CaV1.2-deleted (open squares) 

mice.  (h) Low magnification image of the corpus callosum of a P60+10 control mouse stained to detect 

PDGFR + OPCs.  (i) Low magnification image of the corpus callosum of a P60+10 CaV1.2-deleted 

mouse stained to detect PDGFR + OPCs.  Images show OPCs in the corpus callosum of control (j-l) 

or CaV1.2-deleted (m-o) mice.  p) Quantification of the number of PDGFRα+ OPCs per mm2 (x-y) in 

the corpus callosum of control (closed squares) and CaV1.2-deleted (open squares) mice (genotype 

effect at P60+7 and P60+10; p<0.001, 2-way ANOVA with Bonferroni’s post-test).  Data is represented 

at the mean ± SD of n=4-7 mice per genotype per timepoint.  Scale bars represent 20 µm (a-f, j-o) or 

50 µm (h-i). 
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deleted mice to be >3 fold higher than the basal level of apoptosis observed in controls (Figure 

2.7g).  The fraction of OPCs that expressed caspase 3 increased from ~4% in control mice to 

~15% in CaV1.2-deleted mice (Figure 2.7h).  These data suggest that the death of CaV1.2-

deleted callosal OPCs occurs rapidly following CaV1.2 loss.  When making whole cell patch 

clamp recordings from healthy OPCs in the corpus callosum, we found no statistically 

significant difference between the peak inward L-type VGCC current density of control and 

CaV1.2-deleted OPCs at P60+4 (Figure 2.7i-j), suggesting that many OPCs still have intact 

CaV1.2 at this early time-point.  However, approximately half of the CaV1.2-deleted OPCs 

had a peak inward L-type VGCC current density below that observed in any control OPC 

(Figure 2.7i-k), suggesting that a subset of OPCs have lost or are losing CaV1.2 at the time of 

increased apoptosis.   

For OPC density to return to normal in the corpus callosum of CaV1.2-deleted mice by P60+13, 

new OPCs must be generated from the surviving parenchymal OPCs and / or from nearby 

neural stem cells.  As neural stem cells do not express Pdgfrα, CaV1.2 would not be deleted 

from these cells at the time of Tx administration, and complete replacement of the lost callosal 

OPCs by neural stem cells would result in approximately half of callosal OPCs having intact 

CaV1.2 expression in P60+20 mice.  Conversely, if the lost callosal OPCs were replaced by 

surviving CaV1.2-deleted parenchymal OPCs, all OPCs in the repopulated corpus callosum 

would lack CaV1.2 at P60+20.  To examine the origin of the replacement cells, we performed 

a whole cell patch clamp analysis of OPCs at P60+20, and found that OPCs in the corpus 

callosum of CaV1.2-deleted mice had a peak inward L-type VGCC current ~52% smaller than 

that of control OPCs at the same time-point (Figure 2.7i-k).  Furthermore, the L-type VGCC 

current density measured for each OPC patched in the corpus callosum of P60+20 CaV1.2-

deleted mice was smaller than any of the L-type VGCC current densities measured from OPCs 

in control mice (within the range of -3.2 pA/pF to -1.9 pA/pF), suggesting that all OPCs 

sampled lacked CaV1.2.  While these data do not exclude the possibility that neural stem cells 

from the subventricular zone contribute in some small way to the repopulation, the absence of 

a large subset of callosal OPCs with intact L-type VGCC currents suggests that OPCs in the 

corpus callosum of P60+20 CaV1.2-deleted mice are primarily the surviving CaV1.2-deficient 

parenchymal OPCs and their progeny. 
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Figure 2.6. CaV1.2 does not influence OPC density in the spinal cord. 30 µm spinal cord (SC) 

cryosections from control and CaV1.2-deleted (Pdgfrα-CreERTM :: Cacna1cfl/fl) mice aged P60+0 to 

P60+10 were immunostained to detect PDGFRα (red).  Representative images of PDGFRα+ OPCs in 

the spinal cord grey matter of control (a-c) and CaV1.2-deleted (d-f) mice.  g) Quantification of the 

number of PDGFRα+ OPCs per mm2 (x-y) in the spinal cord grey matter of control (closed squares) and 

CaV1.2-deleted (open squares) mice.  Representative images of PDGFRα+ OPCs in the spinal cord 

white matter of control (h-j) and CaV1.2-deleted (k-m) mice.  n) Quantification of the number of 

PDGFRα+ OPCs per mm2 (x-y) in the spinal cord white matter of control (closed squares) and CaV1.2-

deleted (open squares) mice.  Data is represented as the mean ± SD of n=3-6 mice per genotype and 

timepoint.  Scale bars represent 20 µm. 
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Figure 2.S5. Daily nimodipine delivery does not impact OPC density in the corpus callosum 

of adult mice. Adult (P60) mice received daily injections of vehicle (5% ethanol / 5% DMSO / 40% 

polyethylene glycol 400 / 50% PBS) or 10 mg/kg nimodipine in vehicle (s.c.) for 4 or 7 consecutive 

days.  Note that 4-7 days of pharmacological inhibition of L-type VGCCs was selected to correspond 

to P60+7 to P60+10 in the CaV1.2 conditional deletion studies.  24 hours after the final injection mice 

were perfusion fixed and 30 µm cryosections prepared for immunostaining to detect the OPC marker 

PDGFRα (red) and the microglial marker IBA1 (green).  Representative images show PDGFRα+ OPCs 

in the motor cortex of vehicle- (a-b) or nimodipine-treated (c-d) mice.  e) Quantification of PDGFRα+ 

OPCs density (per mm2; x-y plane with fixed z-depth of 30 µm) in the motor cortex of mice that received 

vehicle and nimodipine for 4 or 7 days.  Representative images show PDGFRα+ OPCs in the corpus 

callosum of vehicle-treated mice (f-g) and nimodipine-treated mice (h-i).  j) Quantification of PDGFRα+ 

OPCs density (per mm2; x-y plane with fixed z-depth of 30 µm) in the corpus callosum of mice that 

received vehicle or nimodipine for 4 or 7 days. Schampel et al. (2017) reported that nimodipine delivery 

resulted in the apoptotic loss of microglia from the spinal cord of mice with experimental autoimmune 

encephalomyelitis, but not from healthy mice.  We confirm that nimodipine does not alter microglial 

number in the spinal cord or brain of healthy mice.  k-p) Representative images showing IBA1+ 

microglia in the motor cortex (k-n), corpus callosum (l-o) and spinal cord (m-p) of mice that received 

vehicle or nimodipine for 7 days.  q) Quantification of IBA1+ microglial density (per mm2; x-y plane 

with fixed z-depth of 30 µm) in the motor cortex, corpus callosum or spinal cord of mice that received 

vehicle or nimodipine for 7 days. Data is represented as the mean ± SD for n=5 mice per treatment per 

timepoint.  Scale bars represent 20 µm. 
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Discussion 

CaV1.2 is not required for oligodendrogenesis or myelination in the healthy adult CNS  

OPCs express various receptors and ion channels that enable them to respond to changes in 

neuronal activity by increasing intracellular calcium (reviewed by Pitman & Young, 2016), 

however, there is limited research exploring how this could change as mice age.  Our data 

indicate that adult OPCs express L-type VGCCs, particularly CaV1.2 (Figure 2.1, Figure 2.2 

and  Figure 2.S2) and, consistent with previous findings in developmental OPCs (Fulton et 

al., 2010; Zhang et al., 2014; Hrvatin et al., 2018), these channels are downregulated as they 

differentiate into oligodendrocytes (Figure 2.1).  We report that the conditional deletion of 

Cacna1c (CaV1.2) from adult OPCs (Figure 2.2) increases OPC proliferation (Figure 2.4; 

Figure 2.S3 and Figure 2.S4) but does not affect the number of newborn oligodendrocytes 

added to the mature brain (Figure 2.3 and 2.4), or the ability of newborn oligodendrocytes to 

myelinate (Figure 2.3).  These data are not consistent with the phenotype produced by the 

knockdown or conditional deletion of Cacna1c from developmental OPCs, where it has been 

shown to inhibit OPC proliferation and differentiation (Cheli et al., 2015, 2016) and result in 

hypomyelination of the brain (Cheli et al., 2016).  It is perhaps surprising that the deletion of 

CaV1.2 from developmental OPCs impairs oligodendrocyte maturation, when CaV1.2 is 

downregulated with differentiation, but may suggest that calcium entry through CaV1.2 into 

developmental but not adult OPCs can have a long-lasting effect on intracellular signalling or 

lead to their secretion of pro-differentiation signals.  Alternatively, CaV1.2 could become 

restricted to the processes of new oligodendrocytes in development, but not in adulthood, such 

that the associated voltage-gated calcium signal cannot be readily detected at the soma but 

could still influence developmental myelination.  For example, action potentials are known to 

produce local calcium signals in internodes to influence the rate of internode extension and 

retraction in the developing CNS (Baraban et al., 2018; Krasnow et al., 2018), however, it is 

not clear whether this type of myelin regulation requires CaV1.2.   

As the L-type VGCC currents measured in OPCs were unchanged between development and 

adulthood (Figure 2.1), a change in the expression of CaV1.2 is unlikely to account for the 

switch in CaV1.2 function between development and adulthood.  However, VGCCs are 

activated by changes in membrane voltage, and their function can be influenced by the altered 

expression or activation of a number of other ion channels, including voltage-gated sodium and 

potassium channels (Sun et al., 2016), as the expression of these channels decreases from 

development to adulthood (Clarke et al., 2012; Spitzer et al., 2019; present data), or ionotropic  
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Figure 2.7. A subset of CaV1.2-deleted callosal OPCs undergo caspase 3-mediated apoptosis. 
a-c) Representative image of the corpus callosum of a P60+4 control mouse stained to detect PDGFRα+ 

OPCs (red) and the apoptotic marker cleaved caspase 3 (casp3; green).  d-f) Representative image of 

the corpus callosum of a P60+4 CaV1.2-deleted (Pdgfrα-CreERTM :: Cacna1cfl/fl) mouse stained to 

detect PDGFRα+ OPCs (red) and the apoptotic marker cleaved caspase 3 (casp3; green).  Arrow heads 

indicate co-labelled cells.  g) Quantification of the density of Caspase3+ PDGFRα+ OPCs per mm2 (x-

y; 30 µm cryosections) of the corpus callosum in control (n = 3) and CaV1.2-deleted (n = 3) mice.  h) 

Quantification of the proportion of OPCs that express caspase 3 in control or CaV1.2 deleted mice.  i) 

Graphical representation of the current density-voltage relationship for L-type VGCC currents recorded 

from GFP+ OPCs in the corpus callosum of acute brain slices from control (filled squares; n = 6) mice 

at P60+20, or CaV1.2-deleted mice at P60+4 (open squares; n = 7) and P60+20 (grey squares; n = 8).  

j) The peak inward L-type VGCC current density recorded from OPCs in slices generated from control 

(filled squares) mice at P60+20, or CaV1.2-deleted mice at P60+4 (open squares) or P60+20 (grey 

squares).  k) Example traces show the leak-subtracted voltage-gated calcium current in response to a 

depolarising step from -50mV to 0 mV in OPCs from P60+20 control or CaV1.2-deleted mice.  

Histological data is represented at mean ± SD, n = 3 mice per genotype, and electrophysiological data 

is represented as mean ± SEM, n = 6-8 cells from a minimum of 3 mice.  * p<0.05, ** p<0.01, t-test, 1-

way or 2-way ANOVA with Bonferroni’s post-test.  Scale bars represent 20 µm. 
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glutamate or GABA receptors (Haberlandt et al., 2011; reviewed by Pitman and Young, 2016).  

The altered expression of these signalling proteins in OPCs could cause CaV1.2 to be activated 

less frequently in the adult mouse brain and limit the ability of CaV1.2 to be a dominant signal 

regulating OPC differentiation.  It is also possible that CaV1.2 activity is affected by changes 

in the way that OPCs communicate with neurons and other CNS cell types in the developing 

versus adult CNS.   

OPCs can communicate with neurons via GABAergic and glutamatergic synapses (Bergles et 

al., 2000; Lin and Bergles, 2004) that are lost with increasing postnatal age in some brain 

regions, including the rat caudal cerebellar peduncle (Gautier et al., 2015) and mouse 

somatosensory cortex (Velez-Fort et al., 2010).  Neuronal activity-induced changes in OPC 

behaviour could also result from changes in other modes of communication, such as the non-

synaptic release of molecules from axons (Maldonado et al., 2013), the secondary release of 

signalling molecules from astrocytes (Hamilton et al., 2010), or extra-synaptic signalling, 

resulting from neurotransmitter spill-over from neuron-neuron synapses (Velez-Fort et al., 

2010).  While it is unclear how callosal OPC input and signalling changes with ageing, it is 

interesting to note that demyelination restores neuron-OPC synaptic communication in the rat 

caudal cerebellar peduncle (Gautier et al., 2015) and causes adult OPCs in the corpus callosum 

to revert to a transcriptional state more similar to that of developmental OPCs (Moyon et al., 

2015), as these changes could account for CaV1.2 having no effect on adult myelination in the 

healthy adult mouse brain, but acting to expedite or enhance remyelination of the corpus 

callosum following cuprizone-induced demyelination (Santiago González et al., 2017).  It was 

recently reported that deleting CaV1.2 from GFAP-positive astrocytes after cuprizone-induced 

demyelination reduced the level of astrocytic and microglial activation and proliferation in 

mice (Zamora et al., 2020).  These mice produced fewer proinflammatory factors, such as 

TNFα, IL1β and TGFβ1 in the corpus callosum and cortex.  Furthermore, the inflammatory 

environment promoted OPC maturation and myelin regeneration after cuprizone induced 

demyelination.  A similar phenotype was observed in mice treated with nimodipine, a brain 

VGCC CaV1.2 inhibitor (Domingues et al., 2016; Baydyuk et al., 2020; Zamora et al., 2020).  

Mice treated with nimodipine alongside cuprizone delivery had fewer reactive astrocytes and 

improved brain remyelination. As OPC behaviour can be impacted by proinflammatory signals 

produced by other glial cells (Hamilton et al., 2010), changes in the inflammatory environment 

caused by pharmacological inhibition or astrocytic deletion of CaV1.2 are likely having a 

secondary effect on OPCs to impact myelin recovery after demyelination. 
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CaV1.2 is a survival signal for a subpopulation of callosal OPCs 

A key finding from this study is that CaV1.2 is critical for the survival of approximately half 

of all OPCs in the adult mouse corpus callosum.  At P60+4, the density of OPCs in the corpus 

callosum of CaV1.2-deleted mice was normal (Figure 2.5), and while >90% of OPCs lose their 

cell surface expression of CaV1.2 over time, at this early timepoint, only approximately half 

of the OPCs examined had L-type VGCC currents smaller than any measured from control 

OPCs (Figure 2.7).  Despite this, a subset of CaV1.2-deleted OPCs had already entered the 

apoptotic cell death pathway, as evidenced by their upregulation of the apoptotic marker 

cleaved-Caspase 3 (Figure 2.7), and by P60+7, the density of OPCs in the corpus callosum of 

CaV1.2-deleted mice was reduced by ~58% (Figure 2.5).  While this is the first report to 

demonstrate that OPCs can be susceptible to apoptosis after CaV1.2 expression is lost, CaV1.2 

is a known survival signal for neurons in the developing mouse (P0–P18) cortex (Heck et al., 

2008), superior olivary complex (Ebbers et al., 2015) and hippocampus (Lee et al., 2016).   

Yet how does CaV1.2 influence OPC survival?  It has been shown that in vitro, G protein-

coupled receptor 17 (GPR17)-positive OPCs are more sensitive to ATP-induced cell death than 

GPR17-negative OPCs (Ceruti et al., 2011) and developmental but not adult OPCs rely on poly 

(RDP-ribose) polymerase (PARP) activity for their survival (Baldassarro et al., 2017).  

Additionally, the chromatin remodeller, Ch7, was shown to selectively promote the survival of 

non-cycling OPCs in the developing mouse corpus callosum and cortex, by downregulating 

p53 expression (Marie et al., 2018).  While CaV1.2 may not influence adult OPC survival using 

these same mechanisms, it could modulate known OPC survival pathways, including the 

growth factor receptors activated by PDGF-AA (Barres et al., 1992a; b), neurotrophin 3 (NT-

3; Kumar et al., 1998) and ciliary neurotropic factor (CNTF; Dell’Albani et al., 1998; Talbott 

et al., 2007).  For example, unknown factors in microglial conditioned medium enhance OPC 

survival by increasing p65 NFκB expression to increase the efficacy of PDGF-AA signalling 

(Nicholas et al., 2001).  Similarly, OPCs plated on poly-lysine rely on tenascin-C for their 

survival, as it influences their ability to respond to PDGF-AA (Garwood et al., 2004) and in 

vivo, OPCs require the HMG domain transcription factors, Sox9 and Sox10, to maintain 

PDGFRα expression and prevent their apoptotic cell death (Finzsch et al., 2008).  However, 

another possibility is that CaV1.2 promotes the survival of OPCs by increasing the activity of 

the cyclic-AMP response element binding protein (CREB), a transcription factor expressed by 

OPCs (Zhang et al., 2014), and a known downstream mediator of CaV1.2-dependent survival 
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in cortical neurons (Heck et al., 2008).  Further research is required to uncover the mechanism 

by which CaV1.2 activity enhances the survival of a discrete population of adult OPCs in vivo.       

Do functional subpopulations of OPCs exist in the brain?  

It is intriguing that adult OPCs in the motor cortex and corpus callosum express CaV1.2 at 

similar levels, and yet only a subset of OPCs in the corpus callosum are reliant on CaV1.2 for 

their survival.  Previous studies have shown that OPCs in different CNS regions proliferate at 

different rates, with OPCs in the white matter proliferating more rapidly than OPCs in grey 

matter (Young et al., 2013; Present data), and that OPCs can differentially respond to growth 

factors, with cortical and cerebellar white but not grey matter OPCs proliferating in response 

to PDGF-AA, despite their equivalent expression of PDGFRα (Hill et al., 2013).  OPCs in the 

corpus callosum and motor cortex have been previously subdivided based on their mixed 

origins in the lateral ganglionic eminence or cortical neuroepithelium (Kessaris et al., 2006), 

and brain OPCs can also be subdivided based on their expression of GRP17 (Boda et al., 2011), 

S100β (Vives et al., 2003; Hachem et al., 2005) or the transcription factor Ascl1 (Mash1; 

Battiste et al., 2007; Parras et al., 2007; Nakatani et al., 2013).  However, a clear overlap 

between any of these known subsets and the OPCs that require CaV1.2 for survival seems 

unlikely, as OPCs in the cortex have a similarly mixed origin (Kessaris et al., 2006) and contain 

OPCs that express GPR17 (Boda et al., 2011), Ascl1 (Nakatani et al., 2013) and S100β (Young 

et al., 2010), that do not die following CaV1.2 deletion.   

It is possible that callosal OPCs are selectively dependent on CaV1.2 for their survival because 

of the level of CaV1.2 signalling they experience within their local environment.  We have 

shown that all OPCs in the healthy mouse brain express L-type VGCCs (see control recordings 

in Figure 2.2 and Figure 2.7), and that CaV1.2, as the major L-type VGCC, enables calcium 

entry into OPCs following K+-induced depolarisation (Figure 2.S2).  Furthermore, we show 

that CaV1.2 signalling impacts OPCs proliferation (Figure 2.4) in the healthy adult mouse 

brain, suggesting that CaV1.2 is activated under physiological conditions.  However, these 

experiments do not tell us how often OPCs within different regions of the CNS depolarise and 

activate L-type VGCCs.  High voltage activated VGCCs open when a cell is depolarised to > 

-40 mV, making it possible that a subset of callosal OPCs become reliant on CaV1.2 for their 

survival because they are more frequently depolarised and their L-type VGCCs more 

frequently activated.  In the CA1 stratum radiatum, stimulation mimicking physiological 

glutamatergic synaptic signalling was able to induce both dendritic and somatic VGCC-
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dependent calcium transients in OPCs in brain slices from P7-15 mice, providing evidence that 

synaptic signalling can depolarize OPCs and activate VGCCs (Sun et al., 2016).  However, 

these calcium transients were largely mediated via low-voltage activated channels (Sun et al., 

2016), suggesting that, at least in the CA1 stratum radiatum of developing mice, high voltage 

activated L-type VGCCs may not be activated in this way.  At present, we do not know which 

physiological conditions or patterns of signalling allows OPCs to become sufficiently 

depolarised to activate L-type VGCCs, although OPCs express a complement of ion channels 

that can enable membrane depolarisation, such as voltage-gated sodium channels (Clarke et al., 

2012), ionotropic glutamate or GABA receptors (Haberlandt et al., 2011), or purinergic ion 

channels (Hamilton et al., 2010), that are likely sources of physiological L-type VGCC 

activation. 

Adult OPCs that do not rely on CaV1.2 for survival may instead rely on an alternative source 

of calcium.  In addition to voltage-gated calcium entry, OPCs can rely on store-operated 

calcium channels (Paez et al., 2009), however, an increase in store-operated calcium entry 

between development and adulthood would be predicted to increase the stromal interaction 

molecule 1 (STIM1)-mediated suppression of calcium entry via CaV1.2 and reduce the cell 

surface expression of CaV1.2 (Park et al., 2010; Wang et al., 2010), both of which would have 

reduced the OPC L-type VGCC current.  OPCs that do not rely on CaV1.2 for their survival 

may still rely on calcium entry through calcium-permeable ionotropic receptors including 

AMPA receptors (Haberlandt et al., 2011), NMDA receptors (Hamilton et al., 2010) and P2X 

purinergic receptors (Hamilton et al., 2010).  OPCs also express kainate receptors that are 

activated in the presence of glutamate and can be permeable to calcium (Deng et al., 2003; Sun 

et al., 2009). However, they are likely to result in a more transient rise in intracellular calcium, 

as they desensitise faster than AMPA receptors (Castillo et al., 1997; Kidd and Isaac, 2001). 

Alternatively, neurotransmitters including glutamate (Haberlandt et al., 2011), ATP (Hamilton 

et al., 2010) and acetylcholine (Welliver et al., 2018) can increase intracellular calcium via 

activation of Gαq-coupled G-protein coupled receptors.  Interestingly, expression of the group 

1 metabotropic glutamate receptors, mGluR1 and mGluR5, is not uniform across OPCs in the 

developing mouse hippocampus (Haberlandt et al., 2011) and NMDA receptor-dependent 

calcium transients are only detected in ~20% of OPCs in the mouse optic nerve (Hamilton et 

al., 2010), suggesting that some alternative avenues for activity-dependent calcium entry into 

OPCs may be restricted to subpopulations of OPCs. 
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Chapter III - Gluk4-containing kainate receptors 

regulate synaptic communication in the motor cortex 

and enable fine motor coordination in adult mice 

Introduction 

Glutamate is the major excitatory neurotransmitter in the brain and dysregulated glutamatergic 

signalling is a feature of many neurodegenerative diseases (reviewed by (Lau and Tymianski, 

2010; Mehta et al., 2013), including MS (Pitt et al., 2000; Kostic et al., 2013), Alzheimer’s 

disease (Anggono et al., 2016), Parkinson’s disease (Blandini et al., 1996) and motor neurone 

disease (Shaw, 1994; Shaw and Ince, 1997; van den Bos et al., 2019). Glutamate excitotoxicity 

in neurons and glial cells is mediated by the overactivation of ionotropic N-Methyl-D-aspartic 

acid (NMDA) receptors, α-Amino-3-hydroxy-5-methylisoxazole-4-propionic acid hydrate 

(AMPA) receptors and kainate receptors (Pal, 2018; Simoes et al., 2018; Maiolino et al., 2019) 

and glial cells (Werner et al., 2000; Alberdi et al., 2006; Kritis et al., 2015).  This function of 

kainate receptors is well established, but their function in the healthy CNS is not well 

understood. 

Kainate receptors are hetero-tetrameric receptors, assembled from the kainate receptor subunits 

GluK1-5 (previously GluR5-7, KA1 and KA2, respectively), encoded by the genes Grik1-5.  

GluK1-3 are low affinity subunits that can form functional low-affinity receptors in vitro, but 

always complex with a high-affinity subunit, Gluk4 or Gluk5, to form functional high affinity 

ionotropic receptors in mammalian cells (Fernandes et al., 2009; Watanabe-Iida et al., 2016). 

Gluk4- and Gluk5-containing kainate receptors localise to the pre- and post-synaptic terminals 

of neurons in the hippocampus (Mulle et al., 1998; Contractor et al., 2003) and cerebellum 

(Falcon-Moya et al., 2018), and mediate the kainate receptor component of excitatory post 

synaptic currents (EPSCKR; (Fernandes et al., 2009; Aller et al., 2015; Arora et al., 2018). 

However, Gluk4-containing kainate receptors account for ~80% of the kainate receptors on 

CA3 pyramidal neurons (comparison of Grik4, Grik5 and Grik4/5 knock out mice; (Fernandes 

et al., 2009).  These Gluk4-containing kainate receptors are not required for the short-term 

plasticity of CA3 neurons (Fernandes et al., 2009), but facilitate long-term potentiation 

(Catches et al., 2012).  The expression and function of kainate receptors in other brain regions 

is less well studied but RNA sequencing experiments, performed on cells isolated from the 
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early postnatal mouse cortex, suggest that Grik4 is expressed by neurons and glia within this 

region (Zhang et al., 2014).  

It has been reported that over-expressing Gluk4 in the mouse forebrain (CaMKII promoter) 

enhances anxiety- and depressive-like behaviours in adult mice and impairs social interaction 

(Aller et al., 2015).  Consistent with this phenotype, Grik4 knockout mice instead exhibit a 

reduction in anxiety- and depressive-like behaviour.  As anxiety, depression and social 

interactions rely on neuronal signalling in the hippocampus (MacQueen and Frodl, 2011), 

amygdala (Aller et al., 2015; Arora et al., 2018) and the pre-frontal cortex (Bicks et al., 2015), 

these data suggest that Gluk4-containing kainate receptors influence the function of multiple 

neural circuits.  Herein, we aimed to determine whether GluK4-containing kainate receptors 

were critical for neuron and glial cell function in the motor circuit.   

We report that high affinity Gluk4-containing kainate receptors are expressed by cells located 

throughout the motor cortex, corpus callosum, and spinal cord grey and white matter in adult 

mice.  Furthermore, Grik4 -/- mice develop a progressive motor phenotype, that impacts gait, 

balance and coordination.  Neuron, OPC and oligodendrocyte number were unaltered in the 

primary motor cortex and axon density and myelination were normal in the corpus callosum of 

Grik4 -/- mice, however, more subtle cellular abnormalities were detected.  In particular, the 

conduction velocity of compound action potentials (CAP) was normal, but CAP amplitude was 

reduced by ~30% in Grik4 -/- mice.  This coincided with the appearance of periaxonal space 

swelling and ultrastructural abnormalities in callosal axons, but these features could not readily 

account for the reduced amplitude.  Most strikingly, at P60, we found that layer V pyramidal 

neurons in the primary motor cortex of Grik4 -/- mice received ~50% fewer excitatory synaptic 

inputs than those in wildtype mice.  These data suggest that Gluk4-containing kainate receptors 

are critical for the formation, maturation and / or maintenance of excitatory synapses in the 

motor circuit of adult mice, making them critical for normal motor behaviour. 

Materials and Methods 

Transgenic mice 

The use of animal in these experiments was approved by the University of Tasmania Animal 

Ethics Committee (A0016151 / A0018606) and experiments were carried out in accordance 

with the Australian code of practice for the care and use of animals for scientific purposes.  

Reporting of these experiments follows the Animal Research: Reporting of In Vivo 

Experiments (ARRIVE) guidelines. All transgenic mice were maintained on a C57BL/6J 
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background. Homozygous Grik4 germline knockout mice (Grik4 -/-; (Catches et al., 2012; 

Lowry et al., 2013) were a kind gift from Professor Anis Contractor (Northwestern University).  

Male and female mice were housed in same sex groups (2-4 per cage), in individually ventilated 

cages (Optimice®) on a 12 h light / dark cycle (twilight phase starts 06:30, full lights on 07:00) 

at 21 ± 2°C with ad libitum access to standard rodent chow (Barrastoc rat and mouse pellets) 

and water.  Mice (P20-P180) were assigned to experimental groups based on their genotype 

and care was taken to ensure littermates were represented across groups.  

Genotyping of Grik4 -/- mice 

Genomic DNA was extracted from ear biopsies by ethanol precipitation and Grik4 genomic 

DNA was amplified by PCR (Catches et al., 2012; Lowry et al., 2013).  PCR was performed 

using 50-100 ng of genomic DNA with the following primer combinations: Grik4 P1 3’ 

GCAGGCTGAACTCTGAGTTT, Grik4 P2 5’ CCAGAGACAGCACTAGGTGC and Grik4 

P6 5’ GCCTGGGCTAGAGTGAGAC. Wildtype animals were identified by ~233 bp band, 

Grik4 -/- identified by ~388 bp band and heterozygous animals by the presence of both bands 

(Figure 3.2f). 

Evaluating short term memory and anxiety- or depressive-like behaviours 

Behavioral assessments were carried out during the dark-phase of the 12 h light / dark cycle, 

as previously described (Ferreira et al., 2020).  On the day of testing, mice were moved to the 

behavioural testing room 2 h prior to the change from light to dark and were habituated for 2 

h.  All trials were video recorded and animal movement was tracked using automated tracking 

software (EthoVision XT 11, Noldus, Netherlands).  All equipment was cleaned with 70% 

ethanol between trials.   

Y-maze: To test working memory, an individual mouse was placed in the start arm of the Y-

maze, which was configured to have one arm closed and one arm open.  The Y-maze also 

contained bedding from the home cage, and black and white spatial cues were placed on all 

four walls of the testing arena to enable orientation.  After 15 min, the mouse was returned to 

the home cage for 1 h before being returned to the maze, which had been reconfigured so that 

all arms were open.  The mouse was free to explore for 5 min and the distance travelled, 

velocity (cm/s) and time spent in the novel arm, start arm and other arm of the maze was 

quantified using EthoVision XT software automated tracking.  
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Elevated plus maze:  The plus-shaped maze consists of 2 opposing open and 2 opposing closed-

in arms, positioned 100 cm off the ground and illuminated with focused light at 120 lux.  

Individual mice were placed in the centre of the maze facing the open arms and allowed to 

explore for 5 min before being returned to their home cage.  EthoVision XT software automated 

tracking was used to analyse each video and quantify the distance travelled, the velocity (cm/s) 

of movement, and the time spent in the open and closed arms of the maze.   

Forced swim test: Individual mice were placed in a 20 cm diameter beaker, containing ~20 cm 

deep water (~21°C).  Mice were closely watched for 5-min and video recorded for manual 

scoring by a blinded experimenter.  Mice were removed, dried and returned to their home cage, 

which was placed on a heat mat for 15 min after testing.  Videos were scored manually to 

determine the proportion of time spent actively swimming or being immobile.  

Marble bury test: Individual mice were placed in clear OptimiceTM cages containing 10 cm of 

clean bedding and 10 marbles that were evenly spaced on the surface of the bedding.  Mice 

were left in the cage with the marbles for 30 min before being returned to their home cage.  The 

number of buried marbles covered was quantified by an experimenter blind to genotype, and a 

buried marble was defined as one that was >50% covered.  

Mouse motor coordination analysis 

Open field test: At P60, individual mice were placed in an open square arena (30 cm2 with 20 

cm high walls), in which the light was focused on its centre (200 lux), creating a darker 

perimeter (~5 cm from each edge).  Each mouse was free to explore for 10 min before being 

returned to the home cage.  The EthoVision XT automated tracking software was used to 

quantify the distance travelled and velocity (cm/s) from video recordings.   

Grip strength: Mouse grip strength was measured using a Grip Strength Meter (GPM-100; 

Melquest, Toyama, Japan). The mouse was positioned to grasp the bar mounted on the force 

gauge and the equipment reset to 0 g after stabilization.  The mouse was slowly pulled back 

and the tension recorded at the time the mouse released its grip.  The test was performed in 

triplicate for each mouse and the experimenter was blind to mouse genotype. 

Gait analysis:  Gait analysis was performed using the DigiGaitTM treadmill imaging system 

(Mouse Specifics, Inc) starting at P45, with assessments at P60, P90, P120 and P180.  Mice 

were habituated to the treadmill enclosure for 5 min before the treadmill was turned on and the 

speed of the transparent belt increased from 18 cm/s to 22 cm/s over 2 min.  Short ~10 sec 
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videos were recorded from underneath the belt as they ran at a speed of 22 (cm/s).  The 10 sec 

videos were cut to a length of ~3-4 seconds in which mice were running straight without 

obvious acceleration or deceleration, by an experimenter blind to treatment group.  The short 

video clips were analysed using the semi-automated DigiGaitTM analysis software.  Each digital 

analysis output was cross checked for processing errors (e.g. a forepaw mistakenly labeled as 

a hind paw) and corrected, if required, before data were exported for statistical analysis.  Data 

for the left and right limbs were pooled, but forelimbs and hindlimbs were analysed separately. 

Beam walk task:  Motor balance and coordination were assessed using the beam walk task 

starting from P45 and repeating at P60, P90, P120 and P180.  Mice were placed at the end of a 

wooden dowel (10 mm diameter, 100 cm length).  After an initial training session, mice were 

video recorded as they ran across the beam and into their home cage bedding, located at the far 

end of the beam.  These videos were manually scored for foot slips by an experimenter blind 

to the treatment groups. A foot slip was scored when a mouse placed any paw below the level 

of the beam.  

Western blot 

P5 mice were euthanized by decapitation and total brain protein lysates generated using lysis 

buffer (50mM Tris-HCL, 150mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS and 

one phosphatase inhibitor tablet).  OPCs were dislodged using a cell scraper and triturated in 

lysis buffer.  Tissue lysates were centrifuged at 13,000 rpm for 10 min at 4°C and the 

supernatant stored at -80°C.   

Protein concentration was quantified by performing a Bradford Assay, using a Pierce BCA 

Protein Assay Kit (Thermo Scientific) with bovine serum albumin (BSA; Sigma A7030) 

standards according to the manufacturer’s instructions.  Briefly, 5 µl of each BSA standard or 

protein lysate was loaded into a 96-well plate in triplicate.  25 µl of the assay solution, 

comprising 1 ml of Reagent A (Bio-Rad, 5000113) and 20 µl of Reagent S (Bio-Rad, 5000115), 

was added to each well, followed by 200 µl of Reagent B (Bio-Rad, 5000114).  After 15 min, 

the plate was analysed using a FLUOstar OPTIMA microplate reader.  Protein concentration 

was plotted against absorbance for each standard and used to calculate the protein concentration 

of each sample. 

Protein expression was quantified by Western blot as previously described (Auderset et al., 

2016).  Briefly, 50µg of each protein lysate was mixed with 4×Blot LDS sample buffer 
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(Invitrogen, B007), 500 mM DL-Dithiothoreitol (DTT; Sigma, D0632) and MilliQ water and 

incubated at 70℃ for 10 min.  5 µl of protein ladder (Invitrogen, LC5925) or a protein sample 

was loaded into each well of a 4-12% Bis-Tris gel (Invitrogen, NW04120BOX) in MES 

running buffer (5% Blot running buffer/ MilliQ water) and run for 40 min at 166 V.  The protein 

was transferred from the gel onto polyvinylidene BlotTM fluoride (PVDF) membrane (Bio-

Rad, 162-0177) in transfer buffer (5% Bolt transfer buffer / 10% Methanol / 0.1% Blot 

antioxidant/ MilliQ water), by performing electrophoresis (20V for 60 min).  The PVDF 

membrane was subsequently blocked with 5% (w/v) powdered milk in 0.05% (v/v) tween-20 

in tris buffered saline (TBS) before being incubated overnight at 4°C with rabbit anti-GluK4 

(Abcam; 1:500). PVDF membranes were washed thrice in TBS-T before being incubated with 

anti-rabbit-HRP diluted in 1% (w/v) powdered milk in TBS-T at 37°C for 1 h.  Antibody 

labelling was detected using a chemiluminescence system (ECL; Millipore, WBKLS0500) and 

imaged using an Amersham imager 600 (GE Healthcare, Chicago, IL).  The expression of the 

control protein β-actin (Sigma, 1:1000) was quantified as it allowed protein expression to be 

standardised between samples.   

Tissue preparation and immunohistochemistry 

Mice were perfusion-fixed with 4% (w/v) paraformaldehyde (PFA; Sigma) in phosphate 

buffered saline (PBS).  Brains were cut into 2 mm-thick coronal slices using a 1 mm brain 

matrix (Kent Scientific) before being post-fixed in 4% PFA (w/v) at room temperature 

(approximately 21°C) for 90 min. Tissue was cryoprotected overnight in 20% (w/v) sucrose 

(Sigma) in PBS and snap frozen in OCT (ThermoFisher) for storage at -80°C. 30 µm coronal 

brain cryosections containing the primary motor cortex and underlying corpus callosum 

(~Bregma +0.5) or the frontal region of the hippocampus (~Bregma -1.5); 30 µm transverse 

spinal cord cryosections (between T1 and T13), or 30 µm sagittal brain sections through the 

cerebellum (~Lateral ±0.02) were collected and processed as floating sections (Cullen et al., 

2019).   

Primary or secondary antibodies were diluted in PBS blocking solution [0.1% (v/v) Triton X-

100 and 10% fetal calf serum in PBS] and applied to sections overnight at 4°C. Primary 

antibodies included goat anti-PDGFRα (1:200; R&D Systems), rabbit anti-ASPA (1:200 

Millipore), rabbit anti-NaV1.6 (1:500; Alamone Labs), mouse anti-CASPR (Clone K65/35; 

1:200; NeuroMab), mouse anti-NeuN (1:200; Millipore); mouse anti-Parvalbumin (1:1000, 

Swant), rabbit anti-Somatostatin (1:1000, Immunostar), mouse anti-Calbindin CD28k (1:1000, 
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Millipore), mouse anti-SMI-32 (1:1000, Covance/Biolegend), mouse anti-SMI312 (1:1000, 

Covance/Biolegend) and rabbit anti-amyloid precursor protein (APP; C-terminal, 1:1000, 

Sigma). Secondary antibodies, conjugated to AlexaFluor -488, -568 or -647 (Invitrogen) 

included donkey anti-goat (1:1000), donkey anti-rabbit (1:1000) and donkey anti-mouse 

(1:1000).  Nuclei were labeled using Hoechst 33342 (1:1000; Invitrogen). 

RNA Scope in situ hybridization 

P180 mice were perfusion fixed and tissue collected as described previously for 

immunohistochemistry, however, all solutions were treated with 0.1 % diethyl pyrocarbonate 

(DEPC; Sigma), to ensure they were RNAse free. 30 µm coronal brain cryosections were 

collected as free-floating sections into DEPC-treated PBS, transferred onto RNase-free slides, 

and allowed to dry at ~21°C for 1 h.  The cryosections were dehydrated by exposure to an 

EtOH series (2 min in 70%, 80%, 90% and 100%) and dried for 30 min at ~21˚C.  A 

hydrophobic barrier pen was used to mark the edges of each slide and contain the RNA Scope 

reagents, that were applied according to the manufacturer’s instructions. Briefly, the 

RNAscope hydrogen peroxide solution (ACD) was applied for 10 min at ~21°C, before the 

slides were washed twice in ultra-pure water.  Slides were then incubated in RNAscope target 

retrieval solution for 7 min at ~102°C, washed twice with ultra-pure water and incubated for 

30 min with RNAscope protease plus solution in a HybEZ oven at 40˚C. 

Probes were applied to slides and hybridised for 2 h in a HybEZ oven at 40˚C.  Slides were 

washed with 1x wash buffer twice before the RNAscope 2.5 HD Reagents Detection Kit Fast 

Red mixture was applied to the tissue for 10 min (~21°C).  Sections were then washed with 

ultra-pure water and mounted with permafluor mounting medium (Sakura).  

Light microscopy and image quantification 

Confocal images were collected using an UltraView Nikon Ti Microscope with Volocity 

Software (Perkin Elmer).  High magnification images (z-spacing of 0.5-2 µm) were collected 

using standard excitation and emission filters for DAPI, FITC (AlexaFluor-488), TRITC 

(AlexaFluor-568) and CY5 (AlexaFluor-647), and stitched together to make a composite image 

of a defined region of interest.  For cell number quantification, low magnification (20x 

objective) confocal z-stack (2 µm spacing) images were collected through the primary motor 

cortex, corpus callosum, spinal cord (grey and white matter) or cerebellum (grey and white 

matter).  The Volocity Software was used to stitched each image series together to make a 

composite image of a defined region of interest.  To measure node of Ranvier (NaV1.6) or 
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paranode (contactin-associated protein; CASPR) length, high magnification (100x) single z-

plane confocal images were collected from the motor cortex or corpus callosum.  Node and 

paranode lengths were only measured when a node and its flanking paranodes were intact 

within a single z-plane.  

In situ hybridization images were collected using an Axiocam 506 light microscope (Carl Zeiss 

Microscopy GmbH).  To quantify RNA puncta, low magnification images (2.5x objective) 

were collected from the motor cortex, the corpus callosum, the frontal hippocampus, the spinal 

cord grey and white matter, or the cerebellar grey and white matter.  Images spanning each 

region were manually stitched together using Photoshop (Adobe), to make a composite image 

to use for quantification.  The density of Grik4 mRNA puncta was quantified by performing a 

particle analysis in Image J (NIH).  The number of puncta within a cluster was determined by 

dividing the cluster area by the area of a single puncta (0.062 µm2).   

All image analysis was carried out using Photoshop (Adobe) or Image J (NIH) by a researcher 

blind to experimental treatment.  Cell quantification and node / paranode length measurements 

were performed manually.  NaV1.6 channel density was derived from the maximum projection 

intensity of each node as described (Arancibia-Carcamo et al., 2017).  SMI-312, SMI-32, APP 

and neuronal nuclear protein (NeuN) antibody labelling was quantified and expressed as a 

proportion of the region of interest (pixel area) covered by immunofluorescence using image 

segmentation as previously described (O’Mara et al., 2017; Collins et al., 2019). 

Transmission electron microscopy 

Transmission electron microscopy was carried out as previously described (Cullen et al., 2021).  

P60 and P180 mice were perfusion fixed with Karnovsky’s fixative (2.5% glutaraldehyde, 2% 

PFA, 0.25mM CaCl2, 0.5mM MgCl2 in 0.1 M sodium cacodylate buffer).  Brains were cut into 

1 mm-thick coronal slices using a 1 mm brain matrix (Kent Scientific) and post-fixed in 

Karnovsky’s fixative for 2 h at ~21°C.  The tissue blocks were rinsed and stored in 0.1 M 

sodium cacodylate buffer overnight.  The medial part of the CC (~Bregma +0.5 to -0.5) was 

dissected and incubated in 1% osmium tetroxide / 1.5% potassium ferricyanide [OsO4 / 

K3Fe(III)(CN)6] in 0.1 M sodium cacodylate buffer in the dark for 2 h at 4°C, before being 

dehydrated in ethanol and propylene oxide, and embedded in Epon812 resin.  Ultrathin 70 nm 

sections were cut using a Leica Ultra-cut UCT7 and stained with uranyl acetate and lead citrate.  

High resolution electron micrographs were captured at 80 kV on a Hitachi HT7700 
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transmission electron microscope.  Sectioning, imaging, and image analysis was carried out by 

an experimenter blind to the treatment group.  

Image analysis was carried out using Image J (NIH). The proportion of myelinated axons, the 

g-ratio of myelinated axons [axon diameter / (axon + myelin diameter)] and signs of axon 

degeneration were measured from at least 100 axons per animal. The number of myelin wraps 

was quantified by counting major dense lines for a minimum of 10 transected axons per mouse, 

from n=4 mice per treatment group.  The average thickness of myelin wraps per axon, and the 

width of the periaxonal space were measured from ultra-high magnification (x100k) images of 

axons ensheathed by compact myelin (≥10 transected axons per mouse, from n=4 mice per 

treatment group). Axon degeneration signs were identified by the presence of electron-dense 

patches inside the axons or dark axons as previously described (Lee et al., 2012) and density 

of axons presenting signs of degeneration calculated from ultra-high magnification (x10k) 

images (10 images per mouse, from n=4 mice per treatment group). To ensure unbiased axon 

sampling and measurements of the periaxonal space width, high magnification images were 

collected and analysed by an experimenter blind to the treatment condition. 

Electrophysiological recordings 

Compound action potential recordings: Compound action potential (CAP) recordings and 

conduction velocity measurements were performed as previously described (Crawford et al., 

2009; Cullen et al., 2021). Following cervical dislocation, the brain was rapidly dissected into 

ice-cold sucrose solution containing: 75 mM sucrose, 87 mM NaCl, 2.5 mM KCl, 1.25 mM 

NaH2PO4, 25 mM NaHCO3, 7 mM MgCl2, and 0.95 mM CaCl2. For recordings from the CC, 

400 µm live coronal brain vibratome (Leica VT1200s) slices were generated spanning Bregma 

+1.0 and -1.0.  All slices were incubated at ~32°C for 45 min in artificial cerebral spinal fluid 

(ACSF) containing 119 mM NaCl, 1.6 mM KCl, 1 mM NaH2PO4, 26.2 mM NaHCO3, 1.4 mM 

MgCl2, 2.4 mM CaCl2 and 11 mM glucose (300 ± 5 mOsm / kg), before being transferred to 

~21°C ACSF saturated with 95% O2 / 5% CO2.  

CAPs were evoked by constant current, stimulus-isolated, square wave pulses (200 ms 

duration, delivered at 0.2 Hz), using a tungsten bipolar matrix stimulating electrode (FHC; 

MX21AEW), and detected using glass recording electrodes (1-3 MΩ) filled with 3M NaCl. To 

quantify CAP amplitude, the asymptotic maximum for the short-latency negative peak 

(myelinated peak; M) was first determined by placing the stimulating and recording electrodes 

1 mm apart and varying the intensity of stimulus pulses (0.3–4.0 mA) using an external 
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stimulus isolator (ISO-STIM 1D) before recording at 80% maximum stimulation. To enhance 

the signal-to-noise ratio, all quantitative electrophysiological analyses were conducted on 

waveforms that were the average of eight successive sweeps, amplified and filtered (10 kHz 

low pass bessel) using an Axopatch 200B amplifier (Molecular Devices), digitized at 100 kHz 

and stored on disk for offline analysis. 

The conduction velocity of myelinated and unmyelinated axons was estimated by changing the 

distance between the stimulating and recording electrodes from 0.5 to 2.5 mm while holding 

the stimulus intensity constant (80% maximum).  The peak latency of myelinated and 

unmyelinated axons was measured at each point and graphed relative to the distance separating 

the electrodes.  A linear regression analysis was performed to determine the slope that is the 

inverse of the velocity for each brain slice.  The average velocity for both CAP components 

was then determined for each animal and this value was used for statistical comparisons. 

Whole cell patch clamp electrophysiology: 300 µm acute coronal brain slices were generated 

and incubated at ~32°C for 45 min in ACSF before being transferred to ~21°C ACSF saturated 

with 95% O2 / 5% CO2 as described for CAP recordings. 

Spontaneous and miniature excitatory post synaptic currents: Acute brain slices, generated 

from P60-70 mice, were transferred to a bath constantly perfused with ACSF (2 mL/min at 

~21ºC). Recording electrodes were prepared from glass capillaries and had a resistance of 3-6 

MΩ when filled with an internal solution containing: 125mM Cs-methanesulfonate, 4 mM 

NaCl, 3 mM KCl, 1 mM MgCl2, 8 mM HEPES, 9 mM EGTA, 10 mM Phosphocreatine, 5 mM 

MgATP and 1 mM Na2GTP set to a pH of 7.2 with CsOH, and an osmolarity of 290 ± 5 

mOsm/kg.  Whole cell patch clamp recordings were collected from pyramidal neurons in layer 

V of the motor cortex (pyramidal soma, capacitance > 75 pF, and membrane resistance < 250 

mΩ; Oswald et al. 2013; Suter et al. 2013), using a HEKA patchclamp EPC800 amplifier and 

pclamp 10.5 software (Molecular devices), with a holding potential of −70 mV. The perfusate 

was switched to ACSF containing 100 µM picrotoxin (Sigma). Spontaneous excitatory post 

synaptic currents (sEPSC) were recorded after 2 min of perfusion using a gap free protocol 

sampled at 50 Hz and filtered at 1 Hz for 3 min. Cells were then washed with ACSF containing 

100 µM picrotoxin and 500 nM tetrodotoxin (TTX; Abcam). Miniature excitatory post-

synaptic currents (mEPSC) were recorded after 2 min perfusion using a 3 min gap free protocol, 

sampled at 50 Hz and filtered at 1 Hz.  Access resistance was recorded before and after each 
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recording and cells were excluded if the access resistance exceeded 20 MΩ.  Cell capacitance 

was calculated using Ohm’s law (V = IR) and the time constant (tau; T = RC) obtained from a 

decay curve evoked by injecting -10 mV using a voltage-step protocol starting from the 

membrane resting potential. Large cells such as neurons cannot have cell capacitance 

accurately calculated. However, this approach has been used previously to estimate cell 

capacitance in oligodendrocyte lineage cells (Spitzer et al., 2019) and different classes of 

neurons (Gentet et al., 2000), and applied to both experimental groups for comparison.  

Measurements were made from data files using Clampfit 10.5 (molecular devices).  sEPSC and 

mEPSC were selected based on an amplitude ≥8 pA and were analysed using the 

MiniAnalysis60 program (Synaptosoft, Decateur, Georgia).  Post-recording, the patch 

electrode was removed from the neuron, which was later identified by detection of neurobiotin 

with a fluorescently conjugated Alexa Fluor® 546 streptavidin (Molecular Probes™; 0.1% 

triton-X-diluent detergent).  This approach was used to confirm that they were indeed layer V 

pyramidal neurons located within the motor cortex. No liquid junction potential correction was 

applied to electrophysiological recordings. 

Neuron action potential analysis: Acute brain slices were generated from P120-180 mice and 

transferred to a bath constantly perfused with ACSF (2 mL/min at ~21ºC). Recording 

electrodes were prepared from glass capillaries and had a resistance of 3-6 MΩ when filled 

with an internal solution containing: 130 mM K-gluconate, 4 mM NaCl, 10 mM HEPES, 0.5 

mM CaCl2, 10 mM BAPTA, 4 mM MgATP and 0.5 mM Na2GTP, with the pH set to 7.4 with 

KOH and an osmolarity of 290 ± 5 mOsm/kg.  Whole cell patch clamp recordings were made 

from layer V pyramidal neurons in the motor cortex, selected based on their pyramidal shaped 

soma, a capacitance < 75 pF and a membrane resistance > 250 mΩ (Oswald et al. 2013; Suter 

et al. 2013), were collected using a HEKA patchclamp EPC800 amplifier and pclamp 10.5 

software (Molecular devices).  A gap free recording was used to determine neuron resting 

potential on current-clamp mode and subsequently drive the amplifier to inject the correct 

amount of current to set the neuron at the initial experimental resting potential of -90 mV. A 

series of current steps from 0-260 pA in 20 pA increments were applied to evoke action 

potentials from the initial experimental resting potential. Following, a single action potential 

evoked by a single square pulse of 300 pA. To enhance the signal-to-noise ratio, quantification 

was performed using the average of eight successive sweeps that were filtered at 3 kHz. No 

liquid junction potential correction was applied to electrophysiological recordings. Action 
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potential parameters were analysed and quantified using Clampfit 11.1 software (Molecular 

devices).   

The action potential firing pattern was derived by counting the number of action potentials 

fired at each current step. The frequency was calculated by dividing the number of action 

potentials by the stimulation time. Action potential firing threshold was calculated using the 

trace derivative to find the point of change in acceleration to 20 mV/ms, indicating the opening 

of a large number of sodium channels.  Initiation time was measured as the time between 

initiation of the current injection and threshold.  Rheobase was obtained by measuring the 

current necessary to hit the single action potential threshold.  Rise time was calculated as the 

time taken from threshold to reach maximum action potential amplitude, and the area under 

the curve (AUC) was obtained by calculating the integral of the peak amplitude automatically 

using the software.  Action potential half-width was obtained by measuring the time when 

rising and decay slopes are at 50% maximum; decay-time was measured as the time elapsed 

between the peak amplitude and the return to baseline. After hyperpolarization was measured 

as the amplitude after action potential threshold until it reaches the baseline. The baseline is 

defined as the voltage before any stimulation is delivered to generate and action potential. 

Statistical analyses 

The number of mice analysed in each group (n) or the number of cells, axons, nodes or 

internodes is indicated in the corresponding figure legend.  Data distributions are presented as 

cumulative distribution plots and per animal data are presented as mean ± SD with all data 

points shown.  All statistical analyses were performed using Prism 8 (GraphPad Software).  

The Shapiro-Wilk test was used to determine if the datasets followed a parametric or non-

parametric distribution.  Data comparing two groups at a single time point were analysed using 

a parametric two-tailed t-test (n = mouse) or a non-parametric Mann-Whitney U test (MWU; 

n = node, paranode, internode or axon).  Cumulative distribution data were analysed using a 

Kolmogorov–Smirnov (KS) test.  Western blot data were analysed using a one-way ANOVA 

with Bonferroni post-hoc test.  Cell and axon densities, affective behaviour, whole cell patch 

clamp electrophysiology and compound action potential data were analysed using a 2-way 

ANOVA with Bonferroni post-test.  The beam walk and grip strength motor behaviour tests 

were analysed using a repeated-measures 2-way ANOVA with a Geisser-Greenhouse 

correction to ensure equal variability and sphericity was not assumed, followed by a Bonferroni 

post-test.  Gait parameters from the DigiGait treadmill were analysed using a restricted 



86 

 

maximum likelihood mixed effects model with a Geisser-Greenhouse correction followed by 

a Bonferroni post-test, as gait parameters could not be obtained for all animals at all ages.  

ANOVA main effects are given in the figure legends. CAP amplitude measured at varying 

distances across the corpus callosum, and CAP amplitude when the CAP was evoked by an 

increasing stimulus strength (mV), were analysed by curve fit and linear regression analyses. 

Whole cell patch clamp electrophysiology data were excluded if access resistance exceeded 20 

MΩ. No other data were excluded. 

Key resources table 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Goat (IgG) polyclonal anti-PDGFRα R&D Systems Cat# AF1062 
RRID:AB_2236897 

Rabbit (IgG) polyclonal anti-ASPA/Nur7 antibody Millipore Cat# ABN1698 
RRID:AB_2827931 

Mouse (IgG1) monoclonal anti-CASPR (Clone K65/35) UC Davis/NIH 
NeuroMab Facility 

Cat# 75-001, 
RRID:AB_2083496 

Mouse (IgG1) monoclonal anti-NeuN Millipore Cat# MAB337, 
RRID:AB_2298772 

Mouse monoclonal anti-Parvalbumin Swant Cat# 235 
RRID:AB_0000343 

Rabbit polyclonal anti-Somatostatin Immunostar Cat# 20067 
RRID:AB_572264 

Rabbit polyclonal anti-Nav1.6 Alamone labs Cat# ASC-009, 
RRID:AB_2040202 

Rabbit polyclonal anti-Calbindin D-28k Millipore Cat# AB1778 
RRID:AB_2068336 

Mouse (IgG1) monoclonal anti-Neurofilament H non-
phosphorylated (SMI-32) 

Covance (Biolegend) Cat# 801702 
RRID:AB_2715852 

Mouse (IgG1) monoclonal anti-Pan-neurofilament 
phosphorylated (SMI-312) 

Covance (Biolegend) Cat# 837904   
RRID:AB_2566782 

Rabbit polyclonal anti-APP (C-terminal) Sigma Cat# A8717 
RRID:AB_258409 

Donkey anti-rat Alexa Fluor -488 Thermo Fisher 
Scientific 

Cat# A-21208, 
RRID:AB_2535794 

Donkey anti-mouse Alexa Fluor-568 Thermo Fisher 
Scientific 

Cat# A10037, 
RRID:AB_2534013 

Donkey anti-goat Alexa Fluor-568 Thermo Fisher 
Scientific 

Cat# A-11057, 
RRID:AB_2534104 

Donkey anti-rabbit Alexa Fluor -647 Thermo Fisher 
Scientific 

Cat# A-31573, 
RRID:AB_2536183 

Hoechst 33342 Invitrogen Cat# H1399, 
RRID:n/a 

Experimental Models: Organisms/Strains 

C57BL/6J The Jackson 
Laboratories 

IMSR Cat# 
JAX:000664, 
RRID:IMSR_JAX:00
0664 

Grik4-/- The Jackson 
Laboratories 

Cat# JAX:005975, 
RRID:IMSR_JAX:00
5975 
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Oligonucleotides   

Grik4 P1 Integrated DNA 
Technologies 

n/a 

Grik4 P2 Integrated DNA 
Technologies 

n/a 

Grik4 P6 Integrated DNA 
Technologies 

n/a 

Software 

Fiji (Image J) https://imagej.nih.gov/i
j/ 

RRID:SCR_002285 

Etho Vision XT Noldus RRID:SCR_000441 

GraphPad Prism (version 8) GraphPad Software, 
Inc. 

RRID:SCR_002798 

pClamp (version 11) Molecular Devices RRID:SCR_011323 

Volocity 3D Image Analysis Software Perkin Elmer RRID:SCR_002668 

Other 

Kepco Bop 100-4M programmable power supply TMG test equipment n/a 

BenchLink waveform builder Agilent Technologies Part # 33521A 

GM08 Gauss Meter, DC and 15Hz - 10kHz Hirst Magnetic 
Instruments 

n/a 

Scientifica SliceScope Pro 1000 electrophysiology rig Scientifica Ltd. n/a 

Axopatch 200B patch clamp amplifier Axon Instruments n/a 

HEKA EPC800 patch clamp amplifier Digitimer Ltd. n/a 

Axon CNS Digidata 1440A digitiser Molecular devices n/a 

Iso-Stim 01D stimulus isolator NPI Electronic n/a 

DigiGaitTM gait analysis system Mouse Specifics, Inc. n/a 

RNAscope 2.5 HD Detection Kit-RED ACD labs Cat# 32360 

Permafluor mounting medium Sakura Cat# 6419 

Results 

Grik4 mRNA is expressed throughout the brain and spinal cord 

Gluk4- and Gluk5-containing kainate receptors are highly expressed in the hippocampus, and 

whole cell patch clamp recordings from hippocampal CA3 pyramidal neurons in P14-28 mice 

revealed that ~80% of kainate receptor-mediated currents are conducted by Gluk4-containing 

receptors (Fernandes et al., 2009).  However, RNA sequencing data from the postnatal mouse 

cortex suggest that Gluk4-containing kainate receptors are also expressed outside of the 

hippocampus, perhaps by neurons and glia in the brain (Zhang et al., 2014).  To quantify the 

expression of Grik4 mRNA in the cortico-motor circuit, we performed RNA Scope in situ 

hybridisation on 20 µm coronal brain and transverse spinal cord cryosections (Figure 3.1a-e).  

Cells with discrete Grik4 mRNA puncta (red) were detected in all regions of the CNS that we 

examined but were particularly dense in the CA3 region of the hippocampus (Figure 3.1a, f, 

g), which acted as our positive control.  Grik4+ cells were distributed throughout the adult 

mouse motor cortex (Figure 3.1b, f), but Grik4 was highly expressed by cells in layers II/III 

(Figure 3.1c, h).  In situ labelling of the underlying corpus callosum showed that Grik4 was 



88 

 

 

 

Figure 3.1.  Grik4 is expressed throughout the brain motor regions. a-e) Example images of RNA 

Scope in situ hybridisation showing Grik4 (red) expression in the hippocampus, motor cortex, motor 

cortex layers, corpus callosum and spinal cord. f) Average Grik4 puncta/mm2 in the four brain motor 

regions [1 way ANOVA F(3,11) = 68.09, p<0.0001]. g) Average Grik4 puncta/mm2 in the hippocampus 

CA1/2, CA3 and dentate gyrus DG [1 way ANOVA F(2,9)=24.94, p<0.0002]. h) Average Grik4 

puncta/mm2 in the motor cortex layers I to VI [1 way ANOVA F(4,15)=45.58, p<0.0001]. Values 

represent mean ± SD, * p = < 0.05, ** p = < 0.01, *** p = < 0.001, **** p = < 0.0001 unpaired t-test 

and 1 way analysis of variance (ANOVA) with Bonferroni’s post-test, n=3-4 animals. i) Average Grik4 

puncta/mm2 in the spinal cord white matter (SC WM) and grey matter (SC GM) [t-test, t=3.117, 

p<0.0356]. Scale bars represent (a-b) 500 µm, (c-d) 100 µm and (e) 50 µm. 
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Figure 3.2.  Gluk4 can be successfully deleted from the mouse brain. a) Schematic representation of 

kainate receptors from wild type and Grik4-/- mice. The knock-out strategy produces a GluK4 subunit 

lacking the pore forming sequence of the protein and therefore a non-functional kainate receptor. b-d) 

Gluk4 protein western blot from wild type and Gluk4 knock-out mice (homozygous and heterozygous) 

showing unchanged levels of GluK4 expression after gene deletion for the ~107 kDa [1 way ANOVA, 

F(2,6)=4.993, p=0.0529] and ~38 kDa [1 way ANOVA, F(2,6)=2.590, p=0.1546] bands.  e) PCR 

strategy to identify the deletion of Grik4 EXON16 after knock-out in wild type and Grik4-/- mouse 

genomic DNA. f) PCR strategy to genotype wild type and Grik4-/- (homozygous and heterozygous) 

mice using genomic DNA. Values represent mean ± SD, 1 way analysis of variance (ANOVA) with 

Bonferroni’s post-test, n=3 animals. 



90 

 

 

 

Figure 3.S1. Mouse weight and brain size remains normal after gene deletion. k-l) total body weight 

is unchanged after Grik4 gene knock-out. a-h) Example images of Grik4-/- and wild type mice brain 

collected and analysed at postnatal day 0, 20, 60 and 180 showing mouse brain i) weigh [2 way ANOVA 

Type F (3, 41) = 0.1499 p=0.9291, Genotype F (3, 41) = 0.1499 p=0.9291, Interaction F (1, 41) = 

0.09496 p=0.7595] and j) size [2 way ANOVA Type F (3, 44) = 1.033 p=0.3871, Genotype F (3, 44) = 

550.0 p<0.0001, Interaction F (1, 44) = 3.025 p=0.0890] is normal. Values represent mean ± SD, **** 

p = < 0.0001 two-way analysis of variance (ANOVA) with Bonferroni’s post-test, n=5-10 animals both 

genotypes.  
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expressed at considerably lower levels in the white matter than the grey matter (Figure 3.1d), 

however, Grik4 mRNA puncta were still identified on individual cell bodies located throughout  

the white matter tract (Figure 3.1f).  These data indicated that Grik4 mRNA was expressed by 

one or more glial cell types.  In the spinal cord, Grik4+ cells were similarly detected in the grey 

and white matter, with the grey matter having a higher density of puncta than the white matter 

(Figure 3.1e, i).  

Gluk4-containing kainate receptors are critical regulators of affective behaviour 

As Grik4 is expressed throughout the brain and spinal cord, Gluk4-containing kainate receptors 

likely influence the function of multiple neural circuits.  To explore this possibility, we utilised 

Grik4-/- mice (Fernandes et al., 2009) which lack exon 16 corresponding to the Gluk4 pore 

forming sequence and generate non-functional Gluk4-containing kainate receptors (see 

schematic in Figure 3.2a).  Consequently, Gluk4 is expressed at equivalent levels in protein 

lysates generated from the brains of P5 wildtype (WT), Grik4 +/- and Grik4 -/- mice (Figure 

3.2b-d).  By Western blot, anti-Gluk4 detected the expected 107 kDa band (Figure 3.2c), 

corresponding to Gluk4 (Watanabe-Iida et al., 2016), in all samples analysed, which confirmed 

that the loss of exon 16, does not produce a notable change in the size of this protein.  We also 

detected a smaller 38 kDa band (Figure 3.2d) that has been previously reported (Marrocco et 

al., 2012) and may correspond to an uncharacterised cleavage product or reflect non-specific 

binding of the antibody.  Grik4 -/- mice develop normally, as male and female mice reach their 

normal body and brain weight (Figure 3.S1) and Grik4 -/- are fertile.  

To determine whether Gluk4-containing kainate receptors are critical for hippocampal-

dependent spatial working memory, the performance of P60 WT and Grik4 -/- mice (n ≥ 9 mice 

per group) was evaluated using the Y-maze test (Figure 3.3a, b).  Mice of both genotypes 

explored the maze and spent more time in the novel arm relative to the initial or second arm 

(Figure 3.3c).  While short-term memory was normal in Grik4 -/- mice, the mice re-entered the 

novel arm more frequently than their WT counterparts, which may reflect some level of 

hyperactivity (Figure 3.3d).  Due to the wide-spread nature of Grik4 expression, we next 

determined whether Gluk4-containing kainate receptors could influence the function of neural 

circuits important for affective behaviours.  In the elevated plus maze, both WT and Grik4 -/- 

mice spent time in the open and closed arms of the maze (Figure 3.3e, f), however, when this 

was quantified, Grik4 -/- mice spent significantly more time in the open arms of the maze than 

WT mice, suggesting they were less prone to anxiety-like behaviour (Figure 3.3g). Grik4-/- 
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Figure 3.3.  Gluk4 knock-out mice are hyperactive and less prone to anxiety and depression like 

behaviour. a-d) Y-maze test showing increased novel arm entrance frequency [2 way ANOVA with 

Bonferroni post-test: Frequency F(2,57)=6.068 p<0.0041, Genotype F(1,57)=10.17 p<0.0023, 

Interaction F(2,57)=0.3398 p=0.7133. Mean ± SEM, n=9-11 animals each genotype]but no change in 

time spent in it [2 way ANOVA with Bonferroni post-test: Time F(2,57)=29.43 p<0.0001, Genotype 

F(1,57)=0.0053 p=0.9417, Interaction F(2,57)=1.614 p=0.2080. Mean ± SEM, n=9-11 animals each 

genotype] suggesting hyperactivity but not change in short term memory after Grik4 knock-out. e-h) 

Grik4-/- mice spent more time [2 way ANOVA with Bonferroni post-test: Time F(2,99)=42.99 

p<0.0001, Genotype F(1,99)=0.0468 p=0.829, Interaction F(2,99)=3.005 p=0.0541. Mean ± SEM, n=9-

11 animals each genotype] and entered more frequently [2 way ANOVA with Bonferroni post-test: 

Frequency F(2,99)=121.5 p<0.0001, Genotype F(1,99)=19.76 p<0.0001, Interaction F(2,99)=5.761 

p=0.0043. Mean ± SEM, n=9-11 animals each genotype] in the open arms compared to wild type during 

elevated plus maze behaviour test suggesting the gene deletion cause a reduction in anxiety-like 

behaviour. i-l) Example traces of Grik4-/- mice performance on open field test showing increased mean 

velocity [unpaired t-test, t=3.745, p=0.0014] and total distance moved [unpaired t-test, t=3.743, 

p=0.0014] compared to wild type suggesting hyperactive behaviour. m-n) Grik4-/- mice spent less time 

immobile [unpaired t-test, t=3.627, p=0.0018] and had an increased latency to first immobility [unpaired 

t=test, t=2.351, p=0.0296] on forced swim test suggesting they are less prone to depressive-like 

behaviour. o) Marble burry test for anxiety-like behaviour showing an unchanged percentage of marbles 

buried by both wild type and Grik4-/- mice [unpaired t-test, t=1.160, p=0.2605]. Values represent mean 

± SD (unless stated differently above), * p = < 0.05, ** p = < 0.01 unpaired t-test and 2 way analysis of 

variance (ANOVA) with Bonferroni’s post-test, n=9-11 animals both genotypes. 
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Figure 3.4.  Grik4-/- mice have impaired fine motor coordination. a) Schematic timeline illustrating 

motor and affective behaviour time points analysed. b) Grip strength analysis of WT and Grik4-/-mice 

performed during motor behaviour indicating no significant loss of muscle tone [RM 2 way ANOVA 

with Bonferroni post-test: Time F(3.302,62.75)=2.443 p=0.0667, Genotype F(1,19)=0.0253 p=0.9752, 

Interaction F(4,74)=0.2409 p=0.9143. Mean ± SD, n=9-11 mice each genotype]. Analysis of mouse 

gaiting parameters (Digi Gait) (c) stance width [2 way ANOVA with Bonferroni post-test: Time 

F(4,77)=1.532 p=0.2012, Genotype F(1,77)=43.13 p<0.0001, Interaction F(4,77)=2.053 p=0.0952], (d) 

stride length [2 way ANOVA with Bonferroni post-test: Time F(4,77)=2.313 p=0.0650, Genotype 

F(1,77)=2.164 p=0.1443, Interaction F(4,77)=0.4309 p=0.7859] and (e) swing time/stride [2 way 

ANOVA with Bonferroni post-test: Time F(4,77)=0.9190 p=0.4573, Genotype F(1,77)=21.53 

p<0.0001, Interaction F(4,77)=1.214 p=0.3117] showing a change in the walking patterns of Grik4-/- 

mice compared to wild type. f-i) Example images of mice during beam walk analysis of balance and 

coordination. Grik4-/- animals presented increased number of foot slips per total number of steps [2 

way ANOVA with Bonferroni post-test: Time F(4,93)=5.453 p=0.0005, Genotype F(1,93)=21.69 

p<0.0001, Interaction F(4,93)=2.808 p=0.0299] suggesting loss of fine motor coordination over time. 

Values represent mean ± SEM, two-way analysis of variance (ANOVA) with Bonferroni’s post-test 

(unless stated above), n=9 wild type and n=11 Grik4-/- animals.
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Figure 3.S2. Mouse forelimb gating parameters unaffected by Grik4 knock out. Analysis of mouse 

forelimbs gaiting parameters (Digi Gait) of Grik4-/- mice compared to wild type. a) stride frequency [2 

way ANOVA with Bonferroni post-test: Time F(3,62)=4.092 p=0.0103, Genotype F(1,62)=4.656 

p=0.0348, Interaction F(3,62)=1.990 p=0.1246], b) stride length [2 way ANOVA with Bonferroni post-

test: Time F(3,62)=3.945 p=0.0122, Genotype F(1,62)=3.354 p=0.0718, Interaction F(3,62)=1.535 

p=0.2142], c) stance width [2 way ANOVA with Bonferroni post-test: Time F(3,62)=4.525 p=0.0062, 

Genotype F(1,62)=0.2570 p=0.6140, Interaction F(3,62)=0.9137 p=0.4396], d) Stance time [2 way 

ANOVA with Bonferroni post-test: Time F(3,62)=3.169 p=0.0304, Genotype F(1,62)=0.7933 

p=0.3766, Interaction F(3,62)=1.125 p=0.3459], e) Absolute paw angle [2 way ANOVA with 

Bonferroni post-test: Time F(3,62)=1.563 p=0.2072, Genotype F(1,62)=1.752 p=0.1905, Interaction 

F(3,62)=0.3310 p=0.8029], f) swing time [2 way ANOVA with Bonferroni post-test: Time 

F(1,62)=7.792 p=0.0070, Genotype F(3,62)=4.029 p=0.0110, Interaction F(3,62)=1.766 p=0.1629]. 

Values represent mean ± SEM, 2-way analysis of variance (ANOVA) with Bonferroni’s post-test, n=9 

wild type and n=11 Grik4-/- animals. 
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mice also entered the open arm and centre of the maze more often than WT mice (Figure 3.3h), 

again suggesting that they are hyperactive.  Despite Grik4 -/- mice showing less anxiety in the 

elevated plus test, they buried an equivalent number of marbles as WT mice in the marble bury 

test (Figure 3.3i), which evaluates anxiety and obsessive or compulsive behaviours. Grik4-/- 

mice also spent less time immobile in the forced swim test (Figure 3.3j) and spent more time 

moving before their first period of immobility (Figure 3.3k).  These data may suggest that 

Grik4 -/- mice are less prone to depressive-like behaviour, or again may reflect the generalised 

hyperactivity of these mice.   

 

Grik4 -/- mice have impaired fine motor coordination 

As Grik4 mRNA was highly expressed by large neurons, presumably pyramidal neurons in the 

motor cortex and motor neurons in the spinal ventral horn, we next aimed to determine whether 

Gluk4-containing kainate receptors are critical for normal motor function.  We evaluated the 

motor function of WT and Grik4 -/- mice between P45 and P180 (Figure 3.4a).  At all 

timepoints, the grip strength (measured collectively for all four paws) of WT and Grik4 -/- mice 

was equivalent (Figure 3.4b), indicating that muscle strength was not impacted by Gluk4-

containing kainate receptor signalling.  Consistent with our findings in the Y-maze and elevated 

plus maze, P60 WT and Grik4 -/- mice were readily able to move around in an open field arena 

(Figure 3.4c, d), but Grik4 -/- mice moved more quickly and covered a greater distance (Figure 

3.4e, f).  To analyse the gait of WT and Grik4 -/- mice when they are being forced to move at 

an equivalent pace (22 cm/s), we placed WT and Grik4-/- mice on the Digigait treadmill.  

Forelimb and hindlimb parameters were measured and expressed as the average of left and 

right paws.  Forelimb gait parameters were normal (Figure 3.S2), however, hindlimb 

movement were altered in the Grik4 -/- mice (Figure 3.4g-i).  Hindlimb stance width was 

reduced (Figure 3.4g) and while stride length was unchanged (Figure 3.4h), the swing time 

formed a higher proportion of the stride (Figure 3.4i).  This phenotype appears most striking 

prior to 4 months of age, however, from P120 ~30% of the mice in each group would not walk 

on the treadmill and were not analysed across the full time-course.  Indeed, it seems unlikely 

that the gait phenotype detected in Grik4 -/- mice reduced with ageing, as their performance in 

the beam walk test became increasingly worse with age (Figure 3.4j, k).  At P45, WT and 

Grik4-/- mice recorded an equivalent number of foot slips as they walked across a suspended 

beam, indicating that their balance and fine motor coordination were equivalent, however, at 
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P120 and P180, the number of foot slips made by Grik4 -/- mice was significantly higher than 

WT mice (Figure 3.4l).  

Cell density measures and myelin are normal in Grik4 -/- mice 

To investigate the cause of motor impairment in Grik4 -/- mice, we first quantified neuron and 

interneuron density in the motor regions of the brain.  In particular, we performed 

immunohistochemistry on P20, P60 and P180 WT and Grik4 -/- mice to detect NeuN (Figure 

3.5a-f), a neuronal marker expressed by projection neurons but few interneurons in the motor 

cortex (Clarke et al., 2012), and the interneuron markers, parvalbumin (Figure 3.5g-l) and 

somatostatin (Figure 3.5m-r).  We found that significantly more cortical neurons expressed 

NeuN (Figure 3.5s) than parvalbumin (Figure 3.5t) or somatostatin (Figure 3.5u) in WT and 

Grik4 -/- mice, but the density of each neuronal subtype was not affected by genotype.  

Moreover, the density of NeuN+ (Figure 3.S3), parvalbumin+ or somatostatin+ (Figure 3.S4) 

neurons in each cortical layer was also normal.  Neuronal density was also normal in the 

cerebellum of Grik4 -/- mice (Figure 3.S5), confirming that the loss of Grik4 does not grossly 

impact neuronal subtype distribution prior to impacting motor behaviour.   

CAP amplitude is decreased in Grik4 -/- mice 

A subset of projection neurons in the motor cortex have transcallosal axons that facilitate 

communication between the cortical hemispheres.  To determine whether Grik4 influences 

communication between the motor cortices, we examined the axon composition of the corpus 

callosum, at the level of the motor cortex.  Ultrathin sagittal sections, that transected the medial 

corpus callosum of P60 and P180 WT and Grik4 -/- mice were imaged by TEM (Figure 3.6a-

d).  At P60 and P180, total axon density was equivalent in WT and Grik4 -/- mice (Figure 3.6e), 

and the density of axons that were myelinated (Figure 3.6f) or unmyelinated (Figure 3.6g) 

was also unaffected by genotype.  We found that the proportion of callosal axons that were 

myelinated increased between P60 and P180 in WT and Grik4  -/- mice (Figure 3.6h), which 

is consistent with central myelination continuing throughout adulthood (Dimou et al., 2008; 

Rivers et al., 2008; Young et al., 2013; Yeung et al., 2014; Hill et al., 2018; Hughes et al., 

2018).  The average diameter of myelinated (Figure 3.6i) and unmyelinated (Figure 3.6j) 

axons and the axon diameter distribution within the corpus callosum (Figure 3.S6) were 

equivalent in WT and Grik4 -/- mice.  Furthermore, the g-ratio of myelinated axons, which 

provides a measure of myelin thickness relative to axon diameter, was not affected by the loss 
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of Grik4 (Figure 3.6k-p).  Nor were the number of myelin wraps surrounding the myelinated 

 

  

 

Figure 3.5. Neuron and interneuron density in the primary motor cortex not affected by GluK4 

knock-out. Example images of a-f) total neurons (NeuN+ cells) and g-r) interneurons (PARV+ and 

SOM+ cells) in the primary motor cortex of wild type and Grik4-/- mice at postnatal day 20, 60 and 180. 

s-u) Neuron and interneuron cells density is unchanged after gene deletion. SOM+ cell density in both 

groups reduces after P20 [2 way ANOVA with Bonferroni post-test: Time F(2,18)=23.02 p<0.0001, 

Genotype F(1,18)=5.761 p=0.0274, Interaction F(2,18)=0.2326 p=0.7948]. Values represent mean ± 

SD, ****p = < 0.0001  2 way analysis of variance (ANOVA) with Bonferroni’s post-test, n=4 animals 

both genotypes. Scale bars represent 20 µm. 
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Figure 3.S3. GluK4 gene deletion does not affect neuron cell density in primary motor cortex layers. 

a-c) Example images of neurons (NeuN+ cells) in primary motor cortex layers 1 to 6 from wild type 

and Grik4-/- mice at postnatal day 20, 60 and 180. d-f) Cell density in cortical layers unchanged after 

gene deletion. [ 2 way ANOVA with Bonferroni post-test: P20 Interaction F(4, 30)=1.332 p=0.2810, 

Layer F(4, 30)=52.81 p<0.0001, Genotype F(1, 30)=7.534 p=0.0101; P60 Interaction F(4, 30)=0.3656 

p=0.8311, Layer F(4, 30)=30.63 p<0.0001, Genotype F(1, 30)=5.710 p=0.0234; P180 Interaction F(4, 

30)=1.287 p=0.2973, Layer F(4, 30)=29.20 p<0.0001, Genotype F(1, 30)=3.694 p=0.0642]. Values 

represent mean ± SD, *p < 0.05, two-way analysis of variance (ANOVA) with Bonferroni’s post-test, 

n=4 animals both genotypes. Scale bars represent 100 µm. 
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Figure 3.S4. GluK4 gene deletion does not affect interneurons cell density in primary motor cortex 

layers. a-c) Example images of interneurons (PARV+ and SOM+ cells) in primary motor cortex layers 

1 to 6 from wild type and Grik4-/- mice. d-i) Grik4 knock-out does not affect interneuron cells density 

in the cortical layers in the primary motor cortex of mice at postnatal day 20, 60 and 180. [2 way 

ANOVA with Bonferroni post test: Parvalbumin P20 Interaction F(4, 30)=0.3128 p=0.8672, Layer F(4, 

30)=24.28 p<0.0001, Genotype F(1, 30)=2.701 p=0.1107; P60 Interaction F(4, 30)=1.042 p=0.4020, 

Layer F(4, 30)=40.34 p<0.0001, Genotype F(1, 30)=8.462 p=0.0068; P180 Interaction F(4, 

45)=0.3183p =0.8643, Layer F(4, 45)=13.65 p<0.0001, Genotype F(1, 45)=9.220 p=0.0040: 

Somatostatin P20 Interaction F(4, 30)=2.486 p=0.0646, Layer F(4, 30)=12.02 p<0.0001, Genotype F 

(1, 30)=14.15 p=0.0007; P60 Interaction F(4, 30)=1.347 p=0.2756, Layer F(4, 30)=33.92 p<0.0001, 

Genotype F(1, 30)=7.378 p=0.0108; P180 Interaction F(4, 30)=0.1582 p=0.9577, Layer F(4, 30)=11.09 

p<0.0001, Genotype F(1, 30)=8.192 p=0.0076]. Values represent mean ± SD, *p < 0.05, ***p < 0.001 

two-way analysis of variance (ANOVA) with Bonferroni’s post-test, n=4-7 animals both genotypes. 

Scale bars represent 100 µm. 
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Figure 3.S5. Neuron and interneuron density in the cerebellum unaffected after GluK4 deletion. a-

c) Neuronal marker staining (NeuN+) percentage of area coverage is unchanged in the cerebellum white 

and grey matter at postnatal day 180 [t-test, t=0.7914, p=0.4646]. d-g) Example images of interneurons 

(PARV+ and CALB+ cells) in the cerebellum white and grey matter of wild type and Grik4-/- mice. h) 

Interneuron cell density is not affected by GluK4 knock-out at postnatal day 180 [2 way ANOVA with 

Bonferroni post test: Type  F(1, 10)=392.1 p<0.0001, Genotype F(1, 10)=0.008098 p=0.9301, 

Interaction F(1, 10)=0.0001805 p=0.9895]. Values represent mean ± SD, unpaired t-test and two-way 

analysis of variance (ANOVA) with Bonferroni’s post-test, n=3-4 animals both genotypes. Scale bars 

represent (a, b, d and e) 100 µm and (f and g) 20 µm. 
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axons (Figure 3.8i) or myelin thickness (Figure 3.8j, l, m).  These data indicate that GluK4-

containing kainate receptor signalling is not required for transcallosal axon development or 

callosal myelination. 

Axon diameter and myelination are two key parameters that strongly influence action potential 

conduction velocity in the CNS, but they are not the only determinants of conduction velocity 

(Ford et al., 2015; Cullen et al., 2021). To determine whether action potentials traverse the 

corpus callosum at the same speed in WT and Grik4 -/- mice, we performed CAP recordings at 

P180 (see schematic in Figure 3.7a).  The peak latency measured was plotted relative to the 

distance separating the stimulating and recording electrodes and was used to determine the 

CAP conduction velocity.  We found that the conduction velocity of action potentials in 

myelinated or unmyelinated callosal axons was normal in Grik4 -/- mice (Figure 3.7b-f).  

Surprisingly, in slices generated from Grik4 -/- mice the myelinated axons CAP amplitude was 

reduced by ~30% while the CAP amplitude of unmyelinated axons was unchanged (Figure 3.7 

g, h, i).  This phenotype was not the result of knockout mice having fewer axons (see Figure 

3.6e-g) or the callosal axons having a higher stimulation threshold, as CAP amplitude was 

reduced, even at higher stimulation strengths (Figure 3.7i, j).  The half-width of the myelinated 

and unmyelinated CAP peaks was equivalent in WT and Grik4 -/- mice (Figure 3.7l) which 

also indicates that the decrease in CAP amplitude does not result from callosal axons in the 

Grik4 -/- mice having more variable conduction speeds.   

CAP amplitude can be impacted by more subtle neurodegenerative changes in axons (Lee et 

al., 2012; Reeves et al., 2016; Philips et al., 2021). To explore this possibility, we examined 

the electron micrographs of P60 and P180 WT and Grik4 -/- mice.  In particular, we used high-

magnification images to measure the size of the periaxonal space (Figure 3.8e-h), a small fluid-

filled gap that exists between the axon and the internode that can swell in response to 

pathological changes in the axon (Aboul-Enein et al., 2003). Periaxonal space was identified 

in the myelinated axons as a gap between the electron-dense myelin wraps (dark) and the axon, 

and the distance between the myelin and axon electron-dense lipid bilayer measured using 

ImageJ (see Figure 3.8e-h, blue). At P60 periaxonal space was normal, however, by P180 the 

size of the periaxonal space (average per mouse) was increased in Grik4 -/- mice when 

compared with WT mice (Figure 3.8k).  The cumulative distribution plots of periaxonal space 

measurements from mice of each genotype also showed that the loss of Grik4 resulted in an 

increase in periaxonal space size by P180 (Figure 3.8n, o).  We also noted that there was no 
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Figure 3.6. Gluk4 knock-out does not affect corpus callosum axon density and myelin ultrastructure. 

a-d) Example images of myelin ultrastructure in the medial corpus callosum of wild type and Grik4-/- 

mice at postnatal day 60 and 180. GluK4 knock-out does not affect e-g) axon density, h) percentage of 

myelinated axons and i) myelinated & j) unmyelinated axon diameter. Values represent mean ± SD, * 

p < 0.05, *** p < 0.001, **** p = < 0.0001 2 way analysis of variance (ANOVA) with Bonferroni’s 

post-test, n=4-5 animals both genotypes. k-p) Myelin g-ratio remains intact at postnatal day 60 and 180 

after Gluk4 knock-out. Data represented mean ± SD, linear regression, Mann-Whitney, Kolmogorov-

Smirnov and unpaired t-test, n=4-5 animals both genotypes. Scale bars represent 500 nm. 
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Figure 3.7. Gluk4 knock-out reduces corpus callosum axon fibres CAP amplitude while conduction 

velocity remains unchanged. a) Scheme of stimulating and recording electrodes placement in the 

medial corpus callosum in acute brain slices of P180 of wild type and Grik4-/- mice. b-c) Curve fit 

showing a change in amplitude over sustained across every distance point measured only on myelinated 

axon fibres [Curve fit, myelinated F(3,54)=5.245 p=0.003, unmyelinated F(3,54)=2.081 p=011.35]. d-

f) Conduction velocity in both myelinated and unmyelinated axon fibres is unaffected after Gluk4 knock 

-out. g-h) Example traces of myelinated and unmyelinated CAP amplitude at maximum stimulus 

response (8.75 pA) and at an optimal electrode distance (1 mm). i-k) Amplitude of myelinated fibres is 

reduced by 30% when Gluk4 is non-functional [2 way ANOVA,  Time F(1,26)=140.0 p<0.0001, 

Genotype F(1,26)=4.368 p=0.0465, Interaction F(1,26)=3.939 p=0.0578; Linear regression, Myelinated 

F(1,652)=35.46 p<0.0001, Unmyelinated F(1,652)=20.11 p<0.0001] while unmyelinated fibres 

amplitude and half-width of myelinated and unmyelinated fibres remain unchanged. Values represent 

mean ± SD, * p < 0.05, ** p < 0.01, *** p < 0.001, 2 two-way analysis of variance (ANOVA) with 

Bonferroni’s post-test, and mean ± SE for linear regression and curve fit, n=4-5 animals both genotypes.  
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Figure 3.S6. Axon diameter in the corpus callosum not affected by Gluk4 deletion. Example images 

of a-d) myelinated and e-h) unmyelinated axon ultrastructure in the medial corpus callosum of wild 

type and Grik4-/- mice at postnatal day 60 and 180. i-j) Myelinated [Kolmogorov-smirnov test, P60 

p=0.0123, P180 p=0.0960] and k-l) unmyelinated [Kolmogorov-smirnov test, P60 p= 0.0958, P180 p= 

0.0046] axon diameter is not largely affected by GluK4 knock-out. Values represent mean ± SD, * p < 

0.05, ** p < 0.01, Mann-Whitney and Kolmogorov-Smirnov test, n=4-5 animals both genotypes. Scale 

bars represent (a-d) 50 nm and (e-h) 100 nm. 
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correlation between periaxonal space width and myelin thickness (Figure 3.S7).  At P180, we 

also detected  the presence of electron-dense patches or clumps (see Figure 3.S8a-d) within 

myelinated callosal axons, termed inclusions for simplicity.  These inclusions have been 

reported previously as early signs of axon degeneration (Lee et al., 2012).  While these were 

rare in WT and Grik4 -/- mice, they occurred more frequently in myelinated axons in the Grik4 

-/- mice (Figure 3.S8).  Despite these suggestions that the transcallosal axons of P180 Grik4 -/- 

mice may be showing early signs of neurodegeneration, the axons did not show signs of overt 

neurodegeneration.  When brain cryosections from P180 WT and Grik4 -/- mice were stained 

to detect phosphorylated neurofilaments and aggregated APP, these classic hallmarks of axon 

degeneration (Gudi et al., 2017; Collins et al., 2019) were absent from mice of both genotypes 

(Figure 3.S9). 

If minor axon degeneration was to account for the reduction in myelinated CAP amplitude 

observed in Grik4 -/- mice, we proposed that it would be more evident as the CAP traversed 

greater distances i.e. more axons would fail to conduct.  To explore this possibility, we 

measured the CAP amplitude from recordings where the stimulating and recording electrodes 

were separated by increasing distance.  We found that Grik4 -/- mice have the myelinated CAP 

amplitude reduced by ~30% at each distance (Figure 3.7b), but no significant alterations in 

CAP amplitude in unmyelinated axons was found (Figure 3.7c).  Therefore, the signs of minor 

axon degeneration in Grik4 -/- mice is unlikely to account for the impact that Gluk4-kainate 

receptors have on myelinated axons CAP amplitude. 

Voltage gated sodium channels appear normal in Grik4 -/- mice 

As INa and IK shape the CAP, a change in voltage-gated sodium or voltage-gated potassium 

channel expression or conduction could influence CAP amplitude.  To explore this possibility 

we performed immunohistochemistry on P60 and P180 WT and Grik4 -/- brain cryosections to 

detect NaV1.6 expression within nodes of Ranvier (red) in the corpus callosum and Caspr within 

the flanking paranodes (green; Figure 3.9a-d).  The nodes and paranodes appeared grossly 

normal, and while node length was found to be longer in P60 Grik4 -/- mice compared to WT 

mice, this phenotype was no longer present at P180 (Figure 3.9e-g).  Paranode length was 

equivalent in WT and Grik4 -/- mice at both ages examined (Figure 3.9h-j).  By measuring the 

intensity of immunofluorescence for nodal NaV1.6, between the flanking paranodes, we 

determined that NaV1.6 channel density was normal in P180 Grik4 -/- mice (Figure 3.9k-m).   
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Figure 3.8. Gluk4 deletion results in an increased periaxonal space at postnatal day 180. Example 

images of a-d) myelin wraps and e-h) periaxonal space from myelinated axons in the medial corpus 

callosum of wild type and Grik4-/- mice at postnatal day 60 and 180. i) Number of myelin wraps and j) 

myelin thickness are unaffected by GluK4 knock-out but at postnatal day 180 k) periaxonal space is 

increased [2 way ANOVA Time F(1,12)=14.07 p=0.0028, Genotype F(1,12)=8.570 p=0.0127, 

Interaction F(1,12)=12.49 p=0.0041]. Values represent mean ± SD, ** p < 0.01, two-way analysis of 

variance (ANOVA) with Bonferroni’s post-test, n=4 animals both genotypes. Cumulative distribution 

for l-m) myelin wrap thickness and n-o) periaxonal space at postnatal day 60 and 180. Data represent 

mean ± SD, ** p < 0.01, **** p < 0.0001 Mann-Whitney and Kolmogorov-Smirnov test, n=4 animals 

both genotypes. Scale bars represent 25 nm. 
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Figure 3.S7. No correlation found between periaxonal space width and myelin thickness in the 

corpus callosum. Positive correlation found between a;d) myelin thickness and myelin wrap number 

but no correlation found between periaxonal space width and b;f) myelin thickness or c;e) wrap number 

at postnatal day 60 and 180. **** p < 0.0001 Spearman r test, n=4 animals both genotypes. 
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Figure 3.S8. GluK4 knock-out mice present signs of degeneration in axon ultrastructure from corpus 

callosum. a-d) Example images of corpus callosum myelinated axons presenting signs of degeneration 

after GluK4 knock-out at postnatal day 180 and its respective e-f) quantification [t test t=3.007 

p=0.0238; 2 way ANOVA Type F (1, 12) = 46.02 p<0.0001, Genotype F (1, 12) = 8.092 p=0.0148, 

Interaction F (1, 12) = 7.767 p=0.0164]. Values represent mean ± SD, * p < 0.05, ** p < 0.01, t student 

test and  2 way analysis of variance (ANOVA) with Bonferroni’s post-test, n=4 animals both genotypes. 

Scale bars represent (a-b) 100 nm and (c-d) 500 nm. 
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Figure 3.S9. No large changes in neurofilament heavy chain and APP in the corpus callosum. a-i) 

Example images of corpus callosum from P180 WT, Grik4-/- and WT animals that received cuprizone 

0.2% diet for 5 weeks (5w CPZ) stained for neurofilament SMI-312, SMI-32 (phosphorylated) and 

APP. j-l) Quantification showing and increase in phosphorylated neurofilament (SMI-32) [1 way 

ANOVA F(2, 9)=9.818 p=0.0055] and APP [1 way ANOVA F(2, 9)=19.39 p=0.0005] only when 

animals receive cuprizone. No difference found between Grik4-/- and WT animals. Values represent 

mean ± SD, ** p < 0.01, *** p < 0.001, 1 way analysis of variance (ANOVA) with Bonferroni’s post-

test, n=4 animals both genotypes. Scale bars represent 100 µm. 
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These data suggest that nodal NaV1.6 expression is not influence by GluK4-containing kainate 

receptor activity.   

By performing whole cell patch clamp of layer V pyramidal neurons in the motor cortex, to 

generate and analyse their action potential properties, we obtained further evidence that 

voltage-gated Na+ and K+ channel expression and function is normal in P180 Grik4 -/- mice 

(Figure 3.10).  When action potentials were elicited in layer V pyramidal neurons in WT and 

Grik4 -/- mice from a resting potential of -80 mV (Figure 3.10a-d), we found that neurons in 

the Grik4 -/- mice exhibited a normal pattern of action potential firing (Figure 3.10e, f).  

Furthermore, for a single evoked action potential, parameters including action potential 

initiation time, rheobase, firing threshold, rise time, peak amplitude, area under the curve 

(AUC), half-width, decay time and the afterhyperpolarisation were equivalent for WT and 

Grik4 -/- neurons (Figure 3.10g-o).  These action potential parameters reflect the activity of 

NaV and KV channels, suggesting that the expression and function of these channels is normal 

in Grik4 -/- mice, at least within the neuronal cell body.  However, they fail to rule out the 

possibility that KV function is dysregulated within the transcallosal axons (see discussion). 

Pyramidal neurons receive fewer excitatory synaptic inputs in the M1 of Grik4 -/- mice. 

As transcallosal action potential conduction is abnormal in Grik4 -/- mice, we next aimed to 

determine whether GluK4-containing kainate receptors were required for synaptic 

communication in the motor cortex.  As kainate receptor signalling has the potential to 

influence the number of excitatory synaptic inputs, postsynaptic receptor expression or pre-

synaptic cell activity, both mEPSCs and sEPSCs, were recorded from layer 5 pyramidal 

neurons in acute brain slices from WT and Grik4 -/- mice (Figure 3.11a-b).  We found that the 

frequency of mEPSCs was reduced by ~50% in recordings from neurons in Grik4 -/- mice 

(Figure 3.11c), suggesting that these neurons receive fewer excitatory synaptic connections.  

The frequency of sEPSCs was also reduced in Grik4 -/- mice, and to a similar extent as that of 

the mEPSCs (Figure 3.11c).  These data suggest that Gluk4-containing kainate receptors do 

not change the spontaneous activity of the presynaptic cell, only the number of synaptic 

connections.  We found that EPSC amplitude was the same in WT and Grik4 -/- mice (Figure 

3.11d-f), indicating that the post-synaptic receptor expression is not dramatically impacted by 

GluK4-containing kainate receptor signalling.  However, EPSC decay time was increased in 

the Grik4 -/- mice (Figure 3.11g-j).  Kainate receptors desensitise more rapidly than AMPA 
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receptors  (Castillo et al., 1997; Kidd and Isaac, 2001). Increased decay time could reflect the 

 

  

 

Figure 3.9. Myelin nodes and paranodes length in corpus callosum axons not affected by GluK4 

deletion. a-d) Example images of corpus callosum nodes (NaV1.6) and paranodes (Caspr) from wild 

type and Grik4-/- mice at postnatal day 60 and 180. e-g) Node and h-j) paranode length analysis and 

respective cumulative distribution. Node length increased at P60 [2 way ANOVA, Time 

F(1,12)=0.6279 p=0.4435, Genotype F(1,12)=2.393 p=0.1478, Interaction F(1,12)=9.342 p=0.0100] 

but returned to normal at P180. k-m) Intensity measurement and quantification showing NaV1.6 channel 

density unchanged after knock-out. Values represent mean ± SD, * p < 0.05, ** p < 0.01, **** p < 

0.0001 Kolmogorov-Smirnov, Mann-Whitney and 2 way analysis of variance (ANOVA) with 

Bonferroni’s post-test, n=4 animals both genotypes. Scale bars represent 1.0 µm. 
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Figure 3.10. Layer 5 pyramidal neurons in the motor cortex present normal action potential firing 

properties. a-d) Example traces of action potentials from layer 5 pyramidal neurons in the motor cortex. 

Firing patterns and action potential properties remain normal when Gluk4 containing kainate receptors 

are not functional. e) Action potential number [curve fit, F(3, 316)= 1.424 p=0.2357 r2=0.7248]; f) 

Frequency [t-test, t=0.7901, p=0.4375]; g) AP initiation time [t-test, t=0.3463, p=0.7317]; h) Rheobase 

[t-test, t=1.619, p=0.1167]; i) a trend is observed in the action potential threshold [t-test, t=1.923, 

p=0.0648]; j) Rise time [t-test, t=0.2563, p=0.7996]; k) Amplitude [t-test, t=0.8031, p=0.4287]; l) AUC 

[t-test, t=1.021, p=0.3158]; m) Half-width [t-test, t=1.061, p=0.2979]; n) Decay time [t-test, t=0.2406, 

p=0.8116]; o) After-hyperpolarisation [t-test, t=1.597, p=0.1216]. Values represent mean ± SD, t 

student test and mean ± SE for curve fit, n=4-5 animals both genotypes. 
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presence of non-functional kainate receptors with altered kinetics.  This dramatic loss of 

synapse number could readily account for impaired motor performance in the Grik4 -/- mice.  

Discussion 

Is Grik4 expressed by neurons and glial cells throughout the adult mouse CNS? 

Our data indicate that Grik4 mRNA is highly expressed by CA3 pyramidal neurons in the 

hippocampus, consistent with previous reports (Watanabe-Iida et al., 2016).  We also report 

that Grik4 mRNA is highly expressed by neurons within layer II/III of the motor cortex and to 

a lesser extent by cells throughout other cortical layers.  Grik4 is also expressed by cells in the 

grey matter of the spinal cord, and based on their position and morphology, some of these grey 

matter cells are most certainly neurons.  However, our data do not suggest that GluK4-

containing kainate receptors are only assembled by neurons, as we also report that Grik4 

mRNA is expressed by discrete cells located within the corpus callosum and spinal cord white 

matter, indicating expression by one or more glial cell types.   

The sequencing of RNA transcripts isolated from specific cell types from the early postnatal 

mouse cortex indicates that Grik4 mRNA is, at least in development, highly expressed by OPCs 

(Zhang et al., 2014).  While efforts to combine Grik4 mRNA detection with immunolabelling 

to detect OPC specific proteins was unsuccessful (data not shown), the distribution and small 

size of the white matter cells that express Grik4 mRNA would be consistent with expression 

by OPCs – cells already known to express AMPA receptors and respond to glutamate 

(Yoshioka et al., 1995; Matute et al., 1997; Gudz et al., 2006; Kougioumtzidou et al., 2017).  

Grik4 mRNA is upregulated by astrocytes in the cingulate cortex of adult mice (Masocha, 

2015) and kainate receptors are expressed by GFAP+ CA1 hippocampal astrocytes in the adult 

rat brain (Vargas et al., 2013).  Whole cell path clamp recordings from cultured postnatal rat 

microglia also suggest that microglia can respond to kainate (Noda et al., 2000), however, this 

is most likely a response mediated by AMPA receptors as there is no evidence to suggest that 

microglia express kainate receptors (Noda et al., 2000; Domercq et al., 2013).  More detailed 

electrophysiological and in situ analyses are required to determine the cell-type specific 

expression of kainate receptors throughout the CNS.   

Kainate receptors regulate anxiety and depression 

To varying degrees, mice with perturbed iGluR expression display abnormal affective 

behaviours.  For example, mice lacking the NMDA receptor subunit, NR1, are hyperactive and 

show severe learning impairments, but also display deficits in social interactions (Brigman et 
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Figure 3.11. Layer 5 pyramidal neurons in the motor cortex display only half the number of synaptic 

inputs when Gluk4 is not functional. a-b) Example traces of sEPSC and mEPSC from layer 5 

pyramidal neurons in the motor cortex. c) Frequency of both sEPSC and mEPSC is 50% reduced when 

compared to WT animals [2 way ANOVA Type F(1,44)=2.525 p=0.1192, Genotype F(1,44)=47.90 

p<0.0001, Interaction F(1,44)=0.4075 p=0.5266]. d-f) Amplitude remains unchanged between 

genotypes. An amplitude reduction is observed when comparing sEPSC and mESPSC due to activity 

being blocked to record mEPSC [2 way ANOVA Type F(1,44)=12.64 p=0.0009, Genotype 

F(1,44)=0.1802 p=0.6733, Interaction F(1,44)=0.0036 p=0.9523]. g-j) Decay time is increased as the 

receptors kinetics change when a non-functional kainate receptor subunit contributes to the total EPSC 

[2 way ANOVA Type F(1,44)=0.2972 p=0.5884, Genotype F(1,44)=15.75 p=0.0003, Interaction 

F(1,44)=0.6952 p=0.4089]. Values represent mean ± SD, ** p < 0.01, *** p < 0.001, **** p < 0.0001 

Kolmogorov-Smirnov, Mann-Whitney and 2 way analysis of variance (ANOVA) with Bonferroni’s 

post-test, n=4-6 animals both genotypes. 
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al., 2008; Beutler et al., 2011). AMPA receptor knockout mice also display spatial working 

memory deficits (Sanderson et al., 2010) and are hyperactive, but these mice are also prone to 

depressive-like behaviour (Chourbaji et al., 2008). We found Grik4 -/- mice are also 

hyperactive, but their anxiety- and depressive-like behaviours were reduced compared with 

WT mice (Figure 3.3).  These findings are consistent with a previous report that Grik4 -/- mice 

spend more time in the bright area of an open field arena and bury fewer marbles in the marble 

bury test, suggesting they have reduced anxiety- and compulsive-like behaviour (Catches et al., 

2012; Aller et al., 2015).  They also have an elevated sucrose intake when subjected to the 

sucrose preference test and spend less time immobile in the forced swim task, reflecting less 

depressive-like behaviour (Catches et al., 2012; Aller et al., 2015).  When Grik4 is instead 

overexpressed in the forebrain under the control of the CAMKII promoter the opposite 

phenotype presents corresponding to increased anxiety- and depressive-like behaviour (Aller 

et al., 2015).  Therefore, Gluk4-containing kainate receptors appear to influence anxiety- and 

depressive-like behaviour in mice, however, based on the reported phenotypes their function 

within these circuits does not overlap entirely with that of AMPA- or NMDA-receptors. 

Gluk4-containing kainate receptors support motor circuit function in adult mice 

AMPA and NMDA receptor functions have been studied extensively in the context of synaptic 

plasticity (Malenka and Nicoll, 1993; Lau and Zukin, 2007; Chater and Goda, 2014) and 

myelination (Lundgaard et al., 2013; Gautier et al., 2015; Kougioumtzidou et al., 2017), 

however, the function of kainate receptors and their capacity to support the behavioural outputs 

of the CNS are not well understood.  Our data suggest that GluK4-containing kainate receptors 

are critical for sustaining normal motor function in adulthood.  In particular, Grik4 -/- mice 

complete the beam crossing test as well as WT mice at P45, but their balance and coordination 

deteriorate rapidly over the following months, and Grik4 -/- mice experience ~5 times the 

number of hindlimb foot-slips as WT mice by P120.  Previous studies have shown that P70 

Grik4 -/- mice perform normally on the rotarod task (Aller et al., 2015), however, our data 

suggest that this level of performance would not be sustained at P120.  We also found that 

Grik4 -/- mice had an abnormal gait characterised by a longer swing (and shorter stance) 

component to each stride across young adulthood.  As many mice do not run on the treadmill 

when they are older and this drop-out is biased towards the mice that have the most severe 

phenotype, it is not possible to truly determine the impact of Grik4 loss on gait at the later 

timepoints.  As our study and others provide strong evidence for hyperlocomotion in the Grik4 
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-/- mice [Figure 4 and (Catches et al., 2012; Lowry et al., 2013; Aller et al., 2015)], it is possible 

that this contributes to the abnormal gait measurements.  However, all measurements from the 

Digigait are collected from mice running on the treadmill at a fixed speed, suggesting that the 

changes detected are more likely to represent a function change of the motor circuit. 

What is the cause of motor impairment in Grik4 -/- mice? 

Motor dysfunction could result from synapse loss in Grik4 -/- mice.  We found that cortical 

neurons in Grik4 -/- mice have fewer excitatory synaptic inputs at P60, time when the mice 

already display a subtle motor phenotype. In other contexts, impaired synapse formation can 

be accompanied by motor impairment and even premature death (Heurich et al., 2011; Yang et 

al., 2014; Fogarty et al., 2015; Henstridge et al., 2018; Wu et al., 2018).  Indeed, the phenotype 

may be compounded if other excitatory neurons throughout the cortico-motor circuit of Grik4 

-/- mice also lose synaptic inputs.  Previous studies have shown that hippocampal CA3 

pyramidal neurons and amygdala pyramidal neurons receive fewer excitatory inputs at P17-28 

(Catches et al., 2012; Aller et al., 2015) suggesting that this phenotype may develop very early.  

It is interesting to note that mice expressing a human pathological variant of TDP-43 are 

hyperactive (Yang et al., 2014) and form synapses normally during development, but then lose 

functional excitatory inputs onto layer V pyramidal neurons prior to developing a progressive 

motor phenotype  (Handley et al., 2017).  While there are certainly similarities between this 

phenotype and the Grik4 -/- mouse phenotype we describe, further research is required to 

determine whether layer V pyramidal neurons in the motor cortex of Grik4 -/- mice receive a 

normal number of excitatory inputs during development and fail to maintain them in the 

absence of Gluk4-containing kainate receptor signalling, or whether the motor cortex fails to 

develop normally in Grik4 -/- mice.  However, as Grik4 -/- mice have impaired long-term 

potentiation (Catches et al., 2012) it seems most likely that synapses fail to stabilise in the 

motor cortex of Grik4 -/- mice. 

How does Grik4 influence compound action potential amplitude? 

Synaptic loss may be the primary cellular change directing impaired motor function in Grik4 -

/- mice.  However, these mice also displayed signs of abnormal axonal conduction.  In the motor 

cortex of P180 Grik4 -/- mice, the densities of NeuN+ neurons and parvalbumin+ / somatostatin+ 

interneurons were normal in each cortical layer, as was axon density in the corpus callosum 

and the proportion of axons that was myelinated.  Moreover, the transcallosal CAP was 
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conducted by the myelinated and unmyelinated axons at normal velocities. However, the 

myelinated CAP amplitude was significantly reduced (Figure 3.7).  

Gluk4-containing kainate receptors could impact various aspects of axon-glial physiology to 

influence CAP amplitude in the corpus callosum. Despite there being no differences in axon 

density between Grik4 -/- and WT mice, there was a small increase in the number of 

transcallosal axons that showed signs of degeneration termed axon inclusions.  Similar signs 

of axon degeneration have been previously reported (Lee et al., 2012; Philips et al., 2021). If 

these inclusions blocked action potential conduction, the further an action potential travelled 

along the individual axon, the more likely it would be to encounter a blockage – yet CAP 

amplitude did not decrease incrementally with increasing distance between the stimulating and 

recording electrodes suggesting that we can rule out axon degeneration resulting in a physical 

block in CAP transit across the callosum.  Additionally, sodium channel (NaV1.6) density and 

function, which could influence CAP amplitude (Arancibia-Carcamo et al., 2017; Cullen et al., 

2021) appeared normal in Grik4 -/- mice.  

We also determined that periaxonal space width was enlarged around axons in the corpus 

callosum of Grik4 -/- mice and such changes can accompany pathological degeneration or be 

the result of elevated potassium accumulation in the periaxonal space (Li et al., 1994; Aboul-

Enein et al., 2003; Georgiou et al., 2004; Quarles, 2007). This is particularly interesting, as 

impaired axonal KV function can alter CAP amplitude without affecting conduction velocity 

(Reeves et al., 2016).  Following traumatic brain injury, KV1.3 protein levels are reduced in the 

corpus callosum and this is associated with reduced CAP amplitude.  However, delivery of the 

KV1.3 channel blocker, Clofazimine, supress cytokine production by T-cells preventing KV1.3 

protein loss and returning CAP amplitude to normal levels (Reeves et al., 2016). Furthermore, 

KV4.1 deletion from OPCs impairs periaxonal space potassium clearance resulting in a CAP 

amplitude reduction in the optic nerve of P70 mice (Larson et al., 2018). It is possible that the 

activity of Gluk4-containing kainate receptors directly or indirectly impacts KV expression or 

function in transcallosal axons. Loss of KV channel number or function could cause myelinated 

axons in Grik4 -/- mice corpus callosum fail to repolarise quickly, affecting the upcoming action 

potential and resulting in a CAP amplitude reduction. Potassium accumulation in the periaxonal 

space could also be the result of axonal fatigue (Larson et al., 2018; Philips et al., 2021). If the 

lactate-shuttle is compromised in Grik4 -/- mice and axons experience fatigue i.e. they are 

unable to produce sufficient quantities of ATP to sustain the function of voltage-gated 
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potassium channels, potassium could accumulate due to slow clearance of potassium from the 

periaxonal space (Larson et al., 2018). Slower potassium clearance in myelinated axons of  

Grik4 -/- mice could impair their ability to repolarise quickly and sustain repetitive firing 

resulting in a CAP amplitude reduction. 

The loss of Gluk4-containing kainate receptors could contribute to axon fatigue directly, by 

impacting the lactate shuttle, or indirectly by stressing the neurons to render them more reliant 

on oligodendrocyte-derived metabolic support.  Action potential conduction and synaptic 

communication requires significant ATP to be generated by cortical neurons and it is generated 

locally by mitochondria.  As myelin acts as a physical barrier it also limits direct glucose 

uptake, such that myelinated axons rely on oligodendrocytes to provide lactate via the 

periaxonal space (Philips et al., 2021).  In response to increased neuronal firing and glutamate 

release, oligodendrocytes can increase their uptake and production of lactate and its provision 

to axons (Philips and Rothstein, 2017).  Lactate transport relies on oligodendrocytes expressing 

the lactate transporter monocarboxylate transporter (MCT)1 and releasing lactate into the 

periaxonal space where it is taken up by MCT2 on the axonal surface and utilised by the axon 

as an energy substrate (Lee et al., 2012; Domenech-Estevez et al., 2015).  The conditional 

deletion of Mct1 from cells of the oligodendrocyte lineage is associated with axonal 

degeneration as mice age (Philips et al., 2021).  When Mct1 is conditionally deleted from cells 

of the oligodendrocyte lineage, using a viral injection approach introduces a stab-wound injury, 

the degeneration is much more acute (Lee et al., 2012) perhaps suggesting that in the presence 

of other stressors axons are much more reliant on oligodendrocyte support.  It is possible that 

loss of GluK4-containing kainate receptors results in metabolic stress, leading to axonal 

fatigue.   
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Chapter IV - Final discussion and future directions 

Research presented in Chapter 2 showed that CaV1.2 does not affect oligodendrogenesis and 

myelination in the adult mouse brain.  However, CaV1.2 is required for the survival of OPCs 

in the corpus callosum.  This was evidenced by an increase in the number of apoptotic cleaved 

caspase 3+ cells and a significant decrease in OPC density.  These lost cells were later replaced 

by surrounding OPCs that also lacked CaV1.2, suggesting that only a subset of OPCs in the 

corpus callosum require CaV1.2 for survival.  This is an interesting finding that raises 

additional questions, specifically: 

1) How does CaV1.2 promote the survival OPCs in the corpus callosum? 

2) Why is CaV1.2 only important for the survival of a subset of OPCs in the corpus callosum? 

These questions are inter-related and are yet to be addressed.  

How and why does CaV1.2 regulate the survival of a subset of OPCs?  

The study presented in Chapter 2 demonstrates that the conditional deletion of CaV1.2 from 

OPCs in the adult mouse brain reduces the number of OPCs by ~58% in the corpus callosum. 

Cell loss was observed from ~4 days after tamoxifen administration (P60+4) and was sustained 

until ~10 days after tamoxifen induction.  At P60+10, the number of OPCs started to increase 

and returned to control levels by P60+12 (see Figure 2.5). To confirm that those OPCs were 

dying by apoptosis, cleaved-Caspase 3 staining was performed at P60+4 to capture the 

apoptotic cells before they were cleared, and I determined that the number of OPCs expressing 

cleaved-Caspase 3 increased in the corpus callosum of CaV1.2-deleted mice (see Figure 2.7).  

CaV1.2 is known to be a survival factor for neurons in the developing mouse brain (Ebbers et 

al., 2015; Heck et al., 2008; Lee et al., 2016) but this is the first evidence that this channel 

supports OPC survival, and it remains unclear how CaV1.2 is affecting the survival of those 

OPCs in the corpus callosum.  

CaV1.2 could be modulating know OPC survival pathways including those activated by the 

growth factor receptors PDGF-AA (Barres et al., 1992), neurotrophin 3 (NT3; Kumar et al., 

1998) and ciliary neurotrophic factor (CNTF; Dell’Albani et al., 1998; Talbott et al., 2007). 

For instance, OPCs require the HMG domain transcription factors, Sox9 and Sox10, to 

maintain PDGFRα expression and prevent apoptotic cell death (Finzsch et al., 2008).  In 

addition, in vitro studies demonstrated that OPCs expressing G protein-coupled receptor 17 

(GPR17) were more sensitive to ATP-induced cell death compared to GRP17-negative OPCs 
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(Ceruti et al., 2011), and developmental but not adult OPCs rely on poly ribose polymerase 

(PARP) activity for survival (Baldassarro et al., 2017). More recently, the chromatin 

remodeller (Ch7) was shown to selectively promote the survival of non-cycling OPCs in the 

developing mouse corpus callosum and cortex by downregulating p53 expression (Marie et al., 

2018).  Downregulation of p53 protein was observed in OPCs from the developing mouse 

brain, however, it is known that adult OPCs in the corpus callosum can revert to a 

transcriptional state similar to developmental OPCs after demyelination (Moyon et al., 2015). 

Therefore, p53 could be also regulating the survival of a subset of OPCs in the adult brain of 

CaV1.2-deleted mice. To determine whether CaV1.2 regulates the p53 survival pathway, 

immunocytochemistry or in situ hybridisation could be performed to determine whether a 

subset of OPCs normally express p53 in the adult mouse corpus callosum and whether these 

cells die following CaV1.2-deletion.   

Previous studies have shown that OPCs can differ with regards to behaviour or gene expression 

based on the region of the CNS they reside in.  They proliferate at different rates (Young et al., 

2013; Present data) and can differently respond to growth factors (Hill et al., 2013).  OPCs can 

be also divided according to their embryonic origin (Kessaris et al., 2006) and by their 

expression of GPR17 (Boda et al., 2017), S100β (Vives et al., 2003; Hachem et al., 2005) or 

the transcription factor Asc11 (Battiste et al., 2007; Parras et al., 2007; Nakatani et al., 2013). 

However, an overlap between these subsets and OPCs that require CaV1.2 for survival has not 

yet been explored.  It would be interesting to determine whether the cells that rely on CaV1.2 

for survival correspond to any of these known subpopulations.  This possibility could be 

explored by comparing the proportion of OPCs that express GPR17 or S100β in the corpus 

callosum of control and CaV1.2-deleted mice.  While the differential expression of GPR17 or 

S100β between surviving and dying OPC callosal populations would be interesting, these 

features can not account for the difference in survival, as these subsets also exist in the motor 

cortex – where OPCs do not rely on CaV1.2 for survival. 

It is known that OPCs communicate with neurons via GABAergic and glutamatergic synapses 

(Bergles et al., 2000; Lin and Bergles, 2004).  Those synapses are lost with age in some brain 

regions, including the somatosensory cortex (Velez-Fort et al., 2010) and the rat caudal 

cerebellar peduncle (Gautier et al., 2015), however, adult OPCs in the corpus callosum continue 

to receive synaptic input from the surrounding glutamatergic neurons (Bergles and Richardson, 

2015).  When measuring EPSCs in adult callosal OPCs, EPSC frequency can vary significantly 
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between cells (Nagy et al., 2017).  It is interesting to speculate that the OPCs that are most 

dependant on CaV1.2 for survival may be the OPCs that receive the most synaptic input from 

neurons within the callosal OPC population.  I could explore this using an electrophysiological 

approach to record mEPSC / mIPSC from OPCs in the corpus callosum of control and CaV1.2-

deleted mice at P60+4 and P60+20.  I would measure the frequency of mEPSC / mIPSC to 

estimate the number of connections the OPCs have with neurons.  If the number of synaptic 

connections are altered in OPCs before or during cell death (P60+4) and after OPC replacement 

(P60+20), this may suggest that more frequent synaptic input renders an OPC more reliant on 

CaV1.2-derived calcium for survival.    

Research presented in Chapter 3 of this thesis revealed that Grik4 -/- mice have impaired 

hindlimb movement, that is evident from P45. This phenotype was initially detected as mild 

alterations in gait but, at later ages, impaired balance and coordination.  My data suggest that 

Gluk4-containing kainate receptors are critical regulators of motor circuit function, however, a 

number of key questions remain unresolved.  In particular:  

1) Do GluK4-containing kainate receptors specifically modulate synapse formation or 

maintenance?  

2)  Do GluK4-containing kainate receptors influence inhibitory or just excitatory inputs?   

3) Which glial cell types express Grik4 and how does kainate receptor signalling impact glial 

cell function?  

and  

4) How can kainate-receptor dysfunction contribute to MS pathophysiology? 

Below, I discuss potential experimental approaches that could be adopted to gain greater insight 

into the role of Grik4 in CNS physiology and pathophysiology. 

Do Gluk4-containing kainate receptors modulate synapse formation and / or synapse 

maintenance in the mouse CNS? 

GluK4-containing kainate receptors are expressed on the pre- and post-synaptic terminals of 

excitatory synapses (Lerma and Marques, 2013; Sihra et al., 2014).  In Chapter 3, I provided 

evidence that GluK4-containing kainate receptor signalling influences motor function (digigait, 

beam walk, open field) and mood (swim test, elevated plus maze).  Moreover, I found that 

pyramidal neurons in the motor cortex of young adult Grik4 knockout mice received ~50% 

fewer excitatory inputs than pyramidal neurons in control mice.  A similar reduction in 

excitatory synaptic inputs has been reported in other brain regions (Catches et al., 2012; Lowry 
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et al., 2013; Aller et al., 2015).  It is not yet clear whether Grik4 is critical for synapse formation 

during early postnatal development or whether it is only required for the formation or stability 

of synapses.    

Synapses are formed early in development and pruned in early adulthood (Handley et al., 

2017). Dendritic spines can be transient or persistent, and are generally classified as one of 

three main morphologies: thin, stubby and mushroom spines (Holtmaat et al., 2005; Spruston, 

2008).  Mushroom spines are persistent, while thin spines are transient, and can be eliminated 

or change morphology (Hlushchenko et al., 2016). Spine maturation or loss is regulated by age 

and the level of activity of the synapse (Hlushchenko et al., 2016). It can also be determined 

by the ratio between AMPA and NMDA receptor mediated currents (Hall et al., 2007).  New 

and mature spines present indistinguishable glutamate sensitive currents but mature spines 

present increased NMDA receptor calcium accumulation (Zito et al., 2009). LTP strengthens 

synapses increasing NMDA receptors recruitment and subunit composition resulting in  

increased calcium signalling in the dendritic spines due to the increased presence of calcium 

permeable NMDA subunit expression and recruitment (Zito et al., 2009). This leads to a change 

in actin cytoskeletal dynamics, so that thin and stubby spines at post-synaptic terminals 

increase in size and acquire a mushroom morphology (Hlushchenko et al., 2016). LTD has the 

opposite effect weakening synapses and causing mushroom spines to revert to the thin 

morphology. New spines are thin and present lower calcium transients as a result of fewer 

NMDA receptors (Pickard et al., 2000; Hall et al., 2007; Zito et al., 2009). 

The role of Gluk4-containing kainate receptors (or kainate receptors more broadly) in 

regulating synapse formation and synaptic strengthening or weakening is largely unclear.  

However, LTP-induction is impaired in CA3 pyramidal neurons in Grik4-/- mice (Catches et 

al., 2012).  If GluK4-containing kainate receptors play a similar role within the motor cortex, 

promoting synapse potentiation, this could explain why there are fewer excitatory inputs onto 

layer V pyramidal neurons in Grik4-/- mice.  To determine whether kainate receptor function is 

restricted to the potentiation of existing spines or influences spine formation,  it would be 

beneficial to quantify the number of excitatory synaptic inputs received by layer V pyramidal 

neurons in the motor cortex over a developmental time-course; spanning P30 (synapse 

formation), P60 (synaptic pruning) and P90 (synaptic stability/maintenance).  These data 

would also be complemented by an analysis of spine number and morphology at each of these 

timepoints in Thy1-YFPH and Thy1-YFPH :: Grik4 -/- mice.  In Thy1-YFPH mice a subset of 



123 

 

excitatory pyramidal neurons (including layer V pyramidal neurons) are labelled with yellow 

fluorescent protein in the motor cortex allowing their full morphological structure, including 

the post-synaptic spines, to be visualised.  It is possible to quantify spine density on the apical 

and basal dendrites of these neurons and morphologically classify them as “thin”, “stubby” or 

“mushroom” spines (Handley et al., 2017).  The impact of Grik4-knockout on spine kinetics 

and dynamics in adulthood could also be measured by performing two-photon imaging of YFP-

labelled dendrites through cranial windows in live mice (repeated imaging daily for 2 weeks; 

(Berry and Nedivi, 2017). In addition, I could also use electrophysiology recordings to 

determine how Grik4 knock out affects LTP and LTD in M1 pyramidal neurons. 

These experiments would help refine our knowledge of kainate receptor function at the 

synapses but would not provide information about the impact that Grik4-knockout has on 

inhibitory network function in the motor cortex. Inhibitory interneurons play a crucial role in 

controlling the activity of the cortical network by suppressing excitatory neuron activity via 

the release of the inhibitory neurotransmitter GABA (Burkhalter, 2008). Interneuron 

subpopulations express AMPA, NMDA and kainate receptors that contribute differentially to 

the recruitment of specific interneuron subtypes fine tuning of brain circuitry (reviewed by 

(Akgul and McBain, 2016). The loss of specific iGluR subunits during interneuron 

development impacts cellular and network function causing circuit inhibition–excitation 

imbalances (Lei and McBain, 2002; Kooijmans et al., 2014; Akgul and McBain, 2020). The 

conditional deletion of the AMPA receptor subunits GluA1, GluA2, GluA3 from medial 

ganglionic-eminence derived interneurons decreases interneuron sEPSCs (Akgul and McBain, 

2020). Early postnatal network oscillatory activity and feedback inhibition onto pyramidal 

neurons was also compromised, highlighting the importance of glutamatergic signalling for 

interneuron function within the hippocampal motor circuit.  

Interneurons also express kainate receptor subunits that regulate pre- and post-synaptic activity 

(reviewed by (Wondolowski and Frerking, 2009; Akgul and McBain, 2016). Kainate receptor 

activation (kainate or glutamate in the presence of an AMPA receptors blocker) directly 

depolarizes inhibitory interneurons causing them to fire repeatedly, indirectly decreasing the 

size of inhibitory postsynaptic currents recorded from hippocampal pyramidal cells (Frerking 

et al., 1998; Rodriguez-Moreno et al., 2000). Furthermore, when glutamate is applied at low 

concentrations it inhibited GABA release without affecting the firing rate of GABAergic 

interneurons. The loss of GluK4-containing kainate receptors could therefore impair 
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interneuron function. It would be useful to perform whole cell patch clamp electrophysiology 

to determine whether inhibitory inputs onto layer V pyramidal neurons in the motor cortex are 

also altered (measure mIPSC and sIPSC). Parvalbumin-expressing inhibitory interneurons that 

release GABA to influence the output of the pyramidal neurons (Hu et al., 2014) could also be 

directly analysed as they can be identified by their characteristic electrophysiological properties 

- they are fast-spiking and generate action potentials with large after-hyperpolarisations (Naka 

and Adesnik, 2016).   

Grik4 expression in cells of the oligodendrocyte lineage 

We show that Grik4 mRNA is expressed by cells located within the white matter - glial cells.  

RNA sequencing data from the early postnatal mouse brain suggests that Grik4 mRNA is 

expressed at very low levels by astrocytes and microglia but is highly expressed by cells of the 

oligodendrocyte lineage (Zhang et al., 2014). Immunohistochemistry analysis using 

commercially available antibody against GluK4 failed to show specific staining in mouse brain 

cryosections. Therefore, to determine Grik4 expression in glial cells, I would perform 

RNAscope in situ hybridisation to detect Grik4 mRNA, followed by immunohistochemistry to 

detect proteins associated with specific glial cell types, such as PDGFRα (OPCs), ASPA 

(oligodendrocytes), GFAP (fibrous astrocytes) and Iba1 (microglia).  Initial attempts at such 

co-labelling were unsuccessful (data not shown) so the protocol will need to be refined to make 

this possible.  However, others have reported that RNAscope can be performed in combination 

with antibodies against PDGFRα, GFAP and Iba1 (Lanfranco et al., 2017; Girolamo et al., 

2019).  This approach would allow Grik4 mRNA expression to be quantified from high 

magnification images of glial cells within the motor cortex & corpus callosum, and help 

determine which glial cell type should be examined further using electrophysiology. 

In hippocampal neurons, GluK4-containing kainate receptors are responsible for ~80% of the 

total kainate receptor current (Fernandes et al., 2009).  However, it is unclear whether GluK4- 

or GluK5-containing kainate receptors are the dominant receptor type in OPCs.  In Pdgfrα–

H2BGFP mice (Hamilton et al., 2003) OPCs express a nuclear localised form of GFP allowing 

them to be identified in acute mouse brain slices (Clarke et al., 2012; Pitman et al., 2020).  By 

performing whole-cell patch clamp electrophysiology, it would be possible to record kainate 

receptor currents from OPCs in the motor cortex, and by making equivalent recordings from 

Grik4 -/- mice, determine the contribution of GluK4-containing kainate receptors to the total 

kainate receptor current.  As we found that Grik4 knockout reduced excitatory synaptic input 
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to cortical pyramidal neurons, it would also be interesting to determine whether kainate 

receptors are important for maintaining excitatory synaptic inputs to OPCs.  It was previously 

shown that AMPA receptor signalling influences the survival of pre-myelinating 

oligodendrocytes during postnatal development (Kougioumtzidou et al., 2017; Chen et al., 

2018). Moreover, channel-pore mutations at the Q/R site of AMPARs affect the functional 

properties of axon-OPC synapses resulting in a reduction of axon-OPC EPSC amplitude. It 

leads to increased OPC proliferation and reduced oligodendrogenesis (Chen et al., 2018). It is 

clear from my data that Grik4 -/- mice have normal adult myelination within the corpus 

callosum, but OPCs perform a variety of functions (Pepper et al., 2018) and the influence of 

kainate receptors on the OPC behaviours warrants further investigation.  

Does Grik4 contribute to MS pathology? 

We have identified a genetic variant in GRIK4 that correlates with MS development in a 

Tasmanian family (see intro). Characterising the impact of that variant could involve a series 

of in vitro and in vivo experiments designed to understand the functional impact of the variant 

on kainate receptor assembly and function and gain insight into the impact of the variant on the 

interaction between the immune system and CNS. Overexpression of kainate receptor subunits 

in HEK293a cells would allow a functional characterisation of these receptors. Overexpression 

of rat kainate receptor subunits (Grik1-5) was previously performed in HEK293 cells using 

plasmid DNA (Grosskreutz et al., 2003; Fisher and Mott, 2011; Scholefield et al., 2019). The 

over expression allowed kainate receptor currents to be recorded from different subunit 

combinations. Kainate receptor sensitivity to glutamate and kinetics are altered according to 

the subunit composition (Fisher and Fisher, 2014). This approach can be used to further 

characterised the GRIK4 variant.  To perform an equivalent experiment interrogating human 

kainate receptor function, I have purchased plasmids coding for GRIK1-5 and have modified 

the plasmid coding for human GRIK4 so that I have a plasmid that carries the point mutation 

consistent with the MS family variant (data not shown).  Functional characterisation using 

electrophysiology would help determine if the point mutation alters kainate receptor assembly, 

level of activation and desensitisation.  

As MS is a complex disease involving interaction between the immune system and CNS, it 

would be ideal to determine how the specific point mutation in GRIK4 influences CNS health 

in an intact system by using CRISPR/CAS9 genome editing to introduce this variant into mice.  

This mouse line could be aged or exposed to stimuli that stress the immune system or the CNS, 
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to determine whether this variant can precipitate an MS-like phenotype.  In conjunction with 

the in vitro studies, I would contrast the phenotype of these mice with that of the Grik4 -/- mice 

to further determine whether the variant represents a loss- or gain-of function variant.   

Grik4 -/- mice show some signs of neurodegeneration or pathology such as the increased 

periaxonal space size, axonal inclusions and reduced CAP amplitude (potentially action 

potential block).  They also develop a progressive motor phenotype. Alone this phenotype does 

not recapitulate MS pathology, however, when combined with an inflammatory stimulus, it is 

possible that this neurological dysfunction may act as a catalyst for developing more severe 

and MS-like symptoms.  It was previously shown that delivering 0.2% cuprizone to mice for 2 

weeks induces a biochemical change in proteins of the myelin sheath (citrullination), which 

was restricted to the corpus callosum (Caprariello et al., 2018).  When  the immune system of 

these mice was activated to promote immune cell access to the CNS, peripheral immune cells 

induced demyelination of the corpus callosum (Caprariello et al., 2018).  It would be interesting 

to determine whether a generalised immune system activation could produce an MS-like 

phenotype in Grik4 -/- mice without cuprizone-feeding.  

Myelination is normal in the brain of Grik4-/- mice (Chapter 3) and while demyelination is 

associated with increased axon-OPC synaptic communication (Sahel et al., 2015) the signals 

regulating myelination and remyelination do not entirely overlap (Piaton et al., 2010).  

Consequently, knockout mice that experience normal developmental myelination do not 

always have a normal response to a demyelinating injury or a normal level of endogenous 

remyelination.  To explore this possibility demyelination was induced in adult Pdgfrα-CreERTM 

:: Tau-mGFP (control) and Pdgfrα-CreERTM :: Tau-mGFP :: Grik4 -/- mice by transferring 

them to a diet containing 0.2% cuprizone (bis-cyclohexanone oxaldihydrazone) for 5 weeks.  

This is sufficient to induce substantial demyelination of the corpus callosum (Schmidt et al., 

2013; Auderset et al., 2020) and induce demyelination of the cortex (Skripuletz et al., 2008).  

Mice were perfusion fixed for analysis at this time-point and additional mice was returned to a 

normal diet to allow remyelination over the following 3 days.  Note that remyelination occurs 

rapidly in the corpus callosum in the first week after cuprizone withdrawal (Fernandez-

Castaneda et al., 2020).  Not only can OPC and oligodendrocyte density be quantified but Tau-

mGFP-labelled cells could be analysed to determine the rate of oligodendrogenesis, the 

proportion of cells that have become pre-myelinating and myelinating oligodendrocytes and 

the quantity of myelin supported by mature, myelinating oligodendrocytes.  This could give an 
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insight whether alternations to kainate receptor function (as induced by a variant in Grik4 – see 

introduction), could contribute to MS lesion severity or remyelination failure. 

As kainate receptor opening depolarises cells, including OPCs, it can be upstream of CaV1.2 

activation.  Indeed, ionotropic glutamate receptor activation can result in excitotoxicity due to 

excessive intracellular calcium (Werner et al., 2000; Kostic et al., 2013) resulting from the 

activation of calcium permeable ionotropic and metabotropic glutamate receptors (Sanchez-

Gomez and Matute, 1999; Vandenberghe et al., 2000; Werner et al., 2000; Santos et al., 2006; 

Vieira et al., 2010; Vyklicky et al., 2014), calcium release from intracellular calcium stores 

(Ruiz et al., 2009) and / or VGCCs (Brand-Schieber and Werner, 2004; Berger and Bartsch, 

2014; Hundehege et al., 2018).  For this reason, blocking calcium entry via L-Type VGCCs 

has been previously shown to ameliorate disability in mouse models of demyelination 

(Schampel and Kuerten, 2017; Hundehege et al., 2018)(Brand-Schieber and Werner, 2004).  

However, it is also possible that kainite receptor activation is also involved in the CaV1.2 

activity needed to ensure the survival of a subset of OPCs in the adult corpus callosum.  In 

Chapter 2, I showed CaV1.2 is the major VGCC in OPCs (Figure 2.2) and is a survival factor 

for a subset of OPCs in the corpus callosum of adult mice (Figure 2.5).  These data suggest that 

a subset of OPCs are regularly depolarised in the adult mouse corpus callosum by glutamate 

release from the excitatory neurons that traverse this brain region.  As experiments in Chapter 

3 involve the constitutive deletion of kainite receptors, they are unable to determine whether 

the survival of this specialised OPC subset is also supported by kainite receptor activation, but 

this remains an intriguing possibility.  

To better understand if acute loss of GluK4-containing kainate receptors function affect the 

survival of a subset of OPCs in the corpus callosum, similarly to data presented in chapter 2, a 

conditional Grik4 knock out mouse would be generated and widespread gene deletion induced 

by tamoxifen administration during adulthood only. CAGGCre-ERTM mice (Jackson 

Laboratory; Stock No: 004682), a tamoxifen inducible global Cre expression mouse line, 

would be crossed with Grik4 fl/fl mice and homozygous offspring used for experiments. 

CAGGCre-ERTM :: Grik4 fl/fl mice and WT controls would receive tamoxifen via oral gavage 

and EdU in drinking water (0.2 mg/ml, as per Young et al., 2013) starting from P60. Tissue 

would be collected for immunohistochemistry 4, 10, 12 and 20 days post tamoxifen induction. 

OPC (Pdgfrα+) and oligodendrocyte (ASPA+) cell density, OPC proliferation (Pdgfrα+ / EdU+) 

and oligodendrogenesis (ASPA+ / EdU+)  would be analysed to determine if they are affected 
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in the corpus callosum and motor cortex, similarly to what is observed when conditionally 

knocking out CaV1.2. It would help determine if acute loss of kainate receptor function in the 

adult mouse brain could lead to reduced CaV1.2 signalling and consequently loss of OPCs in 

the mouse corpus callosum. How the variant found in people with MS affects GluK4-

containing kainate receptor level of activation is yet to be determined (see above). GluK4-

containing kainate receptors gain or loss of function could either way potentially contribute to 

MS pathology. 
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