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Abstract 
The central nervous system (CNS) constantly responds to changes in environmental 

stimuli by undergoing structural and functional modifications. Some stimuli induce 

persistent CNS changes which in turn underpin adaptive behaviours that enable individual 

animals to function in their unique environmental circumstances. This phenomenon, 

referred to as neuroplasticity, has been studied predominantly with respect to adaptive 

neuronal changes, and has focused primarily on synaptic changes and the molecular 

transduction mechanisms that mediate them. It is increasingly recognised, however, that 

glial cells can also be modified by external stimuli. Oligodendrocytes – the myelinating 

glia of the CNS which facilitate efficient nerve impulse conduction and support axonal 

metabolism – have also been demonstrated to undergo long term changes in response to 

environmental stimuli. Experience-dependent changes in oligodendrocyte number or 

myelination could underpin adaptive behaviours via modifications to neuronal 

metabolism and nerve impulse conduction. The emerging consensus is that stimulation – 

whether indirectly through modulating sensory, motor, or social experience, or directly 

through modulating neuronal activity – increases oligodendroglial lineage progression 

and myelin production. It has further been demonstrated that myelin plasticity is an axon-

specific phenomenon whereby, when given the choice, myelin segments preferentially 

form on axons that are more highly active relative to those that are nearby but less active. 

The molecular mechanisms that mediate myelin plasticity are not well understood, and 

studies addressing this question have predominantly focused on the role of extracellular, 

pro-myelinating signals released by neurons in an activity-dependent manner. 

Comparatively little is known about the oligodendroglial intrinsic molecular transduction 

mechanisms that mediate myelin plasticity. This thesis aimed to develop a model system 

for studying myelin plasticity, including in particular to investigate the molecular 

transduction mechanisms that are triggered within oligodendroglia to mediate myelin 

plasticity. In developing such a model, two approaches were employed. First, an in vitro 

myelinating co-culture model was developed. A standard co-culture protocol was adopted 

and refined to produce robustly myelinating co-cultures of dorsal root ganglion (DRG) 

neurons and oligodendrocyte precursor cells (OPCs). To stimulate neuronal activity, both 

the hM3Dq pharmacogenetic and the channelrhodopsin-2 (ChR2) optogenetic techniques 

were explored. The pharmacogenetic stimulation technique was ineffective at driving 

DRG neurons to the levels of activity reportedly required for inducing myelin plasticity. 

In contrast, the optogenetic stimulation technique reliably drove DRG neurons to fire at 

the required frequency. Contrary to expectations, optogenetic stimulation did not increase 

myelin production in co-cultures, nor did it increase the propensity of myelin segments 

to preferentially form on optogenetically stimulated relative to control axons. The reasons 

for this are unclear, but are unlikely to be related to phototoxicity and are more likely to 

be explained by a negative effect of high ChR2 expression on myelination in these co-

cultures. Second, an in vivo pharmacogenetic model was employed to drive activity of 

cortical neurons in juvenile hM3Dq transgenic mice. Contrary to expectations, there was 

no evidence for an activity-dependent increase in oligodendroglial lineage progression. 

The reasons for this are unclear, however they could relate to the young age of the animals 
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in this relative to other studies of myelin plasticity or to the large population of neurons 

undergoing activity manipulation in this relative to other studies of myelin plasticity. The 

implications for glial plasticity, and for how it is studied, are discussed.  
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1. Chapter 1. General Introduction 

1.1 General overview of neuroplasticity 

1.1.1. Plasticity and neuroplasticity  
Throughout life, animals experience environmental stimuli that differ between 

individuals, and which can change unpredictably but permanently, posing new challenges 

and opportunities. For example, an animal may be faced with situations in which it 

benefits from becoming proficient in manipulating a novel tool, or in which it must 

navigate through a novel environment, or with the loss of the dominant limb. Such 

experiences may trigger changes in anatomy and/or physiology, which in turn cause 

behavioural changes. That is, after some practice, animals can effortlessly manipulate a 

novel tool, navigate through a previously unfamiliar environment, or proficiently use their 

formerly non-dominant forelimb. These stimulus-dependent, long-term modifications to 

physiology, anatomy and behaviour allow individual animals to adapt to the demands of 

their unique environment, outside of the evolutionary timescale, and beyond what can be 

genetically hard-wired. This phenomenon is called plasticity. Although plasticity is a 

property of many physiological systems, it is especially prominent in the nervous system, 

and is a central theme in the brain sciences, where it is widely studied in the context of 

neurobiological development, learning and memory, neurophysiology, and pathology. 

Indeed, because of the nervous system’s master role in coordinating animals’ interactions 

with the environment, it has been stated that “plasticity is not an occasional state of the 

nervous system; instead it is the normal ongoing state of the nervous system throughout 

the lifespan” (Pascual-Leone et al., 2005). Neuroplasticity can be simplistically 

represented with the loop presented in Figure 1.1A, which shows the relationship between 

environmental stimuli, perturbations of neuronal activity, long-term modification to 

neuronal structure and function, and the consequent long-term, adaptive modification to 

the outputs of the nervous system, behaviour.  

 

1.1.2. A brief history of neuroplasticity  
“Plasticity” is a term that has been used in brain sciences since at least the middle of the 

nineteenth century (Berlucchi & Buchtel, 2008). William James, regarded as the 

forefather of psychology, lacked detailed biological mechanisms of brain function, but 

explicated animals’ ability to adapt to their unique environments, and firmly situated this 

ability in the brain:  

 
Plasticity…means the possession of a structure weak enough to yield to an 

influence, but strong enough not to yield all at once…Organic matter, especially 

nervous tissue, seems endowed with a very ordinary degree of plasticity of this 

sort, so that we may without hesitation lay down as our first proposition the 

following, that the phenomena of habit in living beings are due to the plasticity 

of the organic materials of which their bodies are composed…The only 

impressions that can be made [upon the brain] are through the blood…and 

through the sensory nerve-roots; and it is to the infinitely attenuated currents 
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that pour in through these latter channels that the hemispherical cortex shows 

itself to be particularly susceptible (James, 1918, pp.105-107). 

 
Contemporaneously with James, Santiago Ramon y Cajal was, through pioneering and 

eventually Nobel Prize-winning micro-neuroanatomical studies, laying the foundations 

for the Neuron Doctrine, which sets out that the neuron is the basic structural and 

functional unit of the nervous system. This new paradigm allowed Cajal to pose questions 

and hypotheses about the nature of the connections between these basic units and the 

extent to which they could be modified by experience:   

 
It could be accepted as highly likely that mental exercise causes a greater 

development of the [dendritic] apparatus and of the network of [axon] 

collaterals in the cerebral regions most in demand. Hence, the associations that 

are already established between certain groups of cells would be notably 

strengthened by means of multiplication of the small terminal branched of the 

[dendritic processes] and of the [axon] collaterals. However, thanks to the 

neoformation of [axonal] collaterals and [dendritic processes], completely new 

intercellular connections could also be established (Cajal, as translated by De 

Felipe, 2006).  

 
Cajal also posited that “Such plasticity of the cellular processes probably varies at 

different ages: greater in the young man, diminished in the adult and almost completely 

disappeared in the aged” (Cajal, as translated by De Felipe, 2006). Cajal did not 

empirically validate his hypotheses, but they were supported by evidence that amassed 

over the course of the 20th century from laboratories around the world. Cajal’s 

contribution to neuroplasticity was couched in neuroanatomical terms, but beginning in 

the mid 20th century, physiological theories began to emerge to create a more complete 

theory. In his 1949 book, The Organization of Behavior, Donald Hebb set out to “bring 

together a number of different lines of research, in a general theory of behaviour that 

attempts to bridge the gap between neurophysiology and behaviour” (p. vii). Hebb was 

primarily concerned with the neurological basis of the permanence of learning and 

memory. His “dual trace mechanism” of memory posits that extrinsic stimuli firstly 

induce a neurophysiological “reverberatory trace”, which then cause long-term structural 

changes which Hebb supposed were necessary to account for the longevity of memory 

and learning. Hebb (1949) explicated this theory as: 

 
The persistence or repetition of a reverberatory activity (or “trace”) tends to 

induce lasting cellular changes that add to its stability. The assumption can be 

precisely stated as follows: When an axon of cell A is near enough to excite a 

cell B and repeatedly and persistently takes part in firing it, some growth process 

or metabolic change takes place in one or both cells such that A’s efficiency, as 

one of the cells firing B, is increased. (p. 62). 
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Figure 1.1 Simplified schematics of the theory of neuroplasticity, with and without 
the involvement of myelin. 
A. Simplified schematic of the theoretical neuroplasticity loop. Changes in behaviour 

lead to changes in neuronal activity, which can lead directly to changes in neuronal 
function, or can change neuronal function via changes in neuronal structure. As 
discussed in the main text, changes in neuronal structure could include the 
generation of new neurons, the formation of new synapses and dendrites, and 
changes in axonal sprouting. Changes in neuronal function can cause changes in 
behaviour, completing the loop, which may then begin again.   

B. Simplified schematic of the theoretical neuroplasticity loop, showing the 
involvement of myelin. Changes in behaviour lead to changes in neuronal activity, 
which can produce changes in myelin. Because myelin exerts an important influence 
on neuronal function, myelin changes could lead to changes in behaviour, 
completing the loop. 

  

This idea is now expressed aphoristically as “neurons that fire together wire together”. 

Hebb goes on to hypothesise that the most likely way in which cell A would be able to 

more strongly drive the activity of cell B is by developing new or enlarging existing 

“synaptic knobs”, which would increase the contact between the two. Hebb 

acknowledged his lack of direct evidence to support this assertion. Indeed, it was not until 

a decade later that experimental neuroanatomical and neurophysiological evidence 
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consistent with his postulate began to emerge (Rosenzweig & Bennett, 1996), elevating 

him and his postulate to a level greater than either had enjoyed during his life (Cooper, 

2005). His name is synonymous with learning, memory and neuroplasticity to such an 

extent that it is used adjectivally (“Hebbian plasticity”, the “Hebbian synapse”), and is 

testament to how much of our current understanding of functional neural connections is 

based on Hebbian concepts (Brown & Milner, 2003). 

 

From the 1960s, three distinct experimental paradigms for probing the cellular and 

neurophysiological substrates for neuroplasticity emerged. First, David Hubel and 

Torsten Wiesel demonstrated that neonatal visual experience profoundly affects 

development of the visual system, in terms of both synaptic function and neuroanatomy 

(Wiesel & Hubel, 1963a, b; 1965). This phenomenon was attributed to Hebbian 

mechanisms, whereby the use and disuse of neurons has long-term consequences for the 

system’s synaptic connectivity and function (Hubel & Wiesel, 1998; Stent, 1973). 

Second, Marian Diamond and Mark Rosenzweig demonstrated that more generalised 

environmental experiences can affect CNS development. Mice reared in enriched 

environments differ neurochemically and neuroanatomically from those reared in 

standard laboratory conditions (Bennett et al., 1964; Diamond et al., 1964; 1966). 

Furthermore, using this environmental enrichment paradigm, it was demonstrated that 

this form of neuroplasticity is not limited to the developmental period (Bennet et al., 

1964). Third, Timothy Bliss and colleagues demonstrated that repetitive stimulation of 

neuronal pathways can lead to a long-term increase in synaptic strength, known as long 

term potentiation (LTP) (Bliss & Gardner-Medwin, 1973; Bliss & Lømo, 1973). This 

marked a step-change in our understanding of neurophysiological phenomena, which had 

previously been assumed to operate over a more modest time-frame (Teyler & DiScenna, 

1987).  

 

These three paradigms left a profound legacy on the field of neuroplasticity. The findings 

of Bliss and colleagues in particular laid the foundations for perhaps the most intensely 

studied aspect of neuroplasticity – that of synaptic plasticity. Synaptic plasticity refers to 

a suite of changes whereby synapses functionally change in response to use, disuse, and 

training, the precise nature of which depends on the temporal relationships between pre- 

and post-synaptic activity (Feldman et al., 2009). Since the discovery of LTP, numerous 

other forms of synaptic plasticity have been discovered, including long-term depression 

(LTD), spike-timing-dependent plasticity (STDP), and homeostatic plasticity (Feldman 

et al., 2009), all of which involve not only a change in synaptic function, but also a change 

in synaptic structure, which may include changes in the number and size of existing 

synapses, and removal of old or formation of new synapses. Such changes are widely 

regarded as the physiological substrate of learning and memory (Bear & Malenka, 1994; 

Feldman et al., 2009; Malenka & Bear, 2004; Teyler & DiScenna, 1987). Activity-

dependent synaptic modification is now understood to be associated with more 

macroscopic changes, including dendritic outgrowth and axonal sprouting, and in some 

cases to even more profound changes which were not anticipated by Cajal, such as neural 

precursor proliferation and migration, and ultimately experience-dependent cortical map 
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reorganisation (Berry & Nedivi, 2016; Bruel-Jungerman et al., 2007; Buonomano & 

Merzenich, 1998; Butz et al., 2009; Deng et al., 2010; Draganski & May, 2008; Feldman, 

2009; Jamann et al., 2018; May et al., 2011; Spitzer et al., 2006). In light of these diverse, 

experience-dependent neuroanatomical and neurophysiological changes, a key priority 

for neuroscientists is to synthesise these components into a comprehensive model that 

accounts for long-term, experience-dependent adaptive changes to the CNS and 

behaviour. For example, it has been posited that initial changes involve modification of 

synaptic strength at existing synapses, followed by alteration of connectivity through 

creation and/or destruction of synaptic spines, which leads to slower, macroscopic 

structural modification of axons and dendrites (Feldman, 2009). Over the past couple of 

decades, it has become increasingly clear that neurons are not the only cells in the CNS 

which are susceptible to experience-dependent adaptive modification, and that accounts 

of neuroplasticity are incomplete without considering the involvement of other CNS cells. 

 

1.1.3. Neuroplasticity and myelin plasticity 
Environmental stimuli, behaviour, and neuronal activity affect glial cells, including 

oligodendrocytes which are the myelinating glia of the CNS and are the subject of the 

remainder of this review. Given that myelin profoundly affects neuronal function, 

activity-dependent myelin modification could represent an addition to the brain’s 

repertoire of cellular changes that underpin plasticity (Fields, 2005; Fields, 2008a; Ullén, 

2009). Figure 1.1B schematically depicts the neuroplasticity loop incorporating myelin 

changes, highlighting how myelin changes may be induced by neuronal changes, and then 

in turn how these changes influence neuronal activity. Our understanding of how neuronal 

activity affects myelin falls vastly short of our understanding of similar processes in 

neurons. However, the idea that neural activity affects oligodendroglia and the myelin 

they produce is not new. Disparate threads of evidence dating back several decades 

suggest that experience (Szeligo & Leblond, 1977) and neural activity (Gyllensten & 

Malmfors, 1963) affect oligodendroglia, and over the past decade interest in this topic has 

intensified. The remainder of this introductory chapter describes the current state of the 

literature regarding myelin’s role in the neuroplastic loop represented in Figure 1.1B. The 

theory underlying this loop, and the body of experimental literature dedicated to its 

different components, is discussed in Section 1.3. Before addressing this topic, Section 

1.2 provides an overview of the structure, function, development and regulation of 

myelin, to lay the foundations for understanding how neural activity could affect it, and 

why this could have functional consequences for the nervous system.  

1.2. Overview of myelin biology: structure, function, development and 
regulation. 

The mammalian CNS is divided, at the highest level, into grey and white matter. The 

former comprises predominantly neuronal cell bodies, dendrites and synapses; the latter 

comprises predominantly axons and glia – including astrocytes, microglia, and 

oligodendrocytes. Although grey matter has traditionally enjoyed the privileged position 

of being regarded as the “seat of cognition”, and continues to dominate neuroscience 
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research (Koch & Reid, 2012) and popular neuroscience (e.g. Le Doux, 2002), the 

wonders of white matter and glial cells have not gone unnoticed (Barres, 2008; Fields et 

al., 2015). As articulated by Fields et al. (2015), an understanding of the functional 

organisation and operation of neuronal networks cannot be achieved merely by studying 

neurons and tracing the pathways that connect them, but additionally requires 

consideration of the ways in which glial cells affect connectivity and function at all levels, 

from synapses to circuits.  

 

In humans, white matter tracts are comprised of the 1010 axons of cortical projection 

neurons which connect to subcortical structures and to other cortical regions (Nave & 

Ehrenreich, 2014), and are the conduit along which information travels through the brain. 

This function is all the more impressive when considering the biological challenge of 

maintaining such a system: the axonal compartment of an individual neuron comprises 

about 99% of the neuron’s cytoplasm, and can be long – up to 20cm for transcallosal 

projections connecting the hemispheres of the human brain, and over 1m for cortical 

motor projection neurons controlling the lower limbs. White matter therefore represents 

not only a vital link between the different neurons, but an impressive feat of cell biology. 

The importance of white matter for human biology is underscored by the fact that the 

ratio of CNS white matter to grey matter increases along the evolutionary scale, 

comprising about 40% of the human brain (Hildebrand et al. 1993). Axons are closely 

associated with myelin, the lipid-rich cellular protrusions of oligodendrocytes, which 

constitutes about 40-50% of the dry weight of human white matter (Baumann & Pham-

Dinh, 2001). Indeed, it is the colour of the lipid-rich myelin that gives white matter its 

name. Section 1.2 presents an overview of myelin biology, focusing on myelin structure 

(Section 1.2.1), function (Section 1.2.2), development (Section 1.2.3), and regulation 

(Section 1.2.4).  

 

1.2.1. Myelin structure 
1.2.1.1. Oligodendrocytes myelinate CNS axons, organising them into 

functional domains 
Myelinated axons (a subset of all axons) are organised along their length into discrete 

domains that are molecularly, functionally and structurally specialised, which underpins 

proper neuronal function (Debanne et al., 2011; Zollinger et al., 2015). The two main 

categories of specialised axonal region are the nodal and internodal regions, which 

alternate along the axon’s length (Figure 1.2). 

 

The nodes (or nodes of Ranvier) are the exposed, unmyelinated segments of the axon. 

They are typically short (~1 µm) and are enriched in the voltage gated sodium channels 

(VGSCs) necessary for action potential propagation (see Section 1.2.2 for further 

discussion of nodal function). Nodes correspond to less than 1% of an average myelinated 

axon’s length (Salzer & Zalc, 2016). VGSCs are tethered to the axonal cytoskeleton by a 

macromolecular complex consisting of AnkyrinG and ßIV spectrin (Zollinger et al., 

2015).  
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Figure 1.2 Myelin organises axons into discrete functional domains. 
Myelinated axons are organised into discrete, repeating functional domains. Short 
unmyelinated axonal domains, or nodes, contain the voltage-gated sodium channels 
necessary for action potential propagation. Myelinated stretches of axon, the 
internodes, are ensheathed with a stack of spirally-wrapped membrane, which in the 
CNS is produced by membrane extensions from oligodendrocytes. The myelin sheath 
and the axon are tightly apposed at the paranodal junctions, mediated by a complex 
between the oligodendroglial protein NF155, and the axonal proteins Contactin and 
Caspr. The small region between each internode and paranode is the juxtaparanodes, 
which contains the potassium channels necessary for regulating excitability.  

 
 

 

The nodes are flanked on either side by internodes, the myelinated segments of the axon. 

Myelin is a concentrically layered stack of spirally-wrapped membrane. Along most of 

their length, myelin segments are densely compacted, with the intracellular and 

extracellular surfaces of the myelin membrane tightly apposed and devoid of cytoplasm. 

The adaxonal (innermost) myelin layer and the paranodal loops (at the lateral edges of 

each myelin sheath) are uncompacted, cytosolic compartments. The space between the 

adaxonal layer and the axon is called the periaxonal space. Compared to other cellular 

membranes, myelin has an unusually high lipid content (approximately 70%) and is 

particularly enriched in cholesterol and glycosphingolipids (Baumann & Pham-Dinh, 

2001). In terms of its proteomic composition, CNS myelin is highly enriched in two 
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proteins, proteolipid protein (PLP) and myelin basic protein (MBP), which constitute 

17% and 8% of total myelin protein, respectively (Jahn et al., 2009).  

 

The myelin sheath is connected to the axon at the paranodal junction, the largest cell-cell 

junction in vertebrates, which forms between the axonal molecules Caspr and contactin, 

and the glial molecule NF155 (Zollinger et al., 2015). This junction electrically isolates 

the periaxonal space from the extracellular milieu, and presents a diffusion barrier to 

nodal proteins (Zollinger et al., 2015). Within the internodal region, between the 

paranodes and the compacted myelin, is a small region called the juxtaparanode, which 

is enriched in the voltage gated potassium channels necessary for regulating axonal 

excitability (Zollinger et al., 2015). This highly organised structure of a myelinated axon 

contrasts with that of unmyelinated axons, along which ion channels and other proteins 

are homogeneously distributed (Debanne et al., 2011).  

 

1.2.1.2. Oligodendrocytes, myelin, and myelinated axons are 
heterogeneous 

Heterogeneity is an important, high-level theme in the study of the basic anatomy and 

biology of oligodendrocytes, myelin, and myelinated axon structure. Heterogeneity is 

evident at multiple levels. At a cellular level, the theme of heterogeneity arose almost a 

century ago, when neuroanatomist Del Rio Hortega discovered oligodendrocytes and 

identified four morphologically distinct subtypes (Baumann & Pham-Dinh, 2001; Pérez-

Cerdá et al., 2015). More recently, oligodendroglial heterogeneity has been further 

revealed by several careful analyses at a range of levels. At a molecular level, single-cell 

transcriptomic analysis of oligodendrocytes from a range of CNS regions suggests that 

there are up to six, distinct subtypes of oligodendrocytes (Marques et al., 2016). The 

significance of this is not yet clear: the subtypes are not strictly correlated with anatomical 

location, and it remains to be clarified whether these six, molecularly distinct subtypes 

correspond to subtle differences in the cell’s maturity, to differences in function, and/or 

to morphological markers. At a neuroanatomical level, Tomassy et al. (2014) dispelled 

the assumption that the myelin pattern along individual axons is homogenous, 

demonstrating instead that it can be highly heterogeneous, at least in the cortex. With 

reconstructions of high-resolution serial electron microscopy images, they followed 

individual neocortical pyramidal neuron axons through the six layers of the cerebral 

cortex to discover the spatial distribution of myelin along their lengths. Along this 

dimension, myelin is highly diverse, which may be related to the cortical layer in which 

the neuronal cell body resides (Tomassy et al., 2014). For example, axons from neurons 

residing in deeper cortical layers (V and VI) have a greater total myelin coverage than 

axons of more superficially originating neurons. Furthermore, the more superficial, more 

sparsely myelinated axons have more irregular myelination patterns than the deeper 

cortical layer neurons, including myelin segments of highly variable lengths, and very 

long unmyelinated stretches that vastly exceed the typical length of nodes. Another 

neuroanatomical parameter along which oligodendrocytes are heterogeneous concerns 

the complement of axons they myelinate. Osanai et al. (2016) studied the populations of 

axons that are myelinated by individual, genetically labelled oligodendrocytes and 
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showed that some oligodendrocytes myelinate axons originating from diverse areas, but 

others myelinate axons originating from the same area. It is not yet known what 

determines this, but it may well involve interactions between oligodendroglial and axonal 

subtypes. Axonal factors that regulate myelination are further discussed in Section 

1.2.4.2.  

 

Oligodendroglial and myelin heterogeneity are commonly studied and described 

quantitatively according to several parameters, including (Figure 1.3):  

- Myelin thickness: Conventionally reported as the g-ratio, which is the axon 

diameter divided by the total fibre diameter (i.e. the diameter of the axon plus its 

myelin sheath).  

- Internode length: In the CNS, there is a ten-fold range in internode length (~20-

200 µm). Some regional patterns are observed, for example, internodes tend to be 

shorter in the cortex than the spinal cord (Chong et al., 2012), and longer in the 

cerebellum than the corpus callosum (Bakiri et al., 2011). 

- Number of myelin segments per oligodendrocyte: Oligodendrocytes extend 

numerous (up to 60) processes (Chong et al., 2012), each of which contacts and 

wraps around an axon to form the multilayered stack of membrane that constitutes 

the myelin sheath. A given OL thus contributes myelin to internodes on numerous 

axons, and sequential myelin sheathes along a given axon can be contributed by 

different oligodendrocytes (Baumann & Pham-Dinh, 2001). There is, however, 

considerable heterogeneity: contemporary studies have shown that throughout the 

brain, oligodendrocytes exhibit a six-fold range in the number of myelin segments 

per cell (~10-60 segments), although cortical oligodendrocytes tend to extend 

more processes than those in the spinal cord (Bechler et al., 2015; Chong et al., 

2012); and corpus callosal oligodendrocytes tend to myelinate more axons than 

cerebellar oligodendrocytes (Bakiri et al., 2011).  

- Node length: For example, in the adult optic nerve, node length varies by a factor 

of about four (and is not correlated with node diameter). For layer V cortical 

neurons, node length varies by a factor of approximately nine (Arancibia-

Carcamo et al., 2017). 

- Density of (myelinating) oligodendrocytes 

- Density of myelinated axons: Changes in this parameter could reflect either 

changes in the density of myelinating oligodendrocytes, or in the number of 

sheaths per oligodendrocyte. Neuroanatomically, myelin abundance varies 

greatly between different white matter tracts. The optic nerve is an example of a 

heavily myelinated white matter tract (Moore et al., 1976), whereas the corpus 

callosum is a more sparsely myelinated white matter tract. Sturrock (1980) reports 

that in the adult mouse, approximately 30% of axons in the corpus callosum are 

myelinated. Olivares et al.’s (2001) study of a range of species, finds that the 

percentage of unmyelinated fibres in the corpus callosum ranges from 

approximately 20% in dogs to 31% in rats. 
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Figure 1.3 Parameters used to quantify myelin. 
In the literature, myelin is quantified according to various parameters, some of the 

most common of which include:  

A. Myelin thickness (most commonly expressed as a g-ratio) 
B. Myelin sheath length (or internode length) 
C. Number of myelin segments per oligodendrocyte 
D. Number or density of oligodendrocytes  
E. Number or density of myelinated axons 
 

 

1.2.2. Myelin function 
What is the function of myelin, and how do the various parameters that are observed for 

myelin affect its function? The two main functions of myelin are to facilitate fast 

(discussed in Section 1.2.2.1) or optimal (discussed in Section 1.2.2.2) neuronal impulse 

conduction and to metabolically support axons (discussed in Section 1.2.2.3). 

  

1.2.2.1. Myelin supports fast action potential conduction velocity 
Fast conduction velocity is important for CNS function. 
Conduction velocity (CV) is of fundamental importance for the function of the nervous 

system and thus for animal behaviour. The faster the CV, the shorter the time taken for a 

signal to reach its destination, which has profound effects on CNS function: in a sensory 

pathway, a faster CV conveys information about stimuli to the brain more quickly; in a 

motor pathway, a faster CV allows a response to be performed more quickly. It has even 

been proposed that intelligence depends on nerve impulse conduction speed (Reed, 1984), 
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and it has been demonstrated that CV in various tracts of the CNS correlates with 

performance on standardised IQ tests (Reed & Jensen, 1992; Reed et al., 2004). 

 

Myelin enhances conduction velocity in a spatially economical manner. 
Myelin – a vertebrate adaptation which emerged five hundred million years ago – is 

arguably the key to the evolutionary success of vertebrates (Zalc & Colman, 2000). CV 

is determined by two broad, interrelated factors: axon diameter and myelin (Hartline, 

2008; Hartline & Colman, 2007; Salzer & Zalc, 2016). For unmyelinated axons, larger 

calibre axons conduct more rapidly than smaller calibre axons. Invertebrates have 

exploited axonal calibre as the strategy to increase CV. The best-known example of this 

is the squid giant axon, which can be up to 1 mm in diameter, and can achieve a CV of 

over 20 m/s (Salzer & Zalc, 2016). If all other variables are held constant, a myelinated 

axon conducts action potentials more rapidly than an unmyelinated one (Debanne et al., 

2011; Hartline, 2008) (Figure 1.4A), and the increase can be in the order of 10- to 100-

fold. As a strategy to increase conduction velocity, myelination has a major advantage 

over simply increasing axon calibre. Whereas CV increases in proportion to the square 

root of an unmyelinated axon’s diameter, it increases linearly with a myelinated axon’s 

diameter (Tasaki, 2011). For this reason, the squid giant axon (which, as noted above, is 

unmyelinated and can be up to 1 mm in diameter) conducts at over 20 m/s, whereas a 

mammalian myelinated axon of only 4 µm in diameter conducts at a similar speed 

(Hildebrand et al. 1993). Put another way, an unmyelinated squid giant axon is 15,000 

times the size of a myelinated mammalian nerve capable of a comparable CV, and is thus 

several thousand times more energetically demanding (Salzer & Zalc, 2016). Myelin is 

thus a spatially economical strategy to enhance CV.  

 

The biophysical basis for myelin’s role in facilitating fast CVs is that it reduces both the 

current leak across and the capacitance of the axonal membrane (Debanne et al., 2011; 

Hartline & Colman, 2007; Stys, 2011). These properties increase the speed with which 

the axonal membrane becomes charged, and allow rapid, undiminished current flow along 

the internode, so the nerve impulse “jumps” from one node to the next (Debanne et al., 

2011; Hartline, 2008). At nodes, the axonal membrane is unmyelinated and contains a 

high density of voltage gated ion channels, which is where the current flow necessary for 

impulse propagation is generated (Debanne et al., 2011). This alternating configuration 

of nodes and internodes, and the saltatory conduction that it permits, is of fundamental 

importance for CNS function.  
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Figure 1.4 Myelin controls conduction velocity. 

A. Myelinated axons (neuron y) have a higher CV and a shorter Ct than 
unmyelinated axons (neuron x), if all other variables are constant.  

B. Myelinated axons with thicker myelin sheathes (neuron y) have a higher CV 
and a shorter Ct than myelinated axons with thinner myelin sheathes (neuron 
x), if all other variables are constant.  

C. Myelinated axons with longer myelin segments (neuron y) have a higher CV 
and a shorter Ct than myelinated axons with shorter myelin segments (neuron 
x), if all other variables are constant. Note that the positive relationship 
between internode length and CV only applies to a certain length, after which 
a flat maximum is reached (Huxley & Stampfli, 1949; Brill et al., 1977).  

D. For appropriate function of many neuronal systems, spatial and/or temporal 
summation of signals is essential, and can be affected by several factors as 
illustrated in schematics i-iv. In these schematics, it is assumed that 
postsynaptic neuron z will be driven to threshold and fire only if inputs from x 
and y arrive simultaneously.  

i. In this scenario, if neurons x and y have the same CV but are different 
distances from neuron z, then the Ct for a signal from x to z will be greater 
than for a signal from y to z. If signals arise simultaneously in x and y, the 
signal from y will arrive sooner than that from neuron x, and they will not 
summate to drive post synaptic neuron z to fire an action potential. 

ii. In this scenario, if neurons x and y have the same CV and are different 
distances from neuron z, but neuron y sends its axon on a circuitous route 
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such that signals originating in x and y travel the same distance to reach 
their post synaptic target neuron z. Thus, if signals arise simultaneously in 
neurons x and y they will, if all other variables are constant, arrive 
simultaneously at neuron z, and will summate allowing neuron z to fire an 
action potential. Neuron y’s axon thus acts as a delay line and achieves 
isochronicity.  

iii. In this scenario, if neurons x and y are different distances from neuron z, 
but the further neuron x has a larger calibre axon such that its CV exceeds 
that of the closer and thinner calibre neuron y, then the Ct for signals 
arising from neurons x and y are equivalent, and thus signals arising 
simultaneously in x and y arrive simultaneously at z, summating and driving 
it to threshold. In this scenario, Ct is equalised by varying axon calibre.  

iv. In this scenario, if neurons x and y are different distances from neuron z, 
but the further neuron x has thicker myelin sheathes, such that its CV 
exceeds that of the closer and thinner-myelinated neuron y, then the Ct 
for signals arising from neurons x and y are equivalent, and thus signals 
arising simultaneously in x and y arrive simultaneously at z, summating and 
driving it to threshold. In this scenario, Ct is equalised by varying myelin 
parameters.  

Note: CV=conduction velocity; Ct=conduction time; VM=membrane potential; 

L=axon length 
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1.2.2.2. Myelin allows precise timing of neural signalling  
Myelin geometry affects conduction velocity. 
Myelin anatomy is more nuanced than a simple binary comparison of myelinated and 

unmyelinated axons. Myelin geometry varies along several parameters (as noted in 

Section 1.2), which are predicted, and in some cases observed, to affect CV. 

Consequently, myelin function may be more nuanced than simply maximising CV. In 

other words, two myelinated axons may have different CVs if their myelin geometry is 

different.  

 

With respect to myelin sheath thickness, as thickness increases, so does CV, (Figure 

1.4B), but only to a point. Early theoretical calculations predicted that for a given axonal 

diameter, there is a myelin sheath thickness that maximises CV. Deviation above or below 

this optimal thickness reduces CV, and this corresponds to a g-ratio between 0.6-0.7 

(Rushton, 1951; Smith & Koles, 1970). However, although many neurons in the nervous 

system have this optimal g-ratio, many deviate from this theoretical optimum. Some 

examples include the myelin of the ventral root of spinal nerves in cats (Berthold et al., 

1983) and the optic nerve of cats, in which, despite relatively homogeneous axonal 

calibre, a variety of myelin sheath thickness is observed, and is thought to underlie distinct 

action potential conduction properties (Freeman, 1978). With respect to myelin sheath (or 

internode) length, as length increases so does CV (Figure 1.4C), but only to a point. Early 

theoretical calculations predicted that CV reaches a flat maximum at a particular node 

spacing (i.e. a particular internode or myelin sheath length), and through natural selection 

the observed values of node spacing should be such that conduction velocity is maximal 

(Huxley & Stampfli, 1949). If other factors are held constant, CV increases linearly with 

internode length up to about 2000µm (Brill et al., 1977). Experimental manipulations (in 

the peripheral nervous system) confirm that internode length affects CV: in developing 

mice, if Schwann cell myelin sheath lengths are retarded while leaving axonal calibre and 

myelin ultrastructure intact, CV decreases (Wu et al., 2012). With respect to node length, 

a nine-fold variation is observed across different cortical neurons, which is predicted to 

result in CVs that vary by around 20% (Arancibia-Carcamo et al., 2017). If variations in 

myelin geometry affect CV, and variations in myelin geometry are widely observed 

throughout the CNS, what does this mean for CNS function? To what extent are variations 

in myelin geometry exploited by the CNS to alter CVs? 

 

Optimal CV varies across neurons, and myelin contributes to optimising CV.  
Although speed is important for some neuronal functions, in other neuronal circuits, 

maximal and optimal CVs are not synonymous (Waxman, 1997). Information in the CNS 

is encoded by the temporal parameters of action potential (AP) firing. Rate coding refers 

to the phenomenon whereby AP firing frequency encodes information, a common 

example of which is encoding of sensory stimulus intensity (Stein et al., 2005). Temporal 

coding refers to the phenomenon whereby the time at which a spike arrives at a post-

synaptic neuron relative to the time at which other spikes arrive encode information (Stein 

et al., 2005). A corollary of temporal coding is that maximal CVs along some axons would 
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be inappropriate for circuit function. For example, in some circuits, multiple signals 

travelling along different axons arrive at their target synchronously – a property known 

as isochronicity (Kimura & Itami, 2009; Seidl, 2014). In these scenarios, a challenge to 

isochronicity occurs when the distance between the origin and destination are different 

for each of the relevant signals (Figure 1.4Di). If one neuron is closer to the post-synaptic 

target than another, but the signals from each must arrive simultaneously, mechanisms 

must be in place to either delay conduction time from the closer neuron or hasten the 

conduction time from the further neuron. Theoretically, there are several ways in which 

a signal may be hastened or delayed. One is by varying axonal path: if the closer neuron 

sends its axon on a circuitous route to the destination to increase the path length, then, all 

else being equal, it will take a longer time for the signal to reach the destination than it 

would have if it traversed a direct route (Figure 1.4Dii). This means that signals arising 

simultaneously in two neurons located at different distances from the target can arrive 

simultaneously, driving the post synaptic target to fire. Another mechanism by which 

isochronicity can be achieved despite neurons being located at different distances from a 

common target is to increase the CV along the axons that project from the more distant 

neuron, or decrease the CV along the axons that project from the more proximal neuron. 

There are indeed several examples of systems in which CV is systematically varied in 

different axons to achieve isochronicity in spite of different conduction lengths. For 

example, visual system function depends on precise encoding of spatiotemporal 

information, yet information flowing into the optic nerve originates at retinal ganglion 

cells residing at different locations across the retina. To compensate for varying axonal 

path lengths, the CV of individual retinal ganglion cells varies, so that total conduction 

time is constant (Stanford, 2007). Another example is the amygdalocortical tract. The 

lateral amygdala sends projections that terminate synchronously throughout the long strip 

of cortex known as the perirhinal cortex, which would not be expected based on the 

various projection distances of the amygdalocortical tract, but which is made possible by 

axons having different conduction velocities to ensure equivalent conduction times 

(Pelletier & Paré, 2002). Similarly, in the region of the corpus callosum that interconnects 

the visual cortex bilaterally, CVs vary across different axons so that conduction time is 

constant, thus allowing synchronous activation of spatially dispersed targets (Innocenti, 

2009). These variations in CV could theoretically occur by altering axon calibre (Figure 

1.4Diii) or myelin (Figure 1.4Div), and there is evidence that in some circuits, the 

parameters of myelin geometry are adapted to regulate CV along specific axons to 

achieve isochronicity, and thus appropriate CNS function. Several examples are 

described in more detail as follows.  

 

Isochronicity and myelin in the olivocerebellar pathway. 
One example of a circuit involving different path lengths which achieves isochronicity 

through myelin geometry (i.e. Figure 1.4Div) is the olivocerebellar pathway. This 

pathway contains projections originating from neurons in the olivary nucleus of the 

brainstem which synapse on Purkinje neurons throughout the cerebellar cortex. 

Recording from Purkinje cells across diverse areas of the cerebellar cortex in response to 

stimulation of the inferior olive (IO) reveals uniform conduction times, in spite of the 
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wide variation in olivocerebellar axon length, which can vary up to two-fold depending 

on the target region of the cerebellar cortex (Sugihara et al., 1993). In this system, 

therefore, IO neurons can be seen as functionally equidistant from all Purkinje cells in the 

cerebellar cortex (Sugihara et al., 1993). This isochronicity is hypothesised to allow the 

cerebellum to act as a ‘parallel distributed machine’, thus ensuring synchronisation of 

groups of muscles that co-activate to generate coordinated movement (Sugihara et al., 

1993). This study indicated that the isochronicity of this system is the result of differential 

conduction velocity, such that longer fibres conduct faster than shorter ones, which was 

suggested to be the result of the longer fibres having larger diameters. It has also been 

demonstrated that in this system, myelin contributes to achieving uniform conduction 

time, because myelin-deficient rats exhibited poorer synchrony of spike time arrival 

throughout the cerebellar cortex, and in normal rats, isochronicity is established 

concurrently with maturation of myelin within this system (i.e. by postnatal day 25) (Lang 

& Rosenbluth, 2003).  

 

Isochronicity and myelin in the thalamocortical pathway. 
The thalamocortical system is another example of a system in which variations in myelin 

geometry support isochronicity among neurons emanating from a common origin and 

terminating at disparate destinations. Thalamic neurons project widely to the 

somatosensory cortex along axons that differ in length, with some axons entering the 

cortex directly, and others running for variable distances through the subcortical white 

matter, before entering the cortex (Salami et al., 2003). The distance traveled within the 

cortex is more or less equivalent for all axons, and most of the variability of the overall 

length represented in the thalamus to white matter portion of the tract. Despite these 

different distances, stimulation of discrete thalamic areas results in signals that reach 

different areas of the cortex almost simultaneously (Salami et al., 2003). To determine 

what could account for this observation, Salami et al. (2003) measured the CV and 

myelination of axons at various places, including in the white matter and the cortex, which 

revealed that individual axons have different CVs at different points along their length. 

Specifically, the faster CV in the longer and more variable regions of the axons is in the 

white matter, in which there is more myelin. This system therefore relies upon making 

the CV of longer, more variable parts of the axon faster than that of the shorter, more 

constant regions, which has the effect of eliminating the variability of the distance 

traversed by different projections (Salami et al, 2003).  

 

Isochronicity and myelin in the auditory system. 
Perhaps the best studied system in which myelin is posited to play a role in optimising 

CV is the auditory system, and in particular the sound localisation system. Binaural 

perception underpins the ability to locate the spatial source of sounds. This system is 

based on the spatial separation of the ears, which means that sounds arrive at the two ears 

at different times, creating an interaural time difference (ITD), with the magnitude of the 

difference depending on the spatial location of the sound source (i.e. with an ITD of zero 

when the sound is located directly ahead) (Jeffress, 1948). In birds, neurons in each 

nucleus magnocellularis (NM) receive monaural inputs from the auditory nerve, and then 
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sends an axon that bifurcates, with one collateral projecting to the ipsilateral nucleus 

laminaris (NL), and the other collateral projecting to the contralateral NL. Each NL 

contains an array of neurons, which act as coincidence detectors, receiving input from 

both contralateral and ipsilateral NM neurons, and which reach threshold and fire action 

potentials only when ipsi- and contra-lateral inputs arrive simultaneously and can 

spatially summate (Carr & Konishi, 1990; Overholt et al., 1992). The coincidence 

detector target neurons in each NL thus represent a topographic map of sound source 

localisation, each responding maximally to a particular ITD, thus encoding a particular 

sound source location.  

 

Three-dimensional measurements of axon length in the NM-NL circuit suggest that 

length differences in ipsi- and contra-laterally projecting axon collaterals of NM neurons 

cannot account for isochronicity in this system, with the observed differences in axonal 

length making it impossible to code ITDs within the physiological range (Seidl et al., 

2010; Seidl, 2014). Rather, isochronicity in this system is achieved through 

systematically varying the CV in each collateral of individual NM neurons, resulting in 

equalisation of conduction times of action potentials travelling along two different 

distances (i.e. Figure 1.4Div). It is proposed that this is possible because of the longer 

internode length and larger axon diameter of the longer, contralaterally-projecting 

collateral relative to the shorter, ipsilateral projecting collateral (Seidl et al., 2010; Seidl, 

2014). The equivalent sound localisation system in gerbils has also been studied, and it 

has been shown that the ipsilaterally and contralaterally projecting branches of individual 

neurons from the cochlear nucleus (the equivalent of the avian NM) have different 

internode lengths and axonal diameters to achieve isochronicity despite different 

conduction distances (Seidl & Rubel, 2016). Importantly, this study demonstrated the 

differences in myelin are established prior to the onset of hearing, suggesting that this 

mechanism of CV regulation is hard-wired (Seidl & Rubel, 2016).  

 

Recently, it has been demonstrated in another region of the mammalian brainstem 

auditory circuitry that myelin geometry along different axons achieves isochronicity. In 

the gerbil auditory system, two different cell types from the anteroventral cochlear 

nucleus project to the medial superior olivary nucleus (MSO). The spherical bushy cells 

(SBCs) project directly to the MSO, while the globular bushy cells (GBCs) project to the 

MSO via a synapse at the medial nucleus of the trapezoid body (MNTB). This synapse at 

the MBTB would lead to the prediction that signals from the GBC cells would arrive at 

the MSO after those from the SBCs, however evidence indicates that input arrives 

simultaneously. Compared to SBC axons, GBC axons are larger calibre, and have longer 

internodes, which could account for the simultaneous arrival at the MSO of input from 

these two cells, despite the synaptic delay of the GBC projection (Ford et al., 2015). 
 

In summary, myelin modulates action potential conduction velocity, not only by 

enhancing the speed, but by fine-tuning the speed so that the timing of impulses is fit for 

purpose within a given network. This function of myelin is being invoked to understand 
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and explain higher level neural network phenomena such as brain wave propagation 

(Pajevic et al., 2013). 

 

1.2.2.3. Myelin metabolically supports axons 
Besides myelin’s electrophysiological functions, oligodendrocytes and the myelin they 

produce support axons structurally and metabolically (Nave & Trapp, 2008; Y. Lee et al. 

2012). This function has been increasingly appreciated over the past 20 years. Insight into 

the importance of oligodendroglial support of neurons, independent of myelin itself, 

originated from studies examining mice with mutations in certain myelin genes which, 

despite their ultrastructurally intact myelin, suffered axonal pathologies. For example, 

Lappe-Siefke et al. (2003) investigated the effect of abolishing expression of the gene 

encoding the 2',3'-Cyclic nucleotide 3'-phosphodiesterase (CNP) protein, which is a 

component of non-compacted myelin. Although the CNP-deficient mice had intact 

myelin ultrastructure, after several months they developed axonal pathologies, leading to 

behavioural deficits and ultimately death. By showing a dissociation between myelin 

structure and axonal integrity, this study confirmed that oligodendrocytes serve two, 

mechanistically distinct functions: myelination and support of axonal integrity.  

 

Several subsequent studies have revealed in further detail some of the ways in which 

oligodendrocytes and myelin metabolically support axons. Oligodendrocyte expression 

of the lactate transporter monocarboxylate transporter 1 (MCT1) is necessary for neuronal 

health (Y. Lee et al., 2012). Oligodendrocytes and axons are metabolically coupled, and 

glycolytic oligodendrocytes supply axons with lactate for aerobic ATP synthesis 

(Fünfschilling et al., 2012). This coupling mechanism involves activity-dependent 

glutamate release from axons, which signals to oligodendroglia via NMDA receptors to 

mobilise glucose transporters to myelin and consequently increase glucose import, lactate 

synthesis and then lactate export to neurons via MCT1 (Saab et al., 2016). This 

oligodendroglial function is necessary for long-term axonal health and integrity, and 

appears to be necessary for axons to recover from metabolic challenges (Saab et al., 

2016). It is worth noting that many of these findings are based on experimental 

interventions using artificial stimuli. It remains to be seen whether and how myelin-axon 

metabolic coupling is regulated under normal conditions, and in response to changes in 

activity within the non-pathological range. Furthermore, the transfer of lactate from 

myelin to axons has been demonstrated only indirectly. Although it is clear that 

stimulation of oligodendrocytic NMDA receptors enhances glucose import and 

consequently lactate export, and that neurons can use lactate as a substrate for ATP 

replenishment after stress (Saab et al., 2016), it remains to be demonstrated that lactate is 

supplied directly from myelin to axons via MCT transporters.    

 

An observation that may provide a separate line of evidence for myelin’s metabolic 

support of axons is that up to half of the myelin in the cortex ensheathes axons of 

parvalbumin positive basket cells – a subtype of inhibitory interneuron (Micheva et al., 

2016). These interneurons project intracortically, and thus have much shorter axons than 

excitatory cortical projection neurons. Consequently, Micheva et al. (2016) posit that any 
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myelin-dependent enhancement of CV along these axons would be in the sub-millisecond 

range, and would thus have a negligible effect on synaptic mechanisms such as spike-

timing-dependent plasticity. Based on this consideration, and given the very high firing 

frequency of these neurons, Micheva et al. (2016) suggest that for these neurons, myelin 

may therefore function primarily to metabolically support axons and to improve the 

energy efficiency of action potential firing, rather than to enhance action potential 

conduction velocity.  

 

1.2.2.4. Myelin functions: summary and unanswered questions 
Section 1.2.2 has discussed how fast CVs are vital for appropriate CNS function, and that 

myelin facilitates fast CVs in a spatially economical manner – facts which are “part of 

the catechism of neurobiology” (Waxman, 1997). This is myelin’s best-understood and 

most thoroughly investigated function, largely at the expense of concerted investigation 

into other functions, for two principal reasons. Firstly, from an evolutionary biological 

perspective, the spatially efficient manner in which myelin increases CV is such a 

profound, transformative vertebrate acquisition (Zalc & Colman, 2000; Zalc et al., 2008). 

Secondly, from a pathological perspective, the most overt effect of demyelinating 

diseases and disease models is the marked slowing of CV (Waxman, 1977; Felts et al., 

1997). However, during the past couple of decades, it has been increasingly appreciated 

that myelin plays more nuanced roles in optimising CV for appropriate network function, 

with profound influences on the way action potentials are transmitted (Kimura & Itami, 

2009; Seidl, 2014). There remains much to be learned about the extent to which the 

nervous system uses variations in myelin geometry to achieve CVs that are optimal for 

network function. This may be particularly relevant because of recent discoveries that 

myelination patterns along individual axons can be highly variable, in ways that would 

be predicted to have profound consequences for CV (Tomassy et al., 2014). An intriguing 

possibility is that different myelin patterns may not only support different CV properties, 

but may be established in response to different patterns of neural activity, thus 

representing an element of neuroplasticity. This possibility will be considered more 

extensively in Section 1.3. 

 

Given the rapidly expanding suite of high-resolution (where resolution refers to 

dimensions including the temporal and spatial) tools, it is likely that additional functions 

of myelin will be discovered. These might be relevant in different regions of the CNS, 

and/or for different types of neuron with different functional requirements. It may be that 

the six molecularly distinct classes of oligodendrocyte (see Section 1.2.1.2) map on to 

subtly different combinations of function (Marques et al., 2016), or that the different 

patterns of myelin along different classes of neuron serve different functions (Micheva et 

al., 2016; Tomassy et al., 2014).  

 

1.2.3. Myelin development 
This section describes myelin development and is divided into two subsections. The first 

(Section 1.2.3.1) provides an overview of myelin development in terms of the myelin-
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producing, oligodendroglial lineage of cells. The second (Section 1.2.3.2) describes the 

development of myelin at the level of the whole organism.  

 

1.2.3.1. Overview of stages of oligodendroglial lineage progression  
Myelination is the culmination of the progression of the oligodendroglial lineage. In this 

review, reference will be made to six stages of lineage progression: specification, 

proliferation, differentiation, myelination, maintenance and modification. Figure 1.5 

shows a schematic of these lineage changes from the point of proliferation onwards.  

 

 

Figure 1.5 Oligodendroglial lineage progression. 
Myelination is the culmination of oligodendroglial lineage progression. OPCs are 
proliferative, migratory cells. Upon reaching their destination, OPCs can undergo 
asymmetric division to produce a pre-myelinating oligodendrocyte. As pre-
myelinating oligodendrocytes mature, they upregulate the synthesis of lipids and 
myelin proteins to allow the formation of myelin sheathes around axons. There is 
increasing evidence that, after myelination, myelin may undergo structural changes, 
including the lengthening and/or thickening of myelin sheathes. 

 
 

Specification.  
The oligodendroglial lineage commences with specification of oligodendrocyte precursor 

cells (OPCs) from multipotent neuroepithelial precursors in the germinal zones of the 

cortex and spinal cord (Kessaris et al., 2008). In early embryonic spinal cord 

development, the ventral pMN domain first gives rise to motor neurons, and then to 

OPCs. Later in embryonic development, OPCs are also generated in more dorsal regions 

(Kessaris et al., 2005). As will be discussed further in Section 1.2.3.2.2, OPC 

specification occurs throughout life, and is upregulated in response to CNS injury (Menn 

et al., 2006). 

 

Proliferation.  
As they migrate from their site of specification, OPCs remain highly proliferative 

(Kessaris et al., 2008). OPCs are morphologically dynamic, with highly motile processes 

and, at least in the adult brain, the processes of each OPC do not intermingle with those 

of other OPCs, with each OPC instead occupying its own domain (Hughes et al., 2013; 

Kirby et al., 2006).   

 

Differentiation and myelination.  

DIFFERENTIATION MYELINATION MAINTENANCE, MODIFICATIONPROLIFERATION

OPC Pre-myelinating oligodendrocyte Myelinating oligodendrocyte
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After settling in their mature position, OPCs may exit the cell cycle and differentiate into 

pre-myelinating oligodendrocytes, which then undergo maturation as they begin the 

process of myelination. During these stages of the lineage, oligodendroglial processes 

recognise axons, the oligodendroglial cytoskeletal components substantially rearrange, 

myelin lipid and protein biosynthesis are upregulated (allowing the myelin membrane to 

expand at the phenomenal rate of 5-10x103 µm/cell/day – even more impressive given the 

cell body surface area is 300 µm2 (Baron & Hoekstra, 2010)), and gene expression 

patterns dramatically change (Cahoy et al., 2008; Dugas et al., 2006; Zhang et al., 2014).  

 

During the maturation stage, the oligodendrocyte ensheathes axons. Since the 1960s, 

there has been considerable debate, speculation and experimentation regarding myelin’s 

growth mechanism and structure. The ‘carpet crawler’ model of myelin growth proposed 

that a newly forming myelin sheath begins by spreading laterally along the axon to form 

a layer, before turning and working its way under the first layer to form the second layer, 

and so on, analogous to rolling up a rug (Bunge et al., 1989; Bunge et al., 1961). This 

model is difficult to reconcile with electron microscopic evidence that individual myelin 

sheathes vary in thickness along an axon during myelination (Knobler et al., 1976). The 

‘liquid croissant’ model accounts for this by suggesting that new layers of myelin are 

added to the outside, on top of the older, deeper layers (Sobottka et al., 2011).  

 

The ‘liquid croissant’ model was disputed by a recent, detailed analysis of axon 

ensheathment employing state-of-the-art static and dynamic imaging techniques 

(Snaidero et al., 2014). The static analysis entailed serial section electron microscopy on 

tissue preserved with high-pressure freezing, which allows superior preservation of tissue 

structure compared to conventional chemical preservation methods. This preservation 

method is thus well suited to studying myelin’s intricate structure in detail. From three-

dimensional reconstructions of optic nerve, Snaidero et al. (2014) observed that in the 

lateral dimension, the narrowest layer of myelin was the inner tongue – the deepest myelin 

layer, which contacts the axon, and which is the furthest from the oligodendrocyte cell 

body. They also observed that in the radial dimension, myelin is thickest in the centre of 

the sheath, and is thinner laterally. This configuration means that the lateral edges of each 

myelin layer contact the axon. With dynamic imaging, they found that that new 

components are added to the growing myelin sheath at the inner tongue.  

 

Combining the findings from the dynamic and static imaging experiments, Snaidero et al. 

(2014) deduced that myelin grows from the inner tongue. After it has made initial contact 

with an axon to be myelinated, the leading edge of the myelinating process wraps around 

the axon. When it has made a full wrap, the leading edge displaces and works its way 

under the previously formed wrap, to form a second layer, now closer to the axon than 

the first. This growth mechanism repeats for each layer of myelin deposited. After it is 

added, each layer extends laterally, which accounts for the step-wise decrease in myelin 

thickness away from the centre of the myelin sheath. This growth mechanism 

immediately raises the question of how new myelin components travel from their site of 

synthesis in the oligodendrocyte cell body to the leading edge. The structurally intact 
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tissue resulting from the high-pressure freezing technique permitted observation of 

cytoplasmic channels connecting the outer and inner tongue, which provide a trafficking 

route for vesicles destined for the leading edge. Channels are most abundant during 

developmental myelination and decrease in adults, although certain signals can promote 

channel reopening and consequently myelin growth in adults (Snaidero et al., 2014).  

 

The initial stages of ensheathment require dynamic assembly of actin filaments, but later 

stages of membrane wrapping are associated with actin disassembly (Zuchero et al., 

2015). Myelin compaction – the extrusion of cytoplasm and the tight apposition of 

membranes – proceeds from the abaxonal towards the adaxonal layers, delayed by two to 

three layers behind the leading edge (Snaidero et al., 2014). Compaction is mediated by 

adhesive proteins and removal of compaction inhibitors. Compaction is prevented at the 

leading edge because of the abundance of negatively charged phospholipids, such as 

PIP2. Later, these charges are neutralised by the appearance of positively charged MBP, 

one of the most highly abundant myelin proteins, and which has a high affinity for PIP2 

(Nawaz et al., 2009). Compaction is dependent on the availability and timing of MBP 

protein in the myelin. The mRNA encoding MBP is transported from the oligodendroglial 

cell body into the developing myelin and is then translated locally (Müller et al., 2013). 

Thus, only when MBP is translated can it neutralise the membrane phospholipids and 

draw the bilayers together.  

 

In vivo imaging of developing zebrafish suggests that upon differentiation, individual 

oligodendrocytes synthesise their full complement of myelin sheathes within a very short 

time-window, after which they do not extend additional processes, and retract them only 

rarely (Czopka et al., 2013). Consistent with this is the observation that, although purified 

OPCs readily myelinate axons in vitro, purified oligodendrocytes do not. This suggests 

that mature cells lose their ability to generate new myelin segments after they have 

completed myelination (Watkins et al., 2008; Czopka et al., 2013). In zebrafish, there is 

no evidence that fully developed myelin sheathes retract once formed, however during an 

oligodendrocyte’s window of active myelination, about 75% of attempts at forming a 

sheath fail (Hines et al., 2015). Similarly, and analogous to the development of neurons, 

oligodendrocytes are generated in excess, and a significant proportion die during 

development (Barres et al., 1992; Trapp et al., 1997). It has been proposed that failure to 

ensheath axons deprives oligodendrocytes of survival signals, thus triggering the death of 

pre-myelinating oligodendrocytes (Barres & Raff, 1999; Trapp et al., 1997).  

 

Maintenance and modification.  
Once formed, myelinating oligodendrocytes must maintain their myelin sheathes. There 

is evidence from rodents (Sabiri et al., 1974) and humans (Yeung et al., 2014) that myelin 

proteins turnover. Similarly, cholesterol in myelin replenishes itself, albeit at a slower 

rate than cholesterol in other tissues (Saher & Simons, 2010). Additional evidence for 

active myelin maintenance is that conditionally deleting MyRF, a major transcription 

factor that regulates myelin gene expression during oligodendroglial differentiation 

(Emery et al., 2009), in mature oligodendrocytes results in slow degradation of existing 
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myelin sheathes (Koenning et al., 2012). These results suggest that even if myelin 

sheathes themselves are stable, their protein constituents replenish themselves. Several 

studies have indicated experimental manipulations of signalling pathways in 

oligodendroglia (which are discussed in more detail in Section 1.2.4.1) that can promote 

an increase in myelination over the lifespan, independent of the number or turnover of 

oligodendrocytes, which raises the possibility that these cells might under certain 

physiological conditions be stimulated to alter their production of myelin (Flores et al., 

2008; Jeffries et al., 2016). There is also emerging evidence that under some 

circumstances, mature myelin sheathes may undergo modification, such as changes in 

thickness (Snaidero et al., 2014). With respect to myelin sheath dynamics, a recent study 

employing 30 days of chronic in vivo cortical imaging showed that the vast majority 

(81%) do not change in length, while 15% increase and 4% recede in length (Hill et al., 

2018). There remains much to be learned about the extent, causes and function of the 

fascinating and still-mysterious biology of myelin modification, which will require 

sophisticated combinations of lineage tracing; live, high-resolution imaging; and single-

cell neurophysiological recording techniques.  

 

 

1.2.3.2. Overview of myelination across the lifespan  

1.2.3.2.1. 	Myelination	is	developmentally	protracted		
From rodents to humans, the majority of myelination occurs postnatally (Baumann & 

Pham-Dinh, 2001). By birth, OPCs have migrated from their specification site into the 

future white matter tracts, where they differentiate and ensheath axons. Human post 

mortem analyses of infants between birth and two years of age have revealed that the 

onset, rate, completion and extent of myelination vary greatly between regions, but occurs 

according to a predictable temporal and topographic sequences (Kinney et al., 1988). For 

example, sensory pathways myelinate before motor, and projection pathways myelinate 

before associative. Myelination generally begins in anatomical areas responsible for basic 

homeostasis, such as in the brainstem, then progresses to regions responsible for more 

complex functions, and finally to areas controlling the highest intellectual functions, such 

as association cortex.  

 

Although myelination is largely completed within childhood, post mortem histological 

analyses reveal that in some regions of the brain, it continues into adolescence and young 

adulthood (Benes et al., 1994, 1989). Developmentally protracted myelination is also 

revealed by the results of non-invasive human neuroimaging studies, which show that 

total white matter volume increases through adolescence (Giedd et al., 1999) and up until 

the fourth decade of life (Sowell et al., 2003).  

 

By adulthood, the areas of the cortex in which myelination begins the earliest are more 

heavily myelinated than the cortical areas in which myelination begins later (Glasser et 

al., 2011). In other words, in the cortex there is a striking, inverse correlation between the 

age of onset of myelination of a given region and the myelin content of that region. Given 
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the developmental pattern of myelination across the cortex, unimodal areas of the adult 

brain (i.e. primary motor, visual and somatosensory cortices) are generally more heavily 

myelinated than multimodal areas (i.e. prefrontal, temporal, parietal, insular and cingulate 

cortices). The causes of these differences in myelin content across different regions of the 

adult cortex, and their functional significance, are unknown. It has been pointed out that 

more lightly myelinated cortical regions tend to be those which undergo greater postnatal 

expansion, and tend to be those which have expanded more during human evolution 

(Glasser et al., 2011).  

 

Compared to other mammals, human myelination is particularly protracted, even 

compared to our nearest relative, the chimpanzee (Miller et al., 2012). Histological 

analysis of the neocortex shows that at birth, chimpanzees already have about 20% of 

their adult levels of myelin, in contrast to the near absence of myelin in the neonatal 

human brain. In both species, myelination continues into adolescence, but proceeds at a 

faster rate in chimpanzees than in humans. In most neocortical areas, the density of 

myelinated fibres plateaus in chimpanzees, but continues to increase into the third decade 

in humans.  

  

1.2.3.2.2. Oligodendroglial	lineage	dynamics	across	the	lifespan	
The protracted development of myelin has also been studied at the cellular level. From 

rodents to primates, it appears that, at least in certain regions of the CNS, there is a modest 

accumulation of oligodendrocytes throughout adulthood (McCarthy & Leblond, 1988; 

Sandell & Peters, 2002). How are these new oligodendrocytes produced during maturity? 

The number of oligodendrocytes depend on combination of factors, including how many 

OPCs are specified, how many times OPCs divide before they differentiate, and how 

many OPCs and oligodendrocytes die.  

 

OPC specification continues in adult brains, in the neural-stem cell (NSC)-containing 

germinal zones, the largest of which lines the lateral walls of the lateral ventricles, and is 

called the sub-ventricular zone (SVZ) (Alvarez-Buylla & Garcia-Verdugo, 2017). The 

SVZ contains a number of distinct cell types, including young migrating neurons (type A 

cells), astrocytes (type B cells) and highly proliferative precursors (type C cells). Cells 

leave the SVZ and migrate along the rostral migratory stream to their final destination in 

the brain (Alvarez-Buylla & Garcia-Verdugo, 2017). It has been known since the 1990s 

that NSCs of the SVZ are a source of new neurons, astrocytes and oligodendrocytes in 

the neonatal brain (Levison & Goldman, 1993). Shortly after, it was recognised that in 

adult brains too, NSCs of the SVZ produce new neurons (Lois & Alvarez-Buylla, 1994). 

Subsequently, it was discovered that myelin injury in the adult brain is followed by new 

oligodendrogenesis, and that the source of these new oligodendrocytes is the SVZ (Nait-

Oumesmar et al., 1999). In the adult SVZ, type B cells of the SVZ, originally known to 

be a source of neurons, transition to type C cells, and then go on to become 

oligodendrocytes (Menn et al., 2006). Furthermore, this process is not limited to the 

injured brain, but applies throughout life (Menn et al., 2006). After demyelinating 
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injuries, there is evidence of lineage plasticity in the NSCs of the SVZ, with evidence for 

a diversion of NSCs normally committed to a neuronal fate being redirected to an 

oligodendroglial fate (Jablonska et al., 2010). A detailed fate-mapping study has 

demonstrated that NSC-derived oligodendrocytes make a substantial contribution to post-

lesion corpus callosum remyelination relative to oligodendrocytes derived from 

parenchymal OPCs (Xing et al., 2014). This is true particularly in the rostral corpus 

callosum, where they contribute the majority of newly generated oligodendrocytes which 

produce myelin of a thickness that is comparable to developmental myelin, rather than 

the thinner myelin that is typically produced during remyelination derived from 

parenchymal OPCs (Xing et al., 2014). Diversion of NSCs to the oligodendroglial lineage 

is likely the result of lesion-induced changes in chemical signals in the SVZ that promote 

OPC specification from NSCs, in particular the BMP antagonist chordin (Jablonska et al., 

2010). 

 

OPCs also remain proliferative in the adult CNS. Indeed, they are the major proliferating 

cell type in the adult rodent, constituting about 8-9% of cells in white matter, and about 

2-3% of cells in grey matter (Dawson, 2003). Cumulative labelling of OPCs in the adult 

rodent brain reveals that, in both grey and white matter, close to 100% are mitotically 

active, but with cell cycling slowing with age, and tending to be slower for grey-matter 

OPCs compared to white matter OPCs (Young et al., 2013).  

 

OPCs retain the capacity to differentiate and myelinate in the adult CNS (Rivers et al., 

2008; Young et al., 2013), including in regions of the CNS in which all axons are 

myelinated in the adult, such as the optic nerve (Rivers et al., 2008; Young et al., 2013). 

In the adult rodent cortex – an area of the CNS that is amenable to live microscopic 

imaging – OPC density is constant (Hughes et al., 2013). Self-repulsion ensures each 

OPC maintains a unique territory, and each OPC lost to death, differentiation or 

experimental ablation is replaced through migration and proliferation of cells from an 

adjacent area (Hughes et al., 2013). The principal mechanism for maintaining constant 

OPC density in the adult brain is thought to be via these local mechanisms, rather than 

via specification of new OPCs (Bergles & Richardson, 2016). Understanding the 

oligodendroglial lineage and the factors that control its progression is therefore important 

not only from the perspective of early development, but also throughout maturity. 

 

With respect to myelin, there is substantial evidence that it undergoes remodelling in 

adulthood. For example, as primates age, there is turnover of internodes, with some 

breaking down and being replaced by new ones, which are shorter and more numerous 

(Peters & Sethares, 2003). There is also evidence for an age-dependent reduction in 

internode length in rodent spinal cord, in spite of continued oligodendrocyte production 

(Lasiene et al., 2009). Consistent with these findings, a cell fate mapping study showed 

that oligodendrocytes generated in adult rodents produce shorter though more numerous 

internodes (Young et al., 2013). This suggests that adult-born oligodendrocytes have two 

distinct functions. One function is to replace internodes lost through oligodendrocyte or 

myelin turnover, and thus contributing to a myelin remodelling process, producing 
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internodes that intercalate between existing ones. Another function is to contribute to the 

de novo myelination of previously unmyelinated axons, for example in the corpus 

callosum (Young et al., 2013). In agreement with this, Hill et al. (2018) recently found 

that throughout life, individual axons in rodent cortex are the target for new myelination 

by newly generated oligodendrocytes. As previously discussed, long stretches of axon in 

rodent brains can be unmyelinated (Hill et al., 2018; Tomassy et al., 2014), and there is 

emerging evidence that these stretches are targets for de novo myelination by newly 

generated oligodendrocytes. With regards to existing myelin sheaths, Hill et al. (2018) 

recently showed with chronic in vivo cortical imaging that a small minority of existing 

myelin sheathes in the cortex can undergo changes in length – some extending, and others 

receding in length over a 30-day imaging period. Hill et al. (2018) observed that this 

length plasticity predominantly occurred in myelin sheathes that were not adjacent to 

another myelin sheath – that is, in sheathes that were adjacent to a long unmyelinated 

stretch of axon.   

 

Although the dynamics of oligodendroglial lineage progression can be probed 

comprehensively in rodents with existing tools, a major limitation of the current work on 

oligodendrocyte lineage dynamics over the lifespan is the lack of clear understanding of 

these dynamics in humans. Recently, a group employed a retrospective cellular birth-

dating study on human brain tissue (Yeung et al., 2014). During nuclear bomb testing in 

the 1950s, carbon-14 (14C) was released into the atmosphere, and has been declining since 

at a known rate. When cellular components (including DNA and lipids) are synthesised, 
14C may be incorporated, with the likelihood of this depending on the atmospheric 14C 

levels at the time of molecule synthesis. The 14C in cellular component (e.g. the DNA) 

can thus be compared to atmospheric 14C levels to estimate when that component was 

synthesised. This study found that 14C levels in oligodendroglial cell bodies is consistent 

with a model whereby most oligodendrocytes are generated in human white matter by the 

age of five, with an annual turnover thereafter of approximately 0.33% (Yeung et al., 

2014). If this were true, one possible conclusion is that humans and rodents are strikingly 

different in terms of white matter oligodendroglial lineage dynamics over the lifespan. 

However, it is important to take into account humans’ longer lifespan. Interestingly, this 

study found evidence to suggest that human grey matter oligodendroglial lineage 

dynamics have a longer expansion period, with numbers not reaching a plateau until 

around the fourth decade, and with about 2.5% of cells turning over annually thereafter 

(Yeung et al., 2014). Furthermore, this study found 14C levels in biochemically purified 

myelin were consistent with a model in which human myelin is continuously replaced 

over the lifespan, despite a very low level of turnover of the cells that produce the myelin.  

 

Yeung et al.’s (2014) finding that, in humans, oligodendrogliogenesis is largely confined 

to the developmental period is difficult to align with the post-mortem human histological 

analyses and non-invasive neuroimaging studies which reveal increases in myelination 

throughout adolescence and adulthood. It is possible that increases in myelination after 

childhood are accounted for partially by oligodendrocytes that have undergone terminal 

differentiation by around age five, but are stalled at a pre-myelinating stage until 
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adulthood. As pointed out by Mount and Monje (2017), this birth-dating technique does 

not elucidate the possibility that or extent to which OPCs which have terminally divided 

during childhood directly differentiate into oligodendrocytes in the adult brain. 

Alternatively, or additionally, it is possible that increases in myelination in adolescence 

and adults is accounted for by increases in the thickness of existing myelin sheathes. 

Experiments with rodents indicate that mature, myelinating oligodendrocytes can, under 

certain conditions, be induced to increase the thickness of their myelin sheathes. Evidence 

from primate comparative biology indicates that myelin thickness increases during 

adulthood (Peters et al., 2001). Based on this evidence, it is possible that changes in adult 

primate myelin are, compared to changes in adult rodent myelin, more exclusively 

dependent on changes to existing myelin rather than on changes in oligodendroglial 

lineage dynamics. These changes could be the physical basis for the white matter changes 

(described further in Section 1.3) over the lifespan detected with non-invasive human 

brain imaging, however other changes, such as changes in axonal arrangement, may also 

contribute to these signals (Zatorre et al., 2012). 

 

1.2.3.2.3. Why	is	myelination	developmentally	protracted?		
The evidence reviewed in Section 1.2.3.2 demonstrates that although the bulk of 

myelination occurs in early childhood, it also continues into adulthood, in both rodents 

and primates. There remains work to be done on the function, extent and mechanisms of 

adult myelination, particularly in humans, which may differ significantly from rodents.  

 

These details aside, if we accept that myelination does continue throughout life, then it is 

reasonable to speculate that myelination may be modified – enhanced, attenuated or 

otherwise changed – by experience or the environment. A tentative hypothesis is that over 

the lifespan, myelination is regulated by two broad suites of mechanisms, serving two 

distinct functions. The first suite of mechanisms is genetically hardwired, instructing a 

baseline level of myelination (for example in the earliest stages of development, for 

myelination of the regions underpinning the most fundamental functions). The second 

suite of mechanisms is plastic, and can be modified by the organism’s environment and 

experience. This suite of mechanisms may become particularly important in later 

development, and/or especially in regions of the brain that support higher functions, such 

as in the association areas of the cortex. Consistent with this, as described above, Tomassy 

et al. (2014) showed that myelination in the murine cortex is intermittent and irregular, 

and Yeung et al. (2014) showed that in human cortex, the oligodendrocyte population 

continues to expand until the fourth decade of life in humans, and 2.5% of cells are 

replaced annually thereafter, which exceeds the value of equivalent parameters in white 

matter, and could suggest that this region might be a recipient for myelination in response 

to changes in experiences or environmental stimuli. This latter suite of mechanisms might 

operate to stimulate myelination where it is required to support functional demands, or 

otherwise fine-tune the products of the genetically hardwired myelination program 

(Klingseisen & Lyons, 2017; Mount & Monje, 2017). To elucidate this possibility, it is 
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necessary to understand the factors that affect myelination, how they can be recruited, 

and their consequences, which will be the subject of the remainder of this review. 

 

1.2.4. Regulation of myelination  
Oligodendroglial lineage progression and myelination are regulated by a complex set of 

factors. Although many myelin regulatory mechanisms have been identified through 

genetic and pharmacological experiments, we do not yet have a complete understanding 

of how these mechanisms are interrelated and coordinated. Broadly, and simplistically, 

regulation of oligodendroglial lineage progression has been studied in terms of factors 

that are intrinsic to oligodendroglia, factors that are extrinsic to oligodendroglia, and 

factors that are extrinsic to the organism. This section discusses the first two set of factors, 

and the third set of factors are discussed in Section 1.3.  

 

Figure 1.6 shows some of the factors described throughout this chapter, and places them 

vertically to demonstrate the different levels of mechanism – from organism extrinsic, to 

oligodendroglial extrinsic, to oligodendroglial intrinsic. Ultimately, it is desirable to have 

a model of oligodendroglial lineage progression and myelination that incorporates levels 

and, as will be discussed, some experimental models are beginning to address this.  
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Figure 1.6 Summary of factors affecting of oligodendroglial lineage progression. 
Oligodendroglial lineage progression (represented by the schematic along the bottom) is 
regulated by a host of different factors, many of which exert an effect at particular 
transition points of the lineage. The factors can be divided into several mechanistic 
categories (indicated in the panels along the left), classed as organism extrinsic (discussed 
in Section 1.3), oligodendroglial extrinsic (including physiological states and extracellular 
signals; discussed in Section 1.2.4.2), and oligodendroglial intrinsic (including intracellular 
signalling pathways; and transcriptional and epigenetic processes; discussed in Section 
1.2.4.1). Some specific examples of each of these mechanistic categories are presented, 
with arrows connecting some mechanisms.  
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1.2.4.1. Intrinsic regulation of oligodendroglial lineage progression and 
myelination 

Despite the close relationship between myelinating oligodendrocytes and axons, many aspects 

of oligodendrocyte development can occur independently of axons. It is well-established that 

when OPCs are purified from perinatal rodent brains and cultured in defined media, they 

undergo a finite number of divisions before terminally differentiating into oligodendrocytes 

which express many of the myelin-specific proteins characteristic of this cell type in vivo ( 
Abney et  al., 1981; Durand & Raff, 2000; Knapp et al., 1987; Zeller et al., 1985). This intrinsic 

programme of oligodendroglial lineage progression has also been suggested through in vivo 

experiments. Neonatal transection of rat optic nerve is not associated with a change in the 

density of OPCs, whether analysed at P1 or P4 (Ueda et al., 1999). Furthermore, transection 

has no effect on the proportion of OPCs that incorporate the proliferative marker BrdU, leading 

Ueda et al. (1999) to conclude that OPC lineage dynamics do not depend on viable axons. Ueda 

et al. (1999) also demonstrate that optic nerve transection at P4 does not affect oligodendrocyte 

density at P6 and P7, although it does reduce the number and length of oligodendroglial 

processes. Other studies suggest that even the myelination program itself occurs independent 

from axonal signalling. For example, the observation that OPCs seeded onto fixed axons or 

synthetic nanofibers can myelinate these structures (S. Lee et al., 2012; Rosenberg et al., 2008) 

suggests that the myelination program is driven by oligodendroglial-intrinsic mechanisms.  

 

Another observation consistent with an oligodendroglial-intrinsic myelination programme is 

that the myelinating capacity of an individual oligodendrocyte is based on its anatomical origin. 

For example, oligodendrocytes in the spinal cord produce longer myelin segments than 

oligodendrocytes in the cortex (Bechler et al., 2015). Indeed, oligodendrocytes isolated from 

each of these regions and cultured with synthetic microfibres revealed that those originating in 

the spinal cord produced longer myelin segments than those derived from cortex (Bechler et 

al., 2015). Furthermore, when spinal cord-derived OPCs were grafted onto cortical axons in 
vitro, they produced longer myelin segments than those produced by cortex-derived 

oligodendrocytes and, conversely, cortex-derived OPCs grafted into spinal cord produced 

shorter myelin segments than those derived from spinal cord (Bechler et al., 2015). This 

suggests that internode length is determined by an oligodendrocyte’s origin rather than axonal 

or local signals. Finally, evidence has recently emerged that experimentally reducing the 

number of axons in zebrafish leads to aberrant myelination of neuronal cell bodies (Almeida 

et al., 2018), suggesting that the myelinogeneic program of oligodendrocytes is at least 

somewhat independent of axons.  

 

1.2.4.1.1. Oligodendroglial-intrinsic	 mechanisms	 regulate	 lineage	
progression		

1.2.4.1.1.1. 	Epigenetic	regulation	of	oligodendroglial	lineage	progression	
Epigenetic mechanisms regulate gene expression independently of changes in the DNA 

sequence. All four major classes of epigenetic mechanisms – histone modifications, ATP-
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dependent chromatin remodelling, DNA methylation, and non-coding RNAs – play a role in 

regulating oligodendroglial lineage progression.  

 

Histone modification and transcriptional repression.  
Histones can be modified by the covalent addition or removal of different functional groups, 

most commonly acetyl groups, through the opposing actions of histone acetyl transferase 

(HAT) and histone deacetylase (HDAC) enzymes. HAT activity leads to chromatin relaxation 

and increases the accessibility of the associated DNA to transcriptional machinery, whereas 

HDAC has the opposite effect. Ultrastructurally, OPCs have euchromatic nuclei, characterised 

by relaxed chromatin structure and DNA that is accessible to transcription factors, transcription 

co-repressors or co-activators, and histone modifying enzymes (J. Liu et al., 2016). Upon 

differentiation, there is a reduction in the expression of genes responsible for proliferation and 

inhibition of differentiation, and this is accompanied by an increase in heterochromatin. These 

changes at differentiation depend on the activity of HDACs, and HDAC activity is necessary 

for OPC differentiation (Shen & Casaccia-Bonnefil, 2005). 

 

ATP-dependent chromatin remodelling.  
Although much of the research on epigenetic control of the oligodendroglial lineage has 

focused on epigenetic repression, there is also emerging evidence that differentiation is enabled 

by epigenetic changes that enable transcriptional activation. In spite of the high levels of 

chromatin condensation that restrict DNA accessibility in differentiating oligodendroglia, 

access to certain genes can be maintained by the activity of ATP-dependent chromatin 

remodelling complexes. Yu et al. (2013) found that oligodendrocyte differentiation is 

accompanied by upregulation of the ATP-dependent SWI/SNF chromatin remodelling enzyme 

Brg1, and that this is essential for differentiation and myelination (although not for proliferation 

or specification). Brg1 was found to bind to genes essential for differentiation and myelination, 

including genes encoding myelin structural proteins, lipid metabolism, and transcription 

factors (including MyRF and Sox10, which are discussed further in the next section). 

Furthermore, this study demonstrated that Olig2 recruited Brg1 to these sites, highlighting the 

mechanism by which Brg1 functions in a lineage-specific manner.  

 

DNA methylation.  
DNA methyltransferase (DNMT) enzymes add the methyl groups to cytosines in CpG sites in 

the 5’ promoter region of genes, inhibiting activity at the promoter. This is counteracted by the 

ten-eleven translocation (TET) enzyme family. The importance DNMT activity for regulating 

oligodendroglial lineage progression is only beginning to be appreciated. Ablation of DNMT1 

from the progenitor stage resulted in a modest reduction in OPC proliferation, a severe 

reduction in differentiation and myelination, which were mediated by an ER stress response 

and aberrant alternate splicing (Moyon et al., 2016). 

 

Non-coding RNAs. 
Micro RNAs (miRNAs) are 21-23 nucleotide non-coding RNAs, which are produced from a 

longer precursor by the sequential endonuclease activity of Drosha (in the nucleus) and Dicer 

(in the cytoplasm), and which then inhibit expression of target genes, either through inhibiting 
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translation or destabilising RNA (Emery & Lu, 2015). Oligodendroglial lineage progression is 

under the control of miRNAs, evident from the fact that Dicer deletion causes an increase in 

OPC proliferation, severe hypomyelination and motor defects, to such an extent that the 

animal’s lifespan is shortened (Dugas et al., 2010; Zhao et al., 2010). Several specific miRNA 

molecules, including mi-219 and mi-338, have been identified as important for promoting 

oligodendrocyte differentiation, by inhibiting differentiation repressors such as Hes5 and Sox6 

(Dugas et al., 2010; Zhao et al., 2010) (see Section 1.2.4.1.1.2 for more details about these 

molecules). Recently, long noncoding RNAs (lncRNAs) have also been identified as playing a 

role in oligodendrocyte development. The oligodendrocyte-specific lncRNA lncOL1 is 

strongly upregulated during and necessary for oligodendrocyte differentiation and myelination 

(He et al., 2017). The mechanism by which it functions appears to be by antagonising an 

epigenetic program that otherwise inhibits differentiation (He et al., 2017). 

1.2.4.1.1.2. Transcriptional	control	of	oligodendroglial	lineage	progression		
The transcription factors that regulate oligodendroglial lineage progression are well-studied.  

A recent review of the literature on oligodendroglial transcriptional control provides a useful 

way to functionally group the transcription factors that regulate the lineage (Emery & Lu, 

2015). There are transcriptional programmes that are responsible for OPC specification, OPC 

maintenance, negative regulation of terminal differentiation, positive regulation of terminal 

differentiation, and regulation of myelination and maturation.  

 

OPC specification.  
The transcription factor Olig2 is a pan-oligodendroglial transcription factor, and is essential for 

OPC specification in the pMN domain of the embryonic spinal cord (Lu et al., 2002). Forced 

expression of Olig2 in the developing neural tube (Liu et al., 2007) or in cultured embryonic 

stem cells (Du et al., 2006) is sufficient to induce oligodendroglial specification, indicating the 

fundamental importance of this transcription factor for the lineage.  

 

OPC maintenance.  
Identifying the transcriptional mechanisms responsible for maintenance of specified OPCs has 

been experimentally challenging because many pan-oligodendroglial lineage transcription 

factors, present from specification onwards, are not required for OPC proliferation or survival. 

For example, the transcription factor Nkx2.2 is expressed in OPCs, but is functionally 

important only at later stages in the lineage. The transcription factor Sox10 is important for 

OPC maintenance, although its function at this stage of the lineage is partially redundant with 

Sox9. Both of these E-box transcription factors must be ablated to produce defects in OPC 

density (Finzsch et al., 2008). One of the mechanisms by which this pair of transcription factors 

operates is to allow expression of PDGF receptor alpha, thus allowing the OPCs to be receptive 

to this mitogen that is essential for proliferation and survival (Finzsch et al., 2008; Barres & 

Raff, 1993).  

� 

Negative regulation of terminal differentiation.  
An important mechanism controlling the oligodendroglial lineage is repression of terminal 

differentiation, a function performed by a set of transcriptional inhibitors including Sox5, Sox6, 
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Hes5, Id2 and Id4. Sox5 and Sox6 inhibit Sox10 from exerting its pro-differentiation role at 

the promoter of key myelin genes. Loss of Sox5 and Sox6 expression causes precocious 

expression of key myelin proteins. During development, their expression is downregulated 

upon differentiation, which consequently releases the breaks on differentiation (Stolt et al., 

2006). Hes5 represses differentiation via a similar mechanism, binding to and inhibiting the 

pro-myelinating effects of Sox10 (Liu et al., 2006). Id2 and Id4 inhibit differentiation by 

sequestering and thus inhibiting the pro-differentiation effects of Olig1 and Olig2. As with 

Sox5 and Sox6, the expression of Id2 and Id4 is downregulated upon differentiation, another 

example of how differentiation is kept in check through negative regulation (Samanta & 

Kessler, 2004).  

 

Positive regulation of terminal differentiation.  
Differentiation is partly mediated by the activity of pro-differentiation transcription factors, 

many of which are expressed prior to differentiation, but which are inhibited by the negative 

regulators described above. For example, Olig2, the transcription factor previously discussed 

in relation to its role in OPC specification (see above), is also essential for differentiation. 

Conditionally knocking out Olig2 in OPCs prevents differentiation, reducing the density of 

mature oligodendrocytes (Mei et al., 2013). Presumably, this pro-differentiation function is 

linked to its inhibition of epigenetic or transcriptional repressors of differentiation, or activation 

of other pro-differentiation transcription factors. Expression of Zfhx1b/Sip1 is also required 

for OPCs to differentiate (Weng et al., 2012). In this case, Sip1 appears to promote 

differentiation less directly, by suppressing the expression of inhibitors of differentiation, Id2, 

Id4 and Hes5 (Weng et al., 2012). These examples highlight the opposing network of pro- and 

anti-differentiation factors. 

 

Positive regulation of maturation and myelination.  
Maturation and myelination are directed by the activity of a suite of transcription factors, some 

of which are highly expressed from the earliest stages of the lineage (including Nkx2.2, Olig1, 

Ascl1 and Sox10), and others of which are induced upon differentiation (including Zfhx1b, 

and Myrf). Knocking out any of these factors stalls oligodendroglial lineage progression at 

either differentiation or early myelination.  

 

There is currently some contention regarding the nature of Olig1’s function and importance for 

oligodendrogenesis and myelination. The original Olig1 knockout mouse concluded that this 

factor has a role in the formation and maturation of oligodendrocytes, because the appearance 

of markers of differentiated oligodendrocytes are delayed in the spinal cord white matter of 

these animals at birth, however, this phenotype is transient, and spinal cord white matter on 

these Olig1 knockouts is normal by adulthood (Lu et al., 2002). A subsequent study generated 

Olig1-null mutants using a different genetic strategy, and showed that while 

oligodendrogenesis and myelin sheath extension and axonal contact are intact in these animals, 

sheathes fail to wrap axons and to upregulate myelin gene expression, to such an extent that 

animals develop severe neurological deficits and die in the third postnatal week (Xin et al., 

2005). Intriguingly, these histological abnormalities were more severe in the brains than the 

spinal cords of these Olig1-null knockout animals, leading these researchers to conclude that 
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Olig1’s role in the regulation of myelination is regionally specific (Xin et al., 2005). A third 

study, generating Olig1 knockouts with a third genetic strategy, found only a subtle and 

transient developmental delay in oligodendrogenesis and myelination in the spinal cord, and 

thus reaffirmed Lu et al.’s (2002) conclusion that this factor is non-essential for myelination, 

but rather that it is important for fine-tuning the developmental timing of the lineage (de Faria 

et al., 2014). Further complicating matters, a fourth study demonstrated that Olig1-null mice 

do display a transient, subtle delay in myelination of the spinal cord (in agreement with Lu et 

al. (2002) and de Faria et al. (2014)), but that myelination is severely perturbed in the brain 

(Dai et al., 2015). Dai et al.’s (2015) study identified an increase in Olig2 transcripts in spinal 

cord but not brain oligodendroglia, and suggested that the regional differences in the 

oligodendroglial effects of Olig1 knockout may be due to regionally specific changes in the 

compensatory upregulation of Olig2 different degrees of (Dai et al., 2015). Similar to Olig1, 

Nkx2.2 is expressed throughout the lineage right from specification, but seems to be critically 

important only for myelination and maturation, because knocking it out severely reduces 

expression of major myelin genes (e.g. PLP and MPB) (Qi et al., 2001).  

 

Myrf is an example of a pro-myelinating transcription factor which is upregulated upon 

differentiation. It is essential for maturation and myelination to such an extent that 

conditionally knocking out this gene results in such a severe failure of CNS myelination that it 

leads to postnatal death (Emery et al. 2009). Its expression is induced by Sox10 (Hornig et al., 

2013) and Olig2 (Yu et al., 2013). In turn, it promotes maturation and myelination by directly 

targeting genes essential for these developmental processes, including major myelin genes, 

lipid metabolism genes, and cytoskeletal genes (Bujalka et al., 2013). Although much of the 

analysis of the transcriptional control of the lineage has focused on proliferation and 

differentiation, some work on the mechanisms of myelin maintenance is beginning to emerge. 

For example, Myrf is indispensable not only for differentiation, but also for appropriate 

maintenance of existing myelin in adults (Koenning et al., 2012). 

1.2.4.1.1.3. Concerted	epigenetic	and	transcriptional	mechanisms	regulate	
oligodendroglial	lineage	progression	

Sections 1.2.4.1.1.1 and 1.2.4.1.1.2 summarise some of the literature concerning the epigenetic 

and transcriptional mechanisms that control oligodendroglial lineage progression. However, a 

more complete understanding of lineage development is provided by integrating and 

synthesising these pathways into a two-tiered model of transcriptional control (Li et al., 2009; 

Swiss et al., 2011). This model is based on the premise that OPC differentiation is a default 

program, but is inhibited in OPCs by physical sequestration of the pro-differentiating 

transcription factors, and through epigenetic modifications that repress oligodendrocyte gene 

expression. Epigenetic features, including histone modification (especially acetylation), and 

chromatin condensation, reduce expression of these inhibitors. This de-represses the activity 

and expression of pro-differentiation factors, allowing differentiation to occur.  

1.2.4.1.1.4. Intracellular	 signalling	 pathways	 regulating	 oligodendroglial	
lineage	progression	

The three best studied intracellular signalling pathways implicated in control of 

oligodendroglial lineage progression and myelination are the canonical Wnt signalling 
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pathway, the ERK/MAPK pathway, the AKT/mTOR pathway (Gaesser & Fyffe-Maricich, 

2016).   

 

Canonical Wnt signalling.  
Canonical Wnt signalling is initiated by Wnt ligands binding cell surface Frizzled receptors. In 

the absence of Wnt ligand, the protein β-catenin is constitutively degraded, and binding of Wnt 

ligands inhibits this process, so β-catenin accumulates and then enter the nucleus, interacts with 

Tcf4, and activates expression of target genes (Gaesser & Fyffe-Maricich, 2016). One of the 

components of the β-catenin destruction complex is APC, which is transiently expressed during 

oligodendroglial differentiation (Lang et al., 2013). The Wnt pathway regulates the 

oligodendroglial lineage at multiple stages.  

 

OPC generation in the embryonic forebrain is inhibited in transgenic mice which express 

constitutively active β-catenin (Ye et al., 2009), and is enhanced in mice expressing a repressor 

of Wnt signalling (Langseth et al., 2010). This suggests that Wnt signalling inhibits 

oligodendrogliogenesis. However, OPC generation is unperturbed in transgenic mice 

expressing constitutively active β-catenin neonatally (Fancy et al., 2009), which could suggest 

that the effects of Wnt on OPC generation depend on developmental time point. Alternatively, 

or additionally, these results may indicate that the strength of Wnt signalling is an important 

determinant of its effect on oligodendrogliogenesis, given the different promoter strengths used 

to drive constitutively active β-catenin expression in the studies of Ye et al. (2009) and Fancy 

et al. (2009).  

 

The Wnt pathway also regulates later stages of oligodendroglial lineage progression. Though 

it is dispensable for OPC proliferation, the balance of evidence suggests that it inhibits 

differentiation (Guo et al., 2015). Experimentally enhancing Wnt pathway activity, by 

expressing a dominant active β-catenin either throughout the oligodendroglial lineage or 

specifically in differentiated oligodendroglia, reduces the production of mature 

oligodendrocytes (Fancy et al., 2009; Feigenson et al., 2009). Similarly, inhibiting the 

destruction of β-catenin by ablating APC decreases the number of mature oligodendrocytes, 

and leads to hypomyelination that persists into adulthood (Lang et al. 2013). The Wnt pathway 

is thus an example of a pathway with context dependent effects on oligodendroglia, varying 

with organism age, lineage stage and signalling strength (Guo et al., 2015).  

 

AKT/mTOR.  
This ubiquitous signalling pathway begins with extracellular growth factors binding to cell 

surface receptor tyrosine kinases, which stimulates PI3K to convert PIP2 to PIP3, and 

consequently the activation of AKT and mTOR. This process is inhibited by PTEN (Gaesser 

& Fyffe-Maricich, 2016). Although the PI3K/AKT/mTOR pathway is traditionally associated 

with promoting proliferation and survival, in the oligodendroglial lineage several studies have 

revealed the importance of this pathway for promoting myelination, independently of changes 

in OPC proliferation or differentiation.  
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Activity of the AKT/mTOR pathway has been experimentally increased in oligodendroglia in 

several ways, including by increasing Akt activity (Flores et al., 2008) or deleting PTEN 

(which results in PIP3 elevation) (Goebbels et al., 2010). These manipulations lead to increased 

myelin gene expression, precocious myelination, prolonged developmental myelination into 

adulthood, and increased myelin thickness. PI3K/AKT signalling mediates this 

hypermyelination through mTOR activity (Narayanan et al., 2009). Furthermore, conditionally 

activating the PI3K/AKT pathway in oligodendrocytes of adult animals increases myelination 

(Goebbels et al., 2010). Intriguingly, Snaidero et al. (2014) demonstrated that elevating activity 

of this pathway (by conditionally inactivating PTEN) in adult animals increased growth at the 

inner tongue (i.e. the growing edge) of existing myelin sheathes, and increased the appearance 

of cytoplasmic channels, both of which are features of developmental myelination and which 

are normally downregulated in adults. These results may constitute evidence for the role of this 

pathway in adult myelin modification, or at the very least demonstrate that pre-existing myelin 

sheathes have a remarkable degree of potential plasticity. 

 

ERK/MAPK.  
Another line of research has demonstrated a role for ERK signalling in myelination, myelin 

modification and myelin maintenance. The ERK/MAPK pathway is activated by growth 

factors binding receptor tyrosine kinases at the cell surface. This activates the Ras family of 

GTPases, and then, in order, the activation of Raf, MEK1/2, and then Erk1/2. Once activated, 

ERK1/2 can enter the nucleus to effect changes in gene expression (Gaesser & Fyffe-Maricich, 

2016).  
 

ERK signalling is necessary for developing myelin of the appropriate thickness, independently 

of differentiation (Ishii et al., 2012). Maintaining appropriately thick myelin in the mature CNS 

also requires Erk1/2 signalling (Ishii et al., 2014). Increasing Erk1/2 activity in mature 

oligodendrocytes in the adult brain stimulates increased myelin protein and lipid synthesis, and 

is associated with the re-initiation of myelin growth and the addition of new wraps to existing 

myelin, as well as the lengthening of internodes and concomitant shortening of nodes (Jeffries 

et al., 2016). Importantly, this ERK-induced myelin remodelling was accompanied by an 

increase in conduction velocity in the auditory brainstem, and enhanced hippocampus-

dependent emotional learning, providing evidence for the functionality of adult myelin 

modification (Jeffries et al., 2016).  

 

1.2.4.2. Extrinsic regulation of oligodendroglial lineage progression and 
myelination 

The best-studied source of extrinsic regulation of oligodendroglia is axons. With respect to 

lineage progression, Section 1.2.4.1 described an optic nerve transection study which 

concluded that lineage progression does not depend on viable axons (Ueda et al., 1999), 

however other in vivo studies conclude that axons exert a powerful effect on the OPC lineage. 

For example, Barres and Raff (1993) observed that neonatal optic nerve transection 

substantially reduces the number of proliferating OPCs. Burne et al. (1996) observed that 

experimentally increasing the number of axons in the optic nerve increased the number of 

oligodendrocytes per optic nerve. These studies thus draw conclusions that are at odds with 
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those of Ueda et al. (1999). Barres and Raff (1999) suggest that this conflict arises because of 

different quantification techniques and different interpretations. For instance, Barres and Raff 

(1999) posit that Ueda et al.’s (1999) conclusion that OPC lineage dynamics do not depend on 

axons may be flawed because, although transected and control optic nerves had equivalent 

OPC densities in Ueda et al.’s (1999) study, the transection markedly reduces the area occupied 

by the optic nerve, which means that the total number of oligodendroglia per optic nerve is 

substantially reduced. Furthermore, Barres and Raff (1999) posit that Ueda et al.’s (1999) 

conclusion that OPC proliferation does not depend on viable axons is flawed, because Ueda et 

al. (1999) quantify proliferation by looking only at the fraction of total OPCs which is positive 

for a mitotic marker, and neglects to investigate the fate of cells which have incorporated the 

proliferative marker, but which have differentiated and thus lost immunoreactivity for OPC 

markers. Thus, based on Barres and Raff’s (1993) analysis, it is likely that OPC lineage 

dynamics are affected by axonal signals. This is corroborated by a more recent zebrafish study 

by Almeida and Lyons (2016). Using a genetic strategy to reduce the number of reticulospinal 

neurons (which under normal circumstances are myelinated), Almeida and Lyons (2016) 

observed a substantial reduction in the number of oligodendrocytes, although specification and 

migration were unaffected. Time-lapse imaging revealed that the reduction in oligodendrocytes 

was attributable to a reduction in OPC survival and proliferation. Surviving OPCs, despite 

being fewer, underwent timely differentiation. Together, these results suggest that the 

oligodendroglial lineage is modulated by axons at different stages: specification and 

differentiation appear to occur independent of axons, whereas appropriate OPC proliferation 

and survival appear to depend on axons.  

 

Axons also exert an important influence on various other aspects of oligodendrocyte biology 

at the point of differentiation, which is clear from in vitro studies. For example, myelin gene 

expression is strongly enhanced in oligodendrocytes cultured with axons (Macklin et al., 1986). 

Furthermore, axons regulate myelin compaction, with electron microscopic evidence that in 

the absence of axons, the myelinating processes of oligodendrocytes do not become compact 

(Lubetzki et al., 1993). In oligodendrocyte mono-cultures, PLP (one of the major myelin 

structural proteins) is predominantly internalised and stored in endosomes. However, when 

oligodendrocytes are co-cultured with neurons, PLP is exocytosed and incorporated into the 

plasma membrane (Trajkovic et al., 2006). A zebrafish model, in which experimentally 

increasing the number of a specific subtype of large-calibre axon (the Mauthner axon) in 

zebrafish caused an increase in the number of myelin segments per oligodendrocyte, indicates 

that axon number can affect the myelinating capacity of individual oligodendrocytes (Almeida 

et al., 2011). Interestingly, this manipulation did not change the number of oligodendrocytes, 

suggesting that the number of axons is more important for determining the myelinogenic 

potential of oligodendrocytes, rather than the absolute number of oligodendrocytes (Almeida 

et al., 2011).  

 

Perhaps the most profound aspect of oligodendroglial lineage progression which axons regulate 

is the myelination stage. The best studied axonal factor regulating myelination is axonal 

geometry, and it has long been recognised that myelin thickness is correlated with axonal 

diameter (Friede, 1972; Leenen et al., 1985). Indeed, axonal diameters in the CNS vary by a 
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factor of nearly 100 (Perge et al., 2012), so this would seem an important signal, and a number 

of lines of evidence suggest a causal role of axon calibre in determining myelination. There is 

also experimental evidence for this relationship. Experimentally reducing axon calibre in mice 

is associated with myelin of an appropriately reduced thickness (Elder et al., 2001). A clearer 

experimental demonstration of this, dissociating the influence of axonal calibre from other 

putative calibre-associated signals, is provided by studies exploiting the ability of 

oligodendrocytes to myelinate synthetic nanofiber rods in place of co-cultured axons. The fact 

that oligodendrocytes myelinate synthetic rods at all is perhaps consistent with an 

oligodendroglial-intrinsic control of myelination, however, whether a rod is myelinated 

depends on its thickness (the minimum threshold diameter for myelination being 0.4µm), and 

the thickness of myelin produced depends on the thickness of the rod (S. Lee et al., 2012), 

suggesting that geometry fine tunes myelin development. In vivo, the observation that a single 

oligodendrocyte can myelinate axons with varying calibres (Waxman & Sims, 1984) suggests 

that myelin thickness is regulated, at least to some extent, by highly localised factors.  

 

However, at least four lines of evidence indicate that axonal calibre is not the only axonal factor 

regulating myelination. Firstly, only axons and never dendrites are myelinated. This is true 

both in vivo and in vitro (Lubetzki et al., 1993). If rod-like structures were passive substrates 

for myelin, then both dendrites and axons should be myelinated. That dendrites are never 

myelinated suggests there must be inhibitory cues on dendrites and/or permissive cues on axons 

(candidates of which will be discussed in the next section). Secondly, the relationship between 

axonal calibre and myelin thickness is far from perfect (Hildebrand et al., 1993), suggesting 

that thickness can be modulated by additional factors. Thirdly, there is substantial overlap in 

diameter between axons that are and are not myelinated, indicating that the decision to 

myelinate is not dependent solely on axonal calibre (Hildebrand et al., 1993). Fourthly, 

although oligodendrocytes myelinate synthetic nanofibers, the myelin fails to undergo 

compaction, highlighting the importance of axonal signals for regulating myelin maturation (S. 

Lee et al., 2012). These observations suggest that axon calibre may act as a permissive cue for 

myelination, whereby a minimum threshold is an axonal signal that signals compatibility with, 

but does not guarantee, myelination (Osso & Chan, 2017). Modulation of this permissive cue 

is provided by other axonal signals, which either induce or prevent axonal selection (Osso & 

Chan, 2017), some potential candidates of which are discussed in the next section.  

 

1.2.4.2.1. Axonal signals	that	regulate	lineage	progression	and	myelination 
Axonal cell-surface inhibitors of myelination.  

The apparent ability of oligodendroglia to undergo lineage progression in the absence of axons 

(as described in Section 1.2.4.1), suggests that axons may produce signals that inhibit 

differentiation, downregulation of which could induce differentiation by releasing the brakes 

on the oligodendroglial-intrinsic pro-differentiation program. Indeed, several axon-derived 

inhibitory signals have been identified. Lingo-1 is expressed on axons and inhibits OPC 

differentiation and myelination (Lee et al., 2007). The axonal cell adhesion molecule PSA-

NCAM inhibits myelination in vitro, and its expression is downregulated in synchrony with 

myelination in vivo and in vitro (Charles et al., 2000; Jakovcevski et al., 2007). Similarly, 
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activation of Notch receptors on OPCs by the axonal ligand Jagged1 inhibits differentiation 

and myelination and in vivo, downregulation of Jagged1 expression parallels myelination 

(Wang et al., 1998). When oligodendroglial Notch receptors are bound by the axonal ligand, 

the receptor undergoes proteolytic cleavage, releasing a domain that translocates to the nucleus. 

In OPCs, the mechanism by which Notch inhibits differentiation is by activating transcription 

of Hes5, which in turn inhibits transcription of pro-differentiation genes (Liu et al., 2006; see 

Section 1.2.4.1.1.2). Recently, the somatodendritically-expressed molecule Jam2 has been 

identified as a molecule that inhibits inappropriate myelination of these subcellular 

compartments in some neurons (Redmond et al., 2016). For example, myelination of the 

somatodendritic compartment of some types of neuron is inhibited by the protein Jam2. This 

transmembrane protein is absent from axons, but is expressed on the somatodendritic 

compartment of these neurons, where it is necessary and sufficient to inhibit somatodendritic 

myelination of these neurons (Redmond et al., 2016). It is probable that similarly functioning 

proteins will be discovered that inhibit myelination of the somatodendritic compartment of 

other neuron types.  

 

Axonal cell-surface enhancers of myelination.  
It is also possible that axons express pro-myelinating signals, which could mediate appropriate 

(in terms of place, time and type) selection of axons for myelination. An important example is 

the axonal ligand neuregulin (NRG). Oligodendrocytes express the NRG receptor ErbB. 

Although NRG signalling has a very clear pro-myelination role in the peripheral nervous 

system (Michailov et al., 2004; Taveggia et al., 2005), the precise role of NRG signalling in 

CNS myelination is less certain. Reducing axonal expression of NRG results in 

hypomyelination in the brain, without affecting myelin in the spinal cord (Taveggia et al., 

2008). Consistent with this, animals with defective ErbB4 signalling have fewer 

oligodendrocytes and thinner myelin (Roy et al., 2007). The pro-myelinating effect of NRG 

signalling is questioned by the finding that complete knockout of NRG, or of both ErbB3 and 

ErbB4, does not broadly affect myelination (Brinkmann et al., 2008). Nevertheless, ErbB3 may 

be essential for regulating the appropriate level of myelination in select areas, because 

knocking it out causes hypomyelination specifically in the prefrontal cortex (Makinodan et al., 

2012). Interestingly, overexpression of NRG causes hypermyelination, further supporting the 

claim that it has a role in regulating appropriate levels of myelin (Brinkmann et al., 2008). 

Section 1.3 discusses in more detail the likely role for neuregulin in mediating myelin 

plasticity.  

 

Axonal secreted factors that modulate myelination.   
A range of secreted factors modulate oligodendroglial lineage progression and myelination. 

The necessity of PDGF for OPC proliferation has long been appreciated from studying in vitro 

cultures of primary OPCs (Barres and Raff, 1993). By stimulating proliferation, platelet 

derived growth factor (PDGF) is necessary for ensuring appropriate numbers of 

oligodendroglia are produced in vivo (Calver et al., 1998). Insulin-like growth factor (IGF) acts 

via oligodendroglial IGF receptor 1 to promote proliferation, differentiation and myelination 

(Zeger et al., 2007). Similarly, brain derived neurotrophic factor (BDNF) acts directly on 

oligodendroglial TrkB receptors to promote OPC proliferation myelination (Xiao et al., 2011; 
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Wong et al., 2013). Fibroblast growth factors (FGF) – specifically FGF1 and FGF2 – act via 

FGF receptor 2 to promote myelin sheath growth (Furusho et al. 2012; Furusho et al., 2017).  

 

It is important to note that none of these extracellular signals regulate myelin in an all-or-none 

manner. The phenotype associated with knocking out oligodendroglial receptivity to any of 

these signals is subtle one, rather than one of severe dysmyelination. For example, blocking 

oligodendroglial receptivity to BDNF or FGF by conditionally ablating TrkB or FGF receptors, 

respectively, is associated with a reduction in myelin thickness, but neither severe 

hypomyelination nor extreme behavioural phenotypes (Furusho et al., 2012; Xiao et al., 2011). 

The multifactorial regulation of myelination, with redundancies and cross-talk between 

pathways, indicates myelin’s fundamental importance to the organism.  

 

1.2.4.3. Summary: oligodendroglial lineage progression is regulated by a 
complex set of intrinsic and extrinsic factors 

The studies described in Sections 1.2.4.1 and 1.2.4.2 outlined some of the main 

oligodendroglial-intrinsic and extrinsic factors affecting development of the lineage, 

particularly from the stage of differentiation. Ultimately, the aim of oligodendroglial cell 

biologists is to link these branches of research, to understand the full, interconnected set of 

signals that regulate the lineage, from extrinsic factors to the transduction mechanisms. An 

example of recent progress in this approach is from a study investigating the mechanisms 

mediating the pro-myelinating effect of FGF. FGF, most likely derived from axons, signals via 

oligodendroglial FGFR2 receptors, resulting in ERK1/2 activity, and consequently 

upregulation of MyRF, the transcription factor essential for appropriate myelination (Furusho 

et al., 2017). Studies like this, which elucidate the molecular control of myelination spanning 

the spectrum from extracellular signals to transcriptional activity, are still rare but are becoming 

increasingly possible because of the foundational studies identifying individual extrinsic and 

intrinsic factors.   

 

Arriving at a comprehensive, unified model of oligodendroglial lineage progression will likely 

require not only clarification of the links between intrinsic and extrinsic signals, but the 

addition of extra layers of information including CNS region and developmental stage of the 

organism. This idea is captured by the high-level, two-stage model of oligodendroglial 

development (Bechler et al., 2015; Klingseisen & Lyons, 2017; Osso & Chan, 2017), which 

proposes that CNS myelination can be understood as occurring via:  

 

1. An intrinsic, default program, which permits basal, perinatal myelination, perhaps 

predominantly of the CNS regions most essential for life, and  

2. An extrinsic program, largely dependent on axons, which modifies and adds to myelin 

generated by the intrinsic program, and which may come into play after perinatal 

myelination, and/or particularly in regions of the brain responsible for higher functions.  
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1.2.5. Summary of myelin biology 
Section 1.2 has summarised myelin biology, and distils into four points that provide the 

foundation for the remainder of this review. First, myelin is heterogeneous: there is variability 

with respect to whether, when, and to what extent individual axons in the CNS are myelinated, 

and in the geometric parameters of myelin along individual axons. Second, myelin has 

profound effects on CV, and myelin geometry along individual axons may be tuned to precisely 

regulate CV and therefore conduction time, with consequences for timing and integration of 

neuronal signalling and neuronal network function. Third, myelination continues throughout 

life and into adulthood, in both humans and rodents. Fourth, although myelination can occur 

through cell-intrinsic mechanisms, these are insufficient to account for the observed variability 

with respect to whether, when, and to what extent axons are myelinated. Extrinsic signals exert 

important modulatory effects on the intrinsic myelination program. Together, these facts 

suggest that myelination may share with neurons the property of plasticity, and this will be the 

focus of the remainder of this review.  

1.3. Myelin plasticity    

1.3.1. Introduction to the theory of myelin plasticity 
The theory of myelin plasticity posits that certain stimuli, via their effects on neuronal activity, 

induce changes to myelin, which in turn lead to changes in neuronal function, and ultimately 

in behaviour (Purger et al., 2016). This theory, depicted simplistically in Figure 1.1B, has 

attracted much interest over the past 20 years, which is evident from the number of recent 

reviews dedicated to it (Baraban et al., 2016; Bergles & Richardson, 2016; Chang et al., 2016; 

Fields, 2005; Fields 2008a; Fields 2008b; Fields, 2010; Fields, 2014; Fields et al., 2013; Gibson 

et al., 2017; Kaller et al., 2017; Mount & Monje, 2017; Pajevic et al., 2014; Purger et al., 2016; 

Ullén, 2009; Wang & Young, 2014; Zatorre et al., 2012). Before turning to the evidence for 

myelin plasticity, it is worth considering three fundamental properties of all plastic systems, 

and whether myelin satisfies these requirements.  

 

If a system is plastic, it must have the capacity to change. 
Any theory of plasticity requires that the system in question can change. There is demonstrated 

scope for the complement of CNS myelin to change. As highlighted in Section 1.2.1, individual 

axons throughout the CNS vary considerably in terms of whether, when, and to what extent 

they are myelinated. Around 30% of axons in the mammalian corpus callosum are 

unmyelinated (Olivares et al., 2001; Sturrock, 1980), and along some axons, extensive gaps 

separate myelin segments (Hill et al., 2018; Tomassy et al., 2014). These anatomical 

observations indicate that there are abundant axonal substrates for de novo myelination, and 

for additional myelin to be added to myelinated axons. Furthermore, new myelin is added to 

the brain throughout life, as the result of continued proliferation, differentiation and 

myelination, both in humans and rodents (Hill et al., 2018; Yeung et al., 2014; Young et al., 

2013). Furthermore, emerging evidence suggests that pre-existing myelin can undergo 

changes, including changes in thickness (Snaidero et al., 2014) and sheath length (Hill et al., 

2018). There is thus clear evidence that myelin can and does change throughout life.  

 

If a system is plastic, it must be sensitive to extrinsic stimuli. 
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Any theory of plasticity requires that extrinsic stimuli can effect change. Myelin has the 

capacity to be influenced by extrinsic stimuli, including axonal cues (Barres & Raff, 1999; 

Klingseisen & Lyons, 2017). The importance of oligodendroglial-extrinsic, axonal factors in 

regulating myelination indicate that it is mechanistically plausible that organisms’ experience, 

behaviour and environment affect myelination. As highlighted in Section 1.2, a minimum 

axonal diameter (approximately 0.4 µm according to S. Lee et al. (2012)) is necessary but not 

sufficient for myelination, with it being well established that over this minimum threshold, 

there is substantial overlap of the size spectra of myelinated and unmyelinated axons 

(Hildebrand, 1993). This indicates that while a minimum threshold size may provide a 

permissive cue, other factors must modulate this permissiveness cue. A growing list of extrinsic 

signals modulate myelination (Furusho et al., 2012; Furusho et al., 2017; Peckham et al., 2015). 

This extrinsic program of myelination could be the means through which an organism’s 

experience, behaviour and environment modulate myelination so that it supports CNS function 

in a manner tailored to the unique demands of individuals, which can vary in time and place. 

There is thus a plausible mechanistic basis for myelin plasticity to occur.  

 

If a system is plastic, it must have functional consequences. 
Any theory of plasticity requires that there is a mechanism by which stimulus-dependent plastic 

changes culminate in long-term CNS functional changes. How could plastic changes in myelin 

culminate in long-term functional changes? Two potential ways in which an adaptive change 

in myelination could affect CNS function adaptively are based on the principal functions of 

myelin (discussed in Section 1.2.2): modulation of action potential conduction velocity (CV), 

and provision of metabolic substrates to axons, each of which are considered separately.  

 

There is an emerging consensus that the principal way in which adaptive changes in myelin 

could act as an element of CNS plasticity is via modulation of action potential CV (de Hoz & 

Simons,  2014; Fields, 2005, 2008; Fields, et al., 2013; Baraban et al., 2016; Salzer & Zalc, 

2016). This argument is based on the cellular substrates of CNS plasticity identified in broader 

considerations of CNS plasticity. As discussed in Section 1.1, synaptic plasticity is the best-

studied component of neuroplasticity. The best studied variant of synaptic plasticity is long-

term potentiation (LTP), whereby repetitive activation of synaptic transmission induces a 

molecular cascade resulting in a persistent increase in the efficiency of synaptic transmission. 

LTP is thought to be a cellular basis for developmental and learning related CNS changes (Bliss 

& Collingridge, 1993; Martin et al., 2000). LTP is a cooperative phenomenon meaning that, in 
vivo, input from multiple presynaptic terminals is necessary for the post-synaptic cell to be 

reach threshold and fire action potentials. LTP is an associative phenomenon, meaning that 

synapses that are co-active are strengthened (Bliss & Collingridge, 1993). More recently, other 

variants of synaptic plasticity have been discovered as a result of studying the precise timing 

of synaptic signals. For example, spike-timing-dependent plasticity is a phenomenon whereby 

the order of and temporal interval between pre- and post-synaptic spikes dictate the nature of 

synaptic plasticity. For example, synaptic potentiation is induced among pre-synaptic neurons 

if they are active within 20msec prior to firing of the post-synaptic neuron (Caporale & Dan, 

2008; Dan & Poo, 2004, 2006; Feldman, 2012; Markram et al., 1997). These phenomena are 

taken to be the cellular underpinnings of Hebb’s postulate (Caporale & Dan, 2008), and have 
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been implicated in a range of sensory, motor, and other learning processes (Dan & Poo, 2006; 

Feldman, 2012; Takeuchi et al., 2013). In light of these cellular mechanisms of neuroplasticity, 

the theory of myelin plasticity is typically articulated by aligning the time-sensitive principles 

of synaptic plasticity with myelin’s temporal control of action potential firing (Baraban et al., 

2016; de Hoz & Simons, 2014; Fields, 2008a). Critical functions of myelin include increasing 

(Section 1.2.2.1) and optimising (Section 1.2.2.2) action potential CV. Several pathways – 

including thalamocortical, olivocerebellar and auditory pathways – exploit differences in 

myelin geometry along individual axons to precisely regulate CV, compensating for different 

axonal path lengths, and achieving synchronous firing of post synaptic targets. Based on this 

function, it is hypothesised that plastic changes in myelin lead to refinements of action potential 

CV, which in turn affect conduction time, synaptic output, and cognitive processing (Fields, 

2005; Fields, 2008a, b; Fields et al., 2013).  

 

A more recently proposed alternate, or additional, mechanism by which adaptive changes in 

myelin could act as an element of CNS plasticity is via its effect on metabolic support for 

neurons (de Hoz & Simons, 2014). This argument is based on the observation that some forms 

of synaptic plasticity depend not only on precise timing of signal arrival, but also on firing rate 

frequency (Feldman, 2012; Sjostrom et al., 2001) and that by providing energy substrates to 

axons, myelin supports high firing rate capacity (Saab et al., 2016).  

 

Myelin plasticity: a complete theory 
Section 1.3 has thus far identified why myelin – given its capacity to undergo change, its 

sensitivity to extrinsic stimuli, and its effects on neuron function – could plausibly be an 

element of CNS plasticity. According to the theory, if a stimulus were to induce changes in 

myelin to the extent that CV or firing rate capacity change, then plastic synaptic mechanisms 

could be induced, leading to long-term functional and behavioural changes (Figure 1.1B). 

Following this line of thinking, myelin plasticity would thus constitute an additional 

component of neuroplasticity or, more eloquently, a “new realm of nervous system plasticity 

[that] operates outside the context of changes in neurotransmitter inputs to neurons at the 

synapse, by regulating the output of neurons” (Fields 2008a). The theory is attractive, but is 

there empirical evidence for it? The remainder of Section 1.3 reviews the experimental 

evidence for myelin plasticity and Figure 1.7 summarises the literature that will be discussed.  
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Figure 1.7 Studying myelin plasticity. 
The four key aspects (panels A-D) of myelin plasticity presented in this framework are essential for designing and comparing experimental 
approaches to studying the phenomenon, and for understanding its biology.  

A. The plasticity system. Myelin plasticity has been induced and observed in a variety of biological systems (human, animal and in vitro), 
and in response to a variety of stimuli, including behavioural, sensory, motor perturbations, and in response to direct manipulation of 
neuronal activity. (SS: somatosensory manipulation; MD: monocular deprivation; ESTIM: electrical stimulation). 

B. Transduction mechanisms. A variety of activity-dependent signals produced by axons have been causally implicated in myelin plasticity. 
Less is known about the oligodendroglial-intrinsic molecular transduction mechanisms which are induced by these signals and which 
in turn mediate the plasticity myelin response.  

C. Plastic myelin response. The cellular parameters that constitute the plastic myelin response include proliferation, differentiation, and 
myelination. It is also likely that modification of existing myelin is a component of myelin plasticity.  

D. Adaptive functional outcome. Myelin plasticity culminates in adaptive functional changes. There is evidence that it is causally related 
to enhanced action potential conduction velocity and to improved motor performance after training.  
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1.3.2. Experimental evidence for myelin plasticity 
Section 1.3.2 presents experimental evidence for myelin plasticity from three broad categories 
of model system (i.e. Figure 1.7A): human studies (Section 1.3.2.1), animal in vivo studies 
(Section 1.3.2.2) and in vitro studies (Section 1.3.2.3).  
 

1.3.2.1. Human studies 
To study myelin plasticity in humans, the most commonly used neuroimaging technique is 
diffusion-weighted MRI. This neuroimaging technique is sensitive to the diffusion of water 
molecules. In white matter tracts, water molecules diffuse more easily along fibres than 
perpendicular to them, because their movement is constrained by the axon membrane and the 
myelin sheath (Johansen-Berg, 2010). Consequently, when fitting the diffusion tensor model 
to the diffusion measurement in each voxel of the MRI image, white matter microstructure can 
be quantified. One parameter that is highly reported in the literature on human myelin plasticity 
is fractional anisotropy (FA), which is expressed as a value between 0 and 1. A value of 0 
indicates random diffusion, and 1 indicates diffusion in a single direction. Accordingly, grey 
matter yields FA values closer to 0, whereas white matter yields values closer to 1. It is, 
however, important to note that there is not a one-to-one relationship between FA and any 
specific anatomical or cellular parameter – FA can increase as a result of increases in axon 
membrane integrity, myelin thickness, fibre organisation, axon diameter and axon density 
(Johansen-Berg, 2010; Zatorre et al., 2012). 
 
One line of evidence for myelin plasticity in humans comes from studies of expert populations. 
In the broader field of neuroplasticity, which has traditionally focused on grey matter, expert 
populations, including linguists, taxi drivers and musicians, are often studied. It is inferred that 
differences in their grey matter – in regions of the brain known to be relevant to performing in 
their domain of expertise – have resulted from their extensive practice. One of the first studies 
to examine white matter in an expert population used expert adult musicians. It found that the 
amount of practice was correlated with FA in several white matter tracts that underlie manual 
and auditory functions, which are highly developed in musicians (Bengtsson et al., 2005). 
Notably, the amount of childhood practice in the adult musicians was positively correlated with 
FA in the posterior limbs of the internal capsule, which carry the corticospinal axons essential 
for fine, individuated finger movements. As a group, musicians had a significantly higher FA 
in this region compared to age-matched non-musician controls. The FA in several regions of 
the corpus callosum, including the splenium (which connects auditory regions to the temporal 
lobes) and the callosal body (which is important for bimanual coordination), also correlated 
with the amount of childhood practice, though did not significantly differ between the musician 
and non-musician groups. The amount of practice during adulthood was correlated with FA in 
different regions, including a corticocortial fibre bundle in the right temporoparietal junction. 
The authors note that training at a particular period in life seems to induce changes in white 
matter areas that are concurrently undergoing maturation.  
 
One obvious limitation of observational, cross-sectional studies of experts is that it is difficult 
to partition anatomical differences and behavioural differences into cause and effect. In the 



 62 

case of the musicians, it is impossible to know whether pre-existing differences in white matter 
tracts endow individuals with a propensity to practice more, or alternatively whether practicing 
more leads to the changes. This limitation is addressed by experimental, longitudinal studies, 
which take baseline measurements, then induce the phenomenon by training people on a novel 
task, and then perform neuroimaging to assess changes in white matter. This approach has been 
applied to a number of studies concerned with activity-dependent myelination. For example, 
eight-to-ten-year-old children with poor reading skills have, compared to age matched controls, 
significantly lower FA in a region of the left anterior centrum semiovale. After a 100-hour 
intensive course, there was a significant increase in the FA in this region, and the FA increase 
was correlated with the degree of reading improvement (Keller & Just, 2009). These results 
suggest that white matter changes can be induced by, and can causally underlie, behavioural 
changes.  
 
The phenomenon is not limited to children, or to special populations. Longitudinal studies 
using diffusion tensor imaging to analyse normal adults trained in visuo-motor (Lakhani et al., 
2016; Scholz et al., 2009) or working memory (Takeuchi et al., 2010) tasks reveal not only 
behavioural improvements in these domains, but also changes in the white matter tracts 
purported to be important for performance of these tasks. Interestingly, training in domain non-
specific modes can also change white matter microstructure. For example, 11 hours of 
meditation training increases FA in the corona radiata, which connects the anterior cingulate 
cortex to several brain structures, including the striatum (Tang et al., 2010), and which is a 
network important for self-regulation. 
 
These results reveal that a variety of human experiences (motor and cognitive) can induce white 
matter changes, which may causally underlie persistent behavioural changes, and which 
therefore may constitute a form of plasticity. A major limitation of these studies is that it is still 
not possible to conclusively identify the nature of the cellular changes (i.e. Figure 1.7C) that 
give rise to the change in the white matter MRI signal. Increases in FA can reflect not only 
increased myelination, but also increased axonal density, increased axonal calibre, and 
increased orderliness of fibres (Beaulieu, 2002). Even if we assume that ‘myelin’ does respond 
adaptively to certain stimuli, human neuroimaging studies cannot reveal whether adaptive 
changes to myelin require changes in OPC proliferation, differentiation, maturation, 
modification (i.e. sheath lengthening or thickening) of existing myelin, or all of these 
mechanisms. Furthermore, these non-invasive human brain imaging studies cannot reveal the 
functional consequences of adaptive myelination. Some of these questions can be better 
illuminated with animal models of myelin plasticity. 
 

1.3.2.2. In vivo animal studies 
In vivo animal models offer the advantage over human studies of allowing researchers to study 
the cellular basis of the adaptive myelin response (Figure 1.7C). Given the wide variety of 
animal model plasticity systems (Figure 1.7A), this section is structured according to the 
experimental induction method, including sensory system manipulation (Section 1.3.2.2.1); 
environmental and social manipulation (Section 1.3.2.2.2); exercise models (Section 1.3.2.2.3); 
cognitive training models (Section 1.3.2.2.4); direct stimulation models (Section 1.3.2.2.5); 
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and zebrafish models (Section 1.3.2.2.6). Table 1.1 summarises the animal in vivo studies that 
are described throughout this section.  
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Table 1.1 Summary of in vivo studies of myelin plasticity 
Plasticity System 

(See also 
Figure 1.7A) 

 

Adaptive oligodendroglial/myelin response 
(See also Figure 1.7C) 

Transduction 
mechanism(s) 

(See also Figure 1.7B) 

Adaptive 
functional 
outcome 

(See also Figure 
1.7D) 

Other notes Authors 

Model Age Induction method Proliferation Differentiation Myelination 

Sensory systems 

P0-P30 Inhibition: Dark rearing N/A N/A _ N/A N/A Reduction in 
number of 
myelinated axons 

Gyllensten & 
Malmfors 
(1963) 

P5-P10 Stimulation: Premature 
eye opening 

N/A + N/A N/A N/A Increased myelin 
protein  

Tauber et al. 
(1980) 

P15-P17 Inhibition: TTX _ N/A N/A N/A N/A  Barres & Raff 
(1993) 

P0-P8 Inhibition: TTX N/A N/A No effect N/A N/A No effect on 
number of 
myelinated axons.  

Colello et al. 
(1995) 

P4-P6  Inhibition: TTX N/A No effect _ N/A N/A Reduction in the 
number of 
myelinating OLs, 
no change in the 
number of pre-
myelinating OLs.  
 
Evidence of a 
developmental 
critical period 

Demerens et 
al. (1996) 

P15-P32 Inhibition: monocular 
deprivation 

No effect + Reduced 
internode 
length; no 
effect on 
number of 
myelinated 
axons or on 
myelin 
thickness 

Glutamate/vesicle 
release 

Reduced 
conduction 
velocity 

 Etxeberria et 
al. (2016) 

P0-P5 Inhibition: Whisker 
trimming 

+ N/A N/A N/A N/A  Mangin et al. 
(2012) 

P6-P10 Inhibition: Whisker 
trimming 

+ N/A N/A N/A N/A  Hill et al. 
(2014) 

P0-P60 Inhibition: Whisker 
trimming 

N/A N/A _ N/A N/A Reduces density 
of myelinated 
axons; evidence 
of a 
developmental 

Barrera et al. 
(2013) 
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Plasticity System 
(See also 

Figure 1.7A) 
 

Adaptive oligodendroglial/myelin response 
(See also Figure 1.7C) 

Transduction 
mechanism(s) 

(See also Figure 1.7B) 

Adaptive 
functional 
outcome 

(See also Figure 
1.7D) 

Other notes Authors 

Model Age Induction method Proliferation Differentiation Myelination 
critical period 
from P0-P30. 

Social/environmental 
manipulation 

Juveniles Stimulation: 
Environmental 
enrichment 

+? +? N/A N/A N/A  Diamond et 
al. (1966) 

Juveniles Stimulation: 
Environmental 
enrichment 

+? +? N/A N/A N/A Increased number 
of OLs in cortex 

Szeligo & 
Leblond, 
(1977) 

Juveniles Stimulation: 
Environmental 
enrichment 

+? +? N/A N/A N/A Increased volume 
fraction of OLs 
nuclei in the 
visual cortex  

Sirevaag & 
Greenough 
(1987) 

Adults Stimulation: 
Environmental 
enrichment 

_ + N/A N/A N/A In the amygdala, 
reduced the 
fraction of 
proliferating OPCs 
that co-expressed 
the immature cell 
marker, S100ß 

Ehninger et al. 
(2011) 

Juveniles Stimulation: 
Environmental 
enrichment 

N/A +? +? N/A N/A Females:  
increased number 
of myelinated 
axons in female 
CC. Males: 
increased size of 
myelinated axons. 

Juraska & 
Kopcik (1988) 

Adults Stimulation: 
Environmental 
enrichment 

N/A N/A No effect N/A N/A Environment 
enrichment 
commencing in 
adulthood has no 
effect on number 
of myelinated 
axons. 

Markham et 
al. (2009) 

Aging 
adults 

Stimulation: 
Environmental 
enrichment 

N/A N/A + N/A N/A Impedes age-
related myelin 
loss 

Yang et al. 
(2013) 

Juveniles Inhibition: Social isolation N/A No effect _ NRG signalling N/A Evidence of a 
developmental 
critical period. 
 

Makinodan et 
al. (2012) 
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Plasticity System 
(See also 

Figure 1.7A) 
 

Adaptive oligodendroglial/myelin response 
(See also Figure 1.7C) 

Transduction 
mechanism(s) 

(See also Figure 1.7B) 

Adaptive 
functional 
outcome 

(See also Figure 
1.7D) 

Other notes Authors 

Model Age Induction method Proliferation Differentiation Myelination 
Reduced myelin 
thickness, protein 
expression and 
morphological 
complexity, no 
change in cell 
number. 

Adults Inhibition: Social isolation N/A No effect _ Epigenetic 
mechanisms; 
reduced myelin gene 
expression at 
transcript and 
protein level 

N/A Reduced myelin 
thickness 

Liu et al. 
(2012) 

Exercise and motor 
learning 

Adults Stimulation: Voluntary 
exercise 

_ + N/A N/A N/A  Simon et al. 
(2011) 

Adults Stimulation: Voluntary 
exercise 

_ + N/A N/A N/A Reduced the 
fraction of 
proliferating  
OPCs that co-
expressed the 
immature cell 
marker, S100ß 

Ehninger et al. 
(2011) 

Adults Stimulation: Voluntary 
exercise 

+ + _ N/A N/A  Krityakiarana 
et al. (2010) 

Adults Stimulation: Motor 
training 

N/A ? + N/A Implies that 
adaptive myelin 
response is 
causally related 
to improved 
motor 
performance. 

 Sampaio-
Baptista et al. 
(2013) 

P60 Stimulation: Motor 
training 

+ + + Transcription-
dependent (i.e. MyRF 
is required) 

Lineage changes 
are required for 
improved motor 
performance. 

 McKenzie et 
al. (2014) 

P60 Stimulation: Motor 
training 

+ + + Transcription-
dependent (i.e. MyRF 
is required) 

Lineage changes 
are required for 
improved motor 
performance. 

 Xiao et al. 
(2016) 
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Plasticity System 
(See also 

Figure 1.7A) 
 

Adaptive oligodendroglial/myelin response 
(See also Figure 1.7C) 

Transduction 
mechanism(s) 

(See also Figure 1.7B) 

Adaptive 
functional 
outcome 

(See also Figure 
1.7D) 

Other notes Authors 

Model Age Induction method Proliferation Differentiation Myelination 
Cognitive training Adults Stimulation: Reference 

memory training 
No effect No effect No effect N/A N/A  Boulanger & 

Messier 
(2017) 

Direct activity 
manipulation 

Adults Stimulation: Implanted 
electrodes in corticospinal 
tract 

+ + N/A N/A N/A  Li et al. (2010) 

Adults Stimulation: Optogenetic 
stimulation of M2 cortex 

+ + + Involves epigenetic 
changes 

Enhanced motor 
function 

 Gibson et al. 
(2014) 

Adults Stimulation: Implanted 
electrodes in corpus 
callosum 

+ + N/A N/A N/A Frequency 
dependent. 25-
300Hz increased 
proliferation; 
stimulation at 5-
300Hz stimulates 
differentiation of 
newly divided 
cells. 

Nagy et al. 
(2017) 

Juveniles 
and 
adults 

Stimulation: hM3Dq 
DREADD pharmacogenetic 
stimulation of cortical 
neurons 

+ + + N/A N/A Provides evidence 
for the axonal 
specificity of 
myelin plasticity: 
hM3Dq DREADD 
stimulated axons 
were 
preferentially 
myelinated  
relative to control 
axons, despite no 
change in total 
myelin 
production. 

Mitew et al. 
(2018) 

Inhibition: Kir2.1 
expression 

No effect No effect _ Provides evidence 
for the axonal 
specificity of 
myelin plasticity: 
axons expressing 
Kir2.1 were less 
likely to be 
myelinated that 



 68 

Plasticity System 
(See also 

Figure 1.7A) 
 

Adaptive oligodendroglial/myelin response 
(See also Figure 1.7C) 

Transduction 
mechanism(s) 

(See also Figure 1.7B) 

Adaptive 
functional 
outcome 

(See also Figure 
1.7D) 

Other notes Authors 

Model Age Induction method Proliferation Differentiation Myelination 
control axons, 
despite no change 
in total myelin 
production. 
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1.3.2.2.1. Sensory	systems	as	animal	models	of	myelin	plasticity	
Sensory systems are the basis of the majority of studies of myelin plasticity (Table 1.1). Indeed, 
manipulating sensory systems has provided a paradigm that has been fundamental to the field 
of neuroplasticity in general, which has shown that use, disuse, and training of sensory systems 
affect synaptic plasticity, and structural neuronal changes including remodelling, formation 
and removal of synapses, and axonal remodelling (Feldman, 2009; Jamann et al., 2018) . Using 
these systems, the most common way to model myelin plasticity is to inhibit or attenuate 
sensory input, which in most cases has been shown to inhibit oligodendroglial lineage 
progression and/or myelination.   

1.3.2.2.1.1. The	visual	system	
The earliest study that is now often cited as demonstrating myelin plasticity exploited the visual 
system as a model (Gyllensten & Malmfors, 1963). To date, this has remained a popular model 
for studying the phenomenon, and studies employing this system often model myelin plasticity 
by investigating the way in which it is affected by inhibiting sensory input or action potential 
firing from retinal ganglion cells. The body of literature in which myelin plasticity is modelled 
by perturbing visual input is characterised by a vast array of variables, both dependent and 
independent, making it challenging to arrive at firm conclusions about the nature of the plastic 
myelin response. The following summary of studies indicate that oligodendroglia are sensitive 
to visual system activity, and depending on the model, the effects can include changes in 
proliferation, differentiation, and myelination.    
 
Mice dark-reared from birth have reduced numbers of myelinated axons in the optic nerve 
(Gyllensten & Malmfors, 1963). Conversely, premature eye opening accelerates myelination 
in rabbits, as measured by levels of myelin protein expression (Tauber et al., 1980). Neonatal 
transection of the optic nerve reduces the number of proliferating OPCs four days later in both 
wild type mice and in mice genetically modified such that the distal stump of the transected 
nerve does not degenerate (Barres & Raff, 1993). This suggests that the effect of transection 
on OPCs may be due to axonal activity, rather than axon cell surface ligands. Consistent with 
this, Barres and Raff (1993) showed that silencing action potential firing in the optic nerve via 
intraocular injection of TTX at either P15 or P7 reduces OPC proliferation in the optic nerve 
two days later (Barres & Raff, 1993). A single intraocular injection of TTX at P4, when the 
first pre-myelinating oligodendrocytes are produced, reduces the number of myelinating 
oligodendrocytes two days later, when myelination normally begins, despite having no effect 
on the number of pre-myelinating oligodendrocytes (Demerens et al., 1996). When TTX is 
delivered once at P5, there was no effect on the number of myelinating oligodendrocytes two 
days later (Demerens et al., 1996), suggesting that adaptive changes of the oligodendroglial 
lineage may be subject to a critical period. Despite the array of variables, these studies suggest 
that normal activity of the visual system is necessary for appropriate OPC proliferation and 
thus an appropriate pool of progenitors to subsequently myelinate the tract (Barres & Raff, 
1993), the appropriate production of myelinating oligodendrocytes (Demerens et al., 1996), 
and consequently the appropriate myelination of axons (Gyllensten & Malmfors, 1963). 
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However, somewhat surprisingly, one study has shown that persistent intraocular TTX from 
birth until P8 does not affect the number of myelinated axons at P9 (Colello et al., 1995).  The 
reason for this is unclear but may be related to the long duration of axonal silencing, and/or to 
the developmental time point considered. Further, in the absence of a thorough analysis of other 
aspects of lineage dynamics such as the effect on OPC proliferation and differentiation, it is 
unclear whether the appropriate density of myelinated axons was achieved through 
compensatory mechanisms.  
 
More surprising still are the results of a recent study using the visual system and monocular 
deprivation (MD) as a model system for myelin plasticity (Etxeberria et al., 2016).  This study 
found that MD from P15 (i.e. from the time the eyes normally open) to P32 led to an increase 
in oligodendrocyte number in the deprived optic nerve (Etxeberria et al., 2016). This was 
attributable to increased differentiation independently of proliferation, and was not associated 
with any changes in either the number of myelinated axons or in myelin thickness, but was 
associated with a reduction in internode length (Etxeberria et al., 2016). These changes were 
associated with a reduction of conduction velocity in the deprived optic nerve. In spite of the 
increase in oligodendrocyte number being unexpected, this study was arguably the first 
demonstration that that sensory experience can alter myelin with functional consequences. 
 
Etxeberria et al. (2016) also investigated the effect of MD on myelination via an approach that 
extends the findings of previous studies, by addressing axon-specific myelin plasticity (Figure 
1.8B). Whereas earlier visual system models of myelin plasticity perturbed activity of the entire 
system and detected changes across the system (in terms of, for example, total myelin protein 
(Tauber et al., 1980), number of myelinating oligodendrocytes (Demerens et al. 1996), or 
number of myelinated axons (Gyllensten & Malmfors, 1963)), Etxeberria et al. (2016) 
employed a higher resolution perturbation and analysis to consider the effects of neuronal 
activity on myelin at the level of the individual axon. They combined their rodent MD model 
with monocular injections of fluorescently-conjugated cholera toxin B (CTB) to label axons of 
the retinal ganglion cells. This model provides a convenient way to achieve anatomically mixed 
populations of axons with perturbed and normal activity levels in the optic tract. In each optic 
tract, the majority (~90%) of axons is derived from the contralateral eye, and the remainder of 
the axons derive from the ipsilateral eye. MD therefore results in four types of axon within the 
optic tract: deprived axons in a mostly deprived tract (contralateral to the MD); active axons in 
a mostly deprived tract (contralateral to the MD); deprived axons in a mostly active tract 
(ipsilateral to the MD); and active axons in a mostly active tract (ipsilateral to the MD). 
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Figure 1.8 General myelin plasticity and axon-specific myelin plasticity. 
Myelin plasticity is broadly classifiable into two distinct forms, which have been identified 
through two distinct experimental approaches. 

A. “General” myelin plasticity is the most common form, and has been studied by 
comparing conditions in which neuronal activity has and has not been stimulated 
(or alternatively, by comparing conditions in which intrinsic neuronal activity has 
been left intact or has been silenced, and has revealed that myelination increases 
in the presence of stimulation relative to the unstimulated control. 

B. Axon-specific myelin plasticity has been studied by stimulating (or silencing) a 
subset of axons within a population and then assessing whether these axons are 
myelinated differently to nearby control axons. This approach has revealed that, 
relative to unstimulated or silenced axons, active axons are selected for myelination 
more frequently, and are myelinated with longer, thicker myelin segments.  
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The myelin segments that formed on deprived axons in a mostly deprived tract were shorter, 
as were the segments that formed on deprived axons in a mostly active tract. Together, these 
results show that a deprived axon has shorter internodes, regardless of whether it is amongst a 
much larger number of active axons. These results point strongly to a model in which sheath 
length is determined by mechanisms that operate at the level of the individual axon. However, 
the mechanism is not as simple as this; although myelin sheath length was normal on active 
axons in a mostly active tract, sheath length on active axons in a mostly deprived tract were 
still significantly shorter than control. This indicates that depriving axons of their normal 
stimulus reduces myelin sheath length not only at the level of the individual axon, but also on 
active axons within a largely deprived tract. This set of intriguing results demonstrates that 
when depriving axons of their normal levels of activity, the axon-specific effects on myelin 
depend on a combination of the activity of that axon and that of the surrounding axons.  
 
The studies summarised above have all perturbed activity of the visual system to study myelin 
plasticity. Taken together, given the range of variables, it is difficult to draw firm conclusions 
about the nature of the effects of action potential firing and sensory input on myelin plasticity. 
Any conclusion drawn from such studies must be qualified by the age of the animal, the type 
and duration of the perturbation to visual stimuli, and the way the oligodendroglial lineage 
changes were assessed. These six studies use four different induction methods (TTX, dark 
rearing, premature eye opening, and MD), delivered over six different time courses, over six 
different developmental periods, and measure myelin plasticity differently. Importantly, the 
physiological consequences associated with each perturbation method are distinct: while TTX 
abolishes action potential firing, developmental dark rearing or MD abolish stimulus evoked 
activity, but leave spontaneous retinal activity intact (Demas et al., 2003). Thus, while 
oligodendroglia amongst TTX-silenced axons receive no activity-dependent signal, 
oligodendroglia amongst axons from a visually deprived eye may still be exposed to at least 
some activity-dependent axonal signals.  

1.3.2.2.1.2. The	somatosensory	system	
Several studies of adaptive myelination have used the barrel cortex as a model system, which 
is also a model frequently exploited by studies of CNS plasticity more generally (Feldman, 
2009). This cortical region receives input from the whiskers, and whisker clipping provides a 
model of sensory deprivation. Trimming mouse whiskers from birth increases the density of 
OPCs in the barrel cortex by P5 (Mangin et al., 2012), and trimming whiskers from P6 increases 
OPC proliferation in the barrel cortex at P10 and P12 (Hill et al., 2014). These findings suggest 
that sensory-evoked activity attenuates oligodendroglial lineage progression, and therefore 
seem at odds with the findings of similar experiments in the optic nerve (i.e. where transection 
inhibits proliferation and differentiation (Barres & Raff, 1993)). However, this apparent 
paradox may be resolved by the finding that the survival of newly generated cells in sensory-
deprived barrel cortex is reduced (Hill et al., 2014). Developmental whisker trimming also 
affects later stages of the lineage. Continuing to trim whiskers from birth until P60 reduces 
both the density of myelinated axons and the diameter of myelinated axons in the barrel cortex 
(Barrera et al., 2013). However, if trimming is limited to the first 30 days post-natal, by P60, 
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myelinated axon diameter, though not myelinated axon density, is restored to normal (Barrera 
et al., 2013). Myelinated axon density is unaffected if whisker trimming commences at P60, 
suggesting that myelinated axon density is subject to a critical period (Barrera et al., 2013). 
The critical period for establishing normal myelinated axon density in the barrel cortex must 
therefore be within the first 30 days of birth, after which changes in sensory input do not impact 
on myelination. These critical-period sensitive effects of whisker trimming were not 
attributable to changes in oligodendrocyte cell number, suggesting that sensory input is 
important for myelination rather than OPC proliferation or survival.  
 

1.3.2.2.2. Environmental	 and	 social	 stimuli	 as	 in	 vivo	 animal	 models	 of	
myelin	plasticity	

There is also evidence that higher-level, more behaviourally relevant and less modality-
dependent stimuli can induce myelin plasticity. The two principal models are environmental 
enrichment and social isolation.  
 
In the field of neuroplasticity in general, environmental enrichment was one of the earliest 
paradigms used to study adaptive behaviour and neuroplasticity (Hebb, 1949; Bennett et al., 
1964) and one which persists today as a model for studying CNS plasticity (van Praag et al., 
2000). Analysis of the effects of environmental enrichment have produced a body of work that 
demonstrates that lab rodents reared in enriched environments have altered behaviour, brain 
chemistry, cell morphology and cell number compared to those raised in standard environments 
(Bennett et al., 1964; Diamond et al., 1964; Rosenzweig & Bennett, 1996). Though these early 
studies employing environmental enrichment as a tool to induce adaptive changes tended to 
focus in neuronal changes, the idea that glia may also be affected did not go unnoticed, and 
indeed some of these early attempts did note oligodendroglial changes. For example, despite 
an initial report that rearing in an enriched environment did not affect oligodendroglia 
(Diamond et al., 1964), refinement of the quantification techniques subsequently identified, in 
the cortex of rodents raised in an enriched environment, a higher oligodendrocyte:neuron ratio 
(Diamond et al., 1966); an increase in oligodendrocyte number (Szeligo & Leblond, 1977); and 
an increase in the volume fraction of oligodendrocyte nuclei (Sirevaag & Greenough, 1987). 
Another study investigated the effect in the amygdala. Ehninger et al. (2011) investigated the 
effect of environmental enrichment on oligodendrogliogenesis in the amygdala. Exposure to 
an enriched environment for 40 days reduced the fraction of proliferating NG2+ OPCs that co-
expressed a marker of immature cells (S100ß), suggesting that voluntary exercise increases the 
rate at which these cells mature, however at this time there was no evidence for an increase in 
the proportion of newly differentiated cells which expressed mature oligodendrocyte markers 
(Ehninger et al., 2011).  
 
With respect to the effect of environmental enrichment on myelin, raising rats in enriched 
conditions has been shown to increase the number of myelinated axons in the splenium of the 
corpus callosum in females, and to increase the size of myelinated axons in males (Juraska & 
Kopcik, 1988). In contrast, such changes do not occur if environmental enrichment begins at 
four months of age, suggesting myelin plasticity may be subject to a critical period (Markham 
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et al., 2009). The demonstration that normal age-related myelin degradation is mitigated by 
exposure to an enriched environment is also consistent with the theory of myelin plasticity, 
suggesting that rather than inducing change, in older animals, plasticity can take the form of 
protecting existing myelin (Yang et al., 2013). 
 
The effect of social stimuli on oligodendroglia has also been investigated, demonstrating that 
social isolation of juvenile mice impedes not only performance on tasks dependent on medial 
prefrontal cortex (mPFC), but also affects oligodendrocytes in this area (Makinodan et al., 
2012). Social isolation causes oligodendrocytes to become morphologically simpler, with 
fewer branches and fewer internodes, and to produce thinner myelin. It also reduces myelin 
protein expression, without changing oligodendrocyte number (Makinodan et al., 2012). This 
resulted from as little as two weeks’ isolation, but only if it occurred during a critical period, 
after which two weeks of isolation had no effect (Makinodan et al., 2012).  
 
In spite of the findings that the effects of social isolation on myelination only occur within a 
critical period, adult myelination is also sensitive to social stimulation (J. Liu et al., 2012). 
Eight weeks of social isolation causes a reduction in social behaviour, myelin gene expression 
(at both the transcript and protein level), and myelin thickness. All of these changes were 
specific to the prefrontal cortex. These changes could not be explained by a reduction in 
oligodendroglia, because oligodendrocyte lineage marker transcripts were unaffected, and 
there was no evidence of cell death. The likely reason for these changes in adults is the stalling 
of new myelin formation, because the socially isolated animals had higher levels of histone 
acetylation and euchromatin, which are markers of less mature oligodendrocytes. Although a 
shorter, 15-day, period of isolation was without effect on social behaviour, myelin thickness, 
or gene expression, it did induce a decrease in the percentage of heterochromatin. This led the 
authors to propose that the formation of new myelin in the mPFC depends on normal levels of 
social activity, and presumably neuronal activity, and that the effect is mediated by activity-
dependent neuronal signals that induce epigenetic changes in oligodendroglia, and thus 
consequently affect myelin gene expression (J. Liu et al., 2012). Importantly, four weeks of 
social reintegration reverted the nuclear and gene expression changes that had been induced by 
the eight-week social isolation period (J. Liu et al., 2012). A recent study that exploited this 
social isolation model of impeded myelination in adult mice to show that treatment with the 
pro-myelinating drug clemastine protects against the effects on myelin (J. Liu et al., 2016). 
Although social reintegration can reverse the negative effects of social isolation on 
myelination, the ultimate effect depends on the nature of the re-integration method, 
highlighting the sensitivity of oligodendroglia to environmental nuances (Makinodan et al,. 
2017).  
 
What are the functional consequences of these plastic changes? To what extent could they be 
mediating the behavioural changes? The literature to date does not answer this. Future studies 
should assess the electrophysiological consequences of environmental and social stimulation 
induced increases in PFC myelination. It may be expected that such changes result in increased 
CV or firing frequency of neural transmission in the PFC. Indeed, other studies indicate that 
housing rats in enriched environments for eight weeks is sufficient to enhance the responses of 
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primary auditory cortex, including increasing the strength of response, increasing the number 
of neurons that respond to sound, and rendering neurons more selective for tone frequency and 
more sensitive to quiet sounds (Engineer et al., 2004).  
 

1.3.2.2.3. Exercise	and	motor	training	as	in	vivo	animal	models	of	myelin	
plasticity	

A third category of model used to study in vivo myelin plasticity is exercise and motor learning 
models. Motor training paradigms have long been a model used to study neuroplasticity (Dayan 
& Cohen, 2011), and more recently, it has been appreciated that oligodendroglial lineage 
progression can be stimulated by voluntary exercise. Adult mice engaged in voluntary exercise 
have been shown to exhibit a reduction in the number of proliferating cells in the cortex, and 
an increase in newly generated oligodendrocytes, supporting the idea of activity-dependent 
oligodendroglial differentiation (Simon et al., 2011). Ehninger et al. (2011) suggest that 
voluntary exercise promotes the maturation of OPCs in the amygdala. Four weeks after a ten-
day period of voluntary exercise, mice exhibited a reduction in the proportion of newly born 
OPCs which co-expressed S100β – a protein that reduces in expression as cells mature. 
Although Ehninger et al. (2011) do not find evidence for exercise-dependent increases in newly 
generated amygdalar oligodendrocytes, they assert that the reduction in the proportion of newly 
generated OPCs expressing S100β demonstrates exercise-dependent maturation of OPCs. In 
another model, seven days of voluntary exercise increased the number of OPCs and immature 
oligodendrocytes in the spinal cord, without affecting MBP levels, suggesting that exercise 
stimulates oligodendrogenesis (Krityakiarana et al., 2010). Together, these results indicate that 
oligodendrogliogenesis can be stimulated by voluntary exercise in several CNS areas.  
 
There is also evidence that it is not merely motor activity that stimulates oligodendroglial 
change, but that skilled learning stimulates it further. Sampaio-Baptista et al. (2013) trained 
mice on a skilled forepaw reaching task, which required mice to reach food through a barrier 
by making particular arm movements. They compared these mice to both sham-trained mice 
(for whom food was out of reach thus preventing them from learning) and untrained controls. 
The skilled group had significantly higher FA in the white matter tracts underlying 
sensorimotor cortex contralateral to the trained paw. Furthermore, there was a positive 
correlation between FA and learning rate, which is consistent with a causal link between 
learning and FA changes. This study also performed histological analysis on the brains of these 
mice and found that the skilled group had a significant significantly increased MBP staining 
intensity. 
 
A pair of recent studies have further investigated the effect of motor learning on the 
oligodendroglial lineage (McKenzie et al., 2014; Xiao et al., 2016). McKenzie et al. (2014) 
provided P60 mice with a complex running wheel and concurrently treated them with EdU to 
label dividing cells. Over four days, not only did performance improve, OPC proliferation 
increased. When mice had access to the complex running wheel for 11 days, there was an 
increase in the number of newly generated oligodendrocytes. This group subsequently carried 
out a follow-on study to consider earlier time points and to analyse the oligodendroglial 
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responses with a higher temporal resolution (Xiao et al., 2016). This study involved labelling 
dividing cells with EdU for 10 days prior to introduction of the complex running wheel (rather 
than labelling concurrently with access to the running wheel). This revealed that within two 
and a half hours of commencing the complex motor task, there was a detectable increase in the 
density of immature, pre-myelinating oligodendrocytes. These cells lack both immature and 
mature markers, but are positive for Enpp6, a marker of pre-myelinating oligodendrocytes. The 
density of immature oligodendrocytes continued to increase after four and 12 hours of running. 
This result indicates that OPCs that are at the G1 stage of the cell cycle are stimulated by this 
motor task to rapidly transition – without proliferation – to newly differentiated 
oligodendrocytes. The density of mature oligodendrocytes did not detectably increase until 
four days of performing the novel motor task. Together, these studies indicate that learning a 
complex motor task induces activity-dependent oligodendroglial proliferation, differentiation 
and maturation, and that the differentiative response occurs with the shortest latency (i.e. 2.5 
hours) after training onset, while the proliferative and maturational responses are detectable 
within the order of days. It may be that the robustly maintained density of OPCs in the adult 
rodent cortex (Hughes et al. 2013) exists to provide a source of oligodendrocytes for when 
certain behavioural demands – for example novel motor learning – call for it.  
 
Despite constituting evidence for activity-dependent myelination, the findings of these studies 
raise some profound questions, two of which are as follows. Firstly, it is not clear whether the 
motor-training induced oligodendroglial changes are simply the consequence of increased 
activity, or whether they are induced by the complexity and novelty of the motor task 
employed. This is particularly problematic because the control group received no treatment. A 
more appropriate experiment may have been to compare the effects on oligodendroglia in 
response to the complex running wheel versus a standard running wheel. McKenzie et al. 
(2014) argue that it is the novelty of the task, and not running per se, that triggers the response. 
This argument is based on the finding that reintroducing the complex running wheel after a 
week’s rest does not induce a second proliferative response. Confusingly though, McKenzie et 
al. (2014) also mention that the response is seen even when mice are first exposed to a standard 
running wheel, which suggests that the effect is triggered by novelty rather than complexity. 
Secondly, these studies (McKenzie et al. 2014; Xiao et al. 2016) raise questions about the 
function of these motor-training induced oligodendroglial changes. First and foremost, is the 
oligodendroglial lineage progression induced by the novel motor task necessary for the 
improved performance? This pair of studies addressed this question by innovatively using a 
genetic mouse model in which the differentiation of oligodendrocytes is conditionally blocked. 
In PDGFRα-CreERT2/MyRF(flox/flox) mice, the Cre protein is expressed in OPCs (i.e. PDGFRα+ 
cells), and administration of the drug tamoxifen induces Cre-mediated excision of the floxed 
MyRF gene. Given that MyRF is a transcription factor essential for OPC differentiation, when 
MyRF expression is ablated in OPCs, generation of oligodendrocytes is severely impeded. 
McKenzie et al. (2014) and Xiao et al. (2016) showed that blocking new oligodendrogeneis 
through conditional Myrf ablation impairs learning on the motor task, with this effect 
detectable very soon after introduction to the novel motor task. This finding implies that 
training-induced oligodendroglial lineage progression contributes to motor learning and thus 
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constitutes evidence that myelin plasticity has adaptive functional consequences (i.e. Figure 
1.7D).  
 
This finding, however, raises further questions concerning the nature of the functional 
consequences. Does the task-induced oligodendrogenesis play a role in metabolically 
supporting axons, perhaps facilitating increased firing frequency – as may be inferred from 
Saab et al. (2016)? Alternatively, or additionally, do the newly generated oligodendrocytes 
have a role in enhancing the conduction velocity, which is suggested to be one of, if not the 
principle mechanism by which myelin plasticity exerts its functional consequences (Fields, 
2005; Fields, 2008a, b; Fields et al., 2013)? Xiao et al. (2016) show that both the behavioural 
and oligodendroglial changes occur within hours of training onset. In Section 1.2 (and Figure 
1.4D), myelin parameters were demonstrated to affect action potential conduction velocity and 
timing for behavioural consequences. However, the short latency of the changes in Xiao et al.’s 
(2016) study is difficult to reconcile with the assertion that the functional consequences of 
myelin plasticity are exclusively mediated by de novo myelination to modify CV. Even in light 
of Czopka et al.’s (2013) finding that during myelination, oligodendrocytes form their entire 
complement of myelin sheathes within a few hours, the immediate behavioural effect in Xiao 
et al.’s (2016) model suggest that other cellular mechanisms may be at play. Although this has 
not been experimentally investigated, it may be that oligodendrocytes generated immediately 
upon learning a novel task provide metabolic support for axons which mediates the behavioural 
improvement. Although there remains much to be learned, it is possible that, considering the 
diverse functions of oligodendrocytes and myelin discussed in Section 1.2, task-induced 
oligodendrogenesis serves multiple functions at multiple stages of the learning process – 
perhaps initially functioning to provide energy to axons, and then later to enhance conduction 
velocity via more extreme myelin remodelling and/or de novo myelination of previously 
unmyelinated axons. Fully understanding this will likely require myelin imaging studies using 
techniques that allow very high temporal and optical resolution.   
 

1.3.2.2.4. Cognitive	training	as	a	model	of	myelin	plasticity	
Cognitive training paradigms have been extensively employed in the body of literature on 
neuroplasticity (Takeuchi et al., 2013) and it is therefore somewhat surprising that, at least as 
indicated by the literature published to date, these models have not been taken up by researchers 
of myelin plasticity. Boulanger & Messier (2017) showed that reference memory training does 
not affect the proportion of OPCs that undergo proliferation or differentiation, in either the 
cortex or the corpus callosum. Whether and how oligodendroglia respond to cognitive training 
remains an under-explored topic, and should be tackled in future studies. There is some 
evidence that altering signalling in oligodendroglia can modulate learning. Inducible, 
conditional expression of constitutively active Erk1/2 in oligodendroglia not only leads to an 
increase in myelin thickness and faster conduction velocity along auditory pathways, but also 
enhances hippocampal-dependent emotional learning (Jeffries et al., 2016). Although this is 
evidence that signalling in oligodendroglia can affect learning – possibly via enhanced 
myelination and conduction velocity – it is not evidence that learning induces changes in 
myelin, which will require additional experiments.  
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1.3.2.2.5. Direct	manipulation	 of	 action	 potentials	 in	 vivo	 as	 a	model	 of	
myelin	plasticity	

Another branch of inquiry into myelin plasticity using in vivo models employs techniques that 
directly manipulate action potential firing, via direct electrical stimulation or via optogenetic 
and pharmacogenetic techniques.  
 
 
Direct electrical stimulation 
The first direct stimulation model of myelin plasticity stimulated the corticospinal tract of rats 
with implanted electrodes. This treatment increased OPC proliferation and differentiation, as 
indicated by the increased co-localisation of post-stimulation born cells with APC and Nkx2.2, 
two markers of differentiated oligodendrocytes (Li et al., 2010). This study did not directly 
investigate any direct markers of myelination, thus it is unclear whether the increased 
proliferation and differentiation led to enhanced myelination.  
 
A recent study implanted electrode arrays to stimulate the corpus callosum of adult mice, and 
investigated the effect on oligodendroglial lineage progression of varying the stimulus 
frequency (including at 5, 25 and 300 Hz) for three hours, and then assessed the effects on 
oligodendroglia either seven or three days later (Nagy et al., 2017). Stimulation at 5 Hz caused, 
after a seven-day interval, an increase in the density of pre-myelinating oligodendrocytes, 
suggesting a pro-differentiation effect of this form of stimulation. None of the three stimulation 
frequencies affected the densities of either OPCs or oligodendrocytes. This pattern of results 
was also observed when inspection of the lineage occurred three, rather than seven, days after 
the three-hour stimulation period. Nagy et al. (2017) also administered EdU to label 
proliferating cells during the stimulation period. Stimulation at either 25 or 300, but not 5 Hz 
increased the density of proliferating cells, with a trend toward a stronger effect of 25 Hz 
compared to 300 Hz. Stimulation at both 25 Hz and 300 Hz significantly increased the fraction 
of total OPCs that had entered the cell cycle, whereas 5 Hz stimulation was without effect. This 
suggests that higher frequency stimulation promotes proliferation. Stimulation at all 
frequencies (5, 25 and 300 Hz) increased the fraction of total oligodendrocytes that were 
positive for EdU, indicating that all forms of stimulation promote differentiation of recently 
divided OPCs into oligodendrocytes.  
 
Optogenetic stimulation 
Gibson et al. (2014) extensively characterised the oligodendroglial response to optogenetic 
stimulation of M2 motor cortex in Thy1-ChR2 mice. Within three hours of a 30-minute, 20 Hz 
stimulation period, there was evidence of proliferation, and most of the newly divided cells 
expressed oligodendroglial lineage markers, both in M2 and in the subcortical fibres entering 
the corpus callosum. The number of newly differentiated cells did not increase significantly if 
the interval between the end of the 30-minute light stimulation and perfusion was increased to 
24 hours, suggesting that proliferative response in this model is temporally coupled very 
closely to the activity. Repeatedly stimulating with an intermittent paradigm (one hour per day 
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for seven days) followed by a four-week break also caused an increase in newly generated 
oligodendroglia and an increase in newly generated cells which had differentiated into CC1+ 
oligodendrocytes, both in the corpus callosum and in M2. This form of stimulation also 
increased myelin thickness both in layer VI of M2 cortex and in the subcortical white matter. 
This was true in the optogenetically stimulated hemisphere compared to the unstimulated 
hemisphere, and in ChR2-expressing mice compared to wild-type controls. Because the newly 
differentiating oligodendrocytes were not genetically labelled, the study could not conclude 
whether the increase in myelin thickness was contributed by newly differentiated 
oligodendrocytes or by pre-existing oligodendrocytes, or by both. Furthermore, this study 
could not determine whether activity induces proliferation, differentiation and maturation 
independently, or whether differentiation and myelination occur primarily as a result of 
increased proliferation. Gibson et al. (2014) also manipulated the stimulus to determine which 
parameters were necessary for inducing the phenomenon. When the light was moved medially, 
to stimulate both hemispheres and thus induce seizures, no oligodendroglial changes were 
observed, suggesting that the oligodendroglial outcome depends on physiological and not 
pathological levels of activity. This study also made the first published attempt to probe the 
functional consequences of the optogenetic-induced increased in oligodendroglial lineage 
progression. Consistent with the causative involvement of new oligodendrocytes in motor 
learning, after the optogenetic stimulation protocol, animals had enhanced swing speed of the 
forelimb controlled by the stimulated hemisphere (Gibson et al. 2014). Furthermore, if the 
optogenetically stimulated mice were treated pharmacologically (with TSA) to block 
oligodendrogenesis, these motor changes were not detected, suggesting that these activity-
dependent changes in motor function are dependent on the activity-dependent differentiation 
of OPCs (Gibson et al. 2014). 
 
Pharmacogenetic stimulation 
Mitew et al. (2018) stimulated activity in a sparse set of cortical projection neurons in the 
somatosensory cortex and considered both the lineage dynamics and the differences in myelin 
that had formed on the active versus the control axons. The activity manipulation was limited 
to a sparse population of neurons by using either in utero electroporation or stereotactic cortical 
injection to deliver the hM3Dq DREADD (designer receptor exclusively activated by designer 
drugs) construct. When animals expressing this construct in neurons are treated with CNO 
(clozapine-N-oxide, the synthetic ligand for hM3Dq), neurons expressing it depolarise and are 
more likely to fire. Mitew et al. (2018) considered oligodendroglial lineage dynamics of these 
animals at two ages.  
 
In juveniles, when CNO was administered for a week beginning at P19, there was a 30% 
increase in the density of both newly generated OPCs and total (i.e. new and pre-existing) 
OPCs, indicating that this form of neuronal activity stimulates proliferation. This treatment 
also increased (by ~25%) the density of cells expressing the mature oligodendrocyte marker 
ASPA, which likely resulted from an activity-dependent increase in differentiation. These 
proliferative and differentiative effects were specific to the oligodendroglial lineage (i.e. they 
were not observed in astrocytes or microglia). In adults, daily CNO injections were delivered 
for a week, beginning at P66, but histological analysis was performed a week after the final 
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injection, to account for the increased cell-cycle time in adults. Like juveniles, adults 
underwent an increase in OPC proliferation. The effect was more marked in adults, in which 
the activity-dependent increase in proliferating OPCs was around an 80%. There was also a 
significant increase in newly generated oligodendrocytes (by about 75%), though unlike the 
juveniles there was no change in the total density of oligodendrocytes, perhaps owing to the 
higher total density of these cells in adults, which possibly masks any increase. Mitew et al. 
(2018) also experimented with the converse approach of attenuating neuronal activity, by 
overexpressing the potassium channel Kir2.1 in a subset of cortical neurons, which 
hyperpolarises them by approximately 20 mV, making them less excitable. At P20, this 
treatment had no effect on the density of proliferating cells, OPCs, or oligodendrocytes, and 
had no effect on the total production of myelin. This indicates that attenuating activity does not 
necessarily have the opposite effects on oligodendroglial lineage progression to stimulating 
activity.    
 
These results are consistent with the theory of general myelin plasticity: stimulating activity 
enhances oligodendrogliogenesis and myelination (Figure 1.8A). However, Mitew et al. (2018) 
extended these findings by asking a follow-on question: do newly generated oligodendrocytes 
preferentially myelinate pharmacogenetically stimulated axons? Or do they myelinate axons 
indiscriminately, irrespective of an individual axon’s level of activity? Mitew et al. (2018) thus 
exploited their pharmacogenetic model to explore axon-specific myelin plasticity (Figure 
1.8B). Although the stimulation protocol did not increase the total number of myelinated axons 
(i.e. in CNO-treated hM3D-expessing versus control mice), the stimulated axons were two-
and-a-half times more likely to be myelinated than control axons, arguing in favour of an axon-
specific model of activity-dependent myelination. Furthermore, this treatment caused an 
increase in the thickness of myelin on stimulated axons. Using PDGFRα-CreERT:lox-Stop-
lox-Tau-mGFP mice (Young et. al., 2013) to label newly-generated oligodendrocytes and their 
internodes, Mitew et al. (2018) also investigated the fate of oligodendrocytes that had been 
generated concurrently with the stimulation protocol. Although the stimulation protocol did 
not alter the total number of newly generated internodes per oligodendrocyte, it increased the 
proportion of newly generated internodes that were aligned with active (i.e. hM3Dq-
expressing) axons. These results indicate that newly formed oligodendrocytes preferentially 
target their myelin to axons with higher activity. Although, as noted above, oligodendroglial 
lineage progression was unaffected by attenuating activity in a subset of cortical neurons (via 
Kir2.1 overexpression), these axons were less likely to be myelinated. Considered together, 
Mitew et al. (2018) employ their model of pharmacogenetically induced myelin plasticity to 
explore two aspects of the myelin response. First, their demonstration that pharmacogenetically 
stimulating activity of a sparse population of cortical neurons stimulates oligodendroglial 
lineage progression is evidence for the “general” myelin plasticity response (Figure 1.8A).  
Second, their analysis of myelination at the level of the individual axon provides evidence for 
axon-specific myelin plasticity whereby, when given the choice, oligodendrocytes 
preferentially myelinate axons with higher levels of activity relative to axons with lower 
activity (Figure 1.8B).  
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1.3.2.2.6. Zebrafish	models	of	myelin	plasticity	
Despite the hundreds of millions of years that separate zebrafish and mammalian evolution, the 
former species is widely used to study the basic biology of myelination. There are a number of 
practical reasons for the utility of zebrafish models, including their rapid development, their 
optical clarity, and the large number of offspring they produce (Czopka, 2016). Importantly 
though, myelination in zebrafish has many similarities with mammalian myelination: 
myelination of axons is the last major step of CNS development, and continues for a prolonged 
period after birth; zebrafish and mammals express some common major myelin genes (e.g. 
Mbp), and zebrafish and mammals express common oligodendroglial markers and transcription 
factors, and therefore common developmental patterns of myelination.  
  
Mensch et al. (2015) devised a zebrafish model of myelin plasticity by expressing tetanus toxin 
(TeNT) in neurons to abrogate activity-dependent vesicle release. Although this did not affect 
the onset of myelination, it reduced the number of myelinated axons by 40%, and reduced the 
number of myelinating oligodendrocytes by 10%. Mensch et al. (2015) reasoned that a 40% 
reduction in myelinated axons was unlikely to be the result of such a small reduction in the 
number of oligodendrocytes. Inspection of the morphology of individual oligodendrocytes 
revealed that this model reduced the number of myelin sheathes per cell by 30%, though had 
no effect on sheath length. This suggests that neuronal activity affects the myelinating potential 
of individual oligodendrocytes. 
 
A study by Hines et al. (2015) presented a valuable zebrafish model for investigating axon-
specific myelin plasticity (Figure 1.8B) and made four important discoveries. First, Hines et 
al. (2015) demonstrated that neuronal activity is important for the appropriate selection of 
axons for myelination. One of the enduring questions regarding myelination concerns the 
signal(s) that permit some axons to be selected for myelination but not others. This study 
exploited the possibilities that zebrafish provide for analysing distinct types of neurons. The 
axons of phox2b+ neurons, which project through the ventral spinal cord, are targets for early 
myelination. Shortly after the onset of myelination, most myelin sheaths in developing 
zebrafish myelinate this class of axon. Blocking activity with TTX prior to the onset of 
myelination reduced the proportion of nascent sheathes that contact phox2b+ axons, without 
changing the onset of myelination, the number of oligodendroglia, the total number of sheathes, 
or the length of sheathes. This result thus adds a level of nuance to our understanding of myelin 
plasticity. By considering myelination at the level of the individual axon, Hines et al., (2015) 
demonstrate that selection of axons for myelination operates at a highly localised level, 
consistent with the axon specific mode of myelin plasticity represented in Figure 1.8B.  
 
Second, Hines et al. (2015) demonstrated that axon selection depends on axonal vesicle release, 
at the level of the individual axon. This experiment required a more sophisticated genetic 
silencing model: tetanus toxin (TeNT) was expressed in a subset of phox2b+ neurons to prevent 
activity-dependent vesicle release. TeNT-expressing phox2b+ neurons were less likely to be 
myelinated than control phox2b+ axons, indicating that vesicle release is important for 
appropriate selection of this class of axons for myelination. This observation provides evidence 
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for the axon specific mode of myelin plasticity illustrated in Figure 1.8B, and confirms that it 
is mediated by vesicular release. 
 
Third, Hines et al. (2015) demonstrated that sheath length depends on both vesicle release and 
the activity of surrounding axons. When TeNT was expressed in a subset of phox2b+ axons, 
not only were they selected less frequently for myelination, but the sheathes that did form were 
shorter. This indicates that vesicle release at the level of individual phox2b+ axons is necessary 
for correct sheath length. This is an intriguing result because in their previous experiments, 
inducing widespread activity block with TTX did not affect sheath length. Considered together, 
this pair of results raised the possibility that myelin sheath length is determined by competitive 
mechanisms between axons with different levels of activity. To address this possibility, Hines 
et al. (2015) treated the zebrafish expressing TeNT in a subset of phox2b+ axons with TTX. 
This resulted in animals in which a subset of axons was genetically prevented from releasing 
vesicles, and in which action potentials were all blocked in all axons. The TeNT-expressing 
phox2b+ axons were still selected for myelination less frequently than control phox2b+ axons 
but surprisingly, sheath length was restored. This confirms that vesicle release is important for 
axonal selection, but taken together with the other results, indicates that developing normal 
sheath length depends on competitive mechanisms. That is, complete activity block (with TTX) 
leaves sheath length unperturbed; selective genetic silencing of a subset of axons perturbs 
sheath length specifically on those axons; but selective genetic silencing of a subset of axons 
and complete activity block (with TTX) leaves myelin sheath length unperturbed. This is the 
first demonstration of distinct forces operating to determine axonal selection and myelin sheath 
length, the former dependent on activity of individual axons, and the latter on general activity.  
 
Fourth, Hines et al. (2015) revealed that vesicle release is not important for establishing initial 
contact, but is important for maintenance and elongation of new myelin sheathes. Time-lapse 
imaging revealed that irrespective of axonal activity, initial axonal contacts occurred at the 
same frequency. However, sheathes that initially stabilised on silenced axons retracted more 
frequently. 
 
A separate line of zebrafish research, still in its early stages, conceptualises the specificity of 
myelin plasticity in another way. Koudelka et al. (2016) showed that not all axons rely on 
activity-dependent vesicular release to promote their myelination. This study used tetanus toxin 
to abrogate vesicular release from either reticulospinal (RS) or commisural primary ascending 
axons (CoPA), both of which are early-born, glutamatergic, large-calibre, early-myelinated 
axons. Despite these similarities, abolishing vesicular release from RS neurons disrupted their 
myelination, but abolishing vesicular release in CoPA neurons had no effect on their 
myelination. This study provides the first glimpse into what may turn out to be a widespread 
modifier of myelin plasticity: axon type. When interpreting the results of this study, it is 
important to note that no firm conclusions can be drawn regarding the role of action potential 
firing on myelination of individual axons, given the model abrogated vesicular release. 
Although vesicle release is a consequence of action potential firing, there may be other 
consequences of action potential firing that are preserved with this model (non-vesicular 
release, local changes in ion concentration), and which provide pro-myelination cues for the 
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CoPA axons. It would be interesting to observe whether the same pattern of results could be 
achieved by employing a model in which individual CoPA neurons were silenced with Kir2.1 
expression.   
 

1.3.2.3. In vitro studies of myelin plasticity 
In vitro studies, summarised in Table 1.2, have demonstrated a clear link between inducing 
stimuli and myelin plasticity. A range of induction methods have been employed, including 
pharmacological, electrical, and remote-control methods.  
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Table 1.2 Summary of in vitro studies of myelin plasticity 
Plasticity System 

(See also Figure 1.7A) 
 

Adaptive oligodendroglial/myelin response 
(See also Figure 1.7C) 

Transduction mechanism(s) 
(See also Figure 1.7B) 

Authors 

Model Induction method 

Mixed cortical cultures Inhibition: TTX 
 

- Reduced number of myelinated axons 
- No change in oligodendrocyte number 

N/A Demerens et al. (1996) 

Stimulation: Alpha-
scorpio toxin 

- Increased number of myelinated axons 
- No change in oligodendrocyte number 

OPC-DRG co-culture Stimulation: 
ESTIM  

- Increased % MBP+ cells with parallel 
processes 

- Decreased OPC proliferation 

Activity-dependent axonal release of adenosine. Stevens et al. (2002) 

OPC-DRG co-culture Stimulation: 
ESTIM  

- Increased number of myelin segments Activity-dependent release of ATP which induces 
astrocytic release of LIF. 

Ishibashi et al. (2006) 

OPC-DRG co-culture Stimulation: 
ESTIM  

- Increased myelin segments/cell Activity-dependent vesicle release, NMDAR/mGluR 
activation, local translation of MBP in oligodendroglial 
processes, formation of membrane microdomains; Fyn 
activation. 

Wake et al. (2011) 

OPC-DRG co-culture Stimulation: 
ESTIM  

- Increased myelin segments/cell 
- Segments preferentially targeted to axons 

with intact vesicle release mechanisms 

Activity-dependent vesicle release Wake et al. (2015) 

OPC-DRG co-culture 
  

Stimulation: 
ESTIM  

- Increase MBP+ segments   Unidentified axonal contact-dependent mechanism. Malone et al. (2013) 

OPC-DRG co-culture Stimulation: 
ESTIM  

- Increased segments/area N/A Yang et al. (2012) 



 85 

Plasticity System 
(See also Figure 1.7A) 

 

Adaptive oligodendroglial/myelin response 
(See also Figure 1.7C) 

Transduction mechanism(s) 
(See also Figure 1.7B) 

Authors 

Model Induction method 

Mixed cortical cultures Stimulation: 
ESTIM 
 

- Increased survival of differentiated cells 
- No effect on proliferation or differentiation 

Unidentified axonal contact-dependent mechanism. Gary et al. (2012) 

OPC-DRG co-culture Inhibition: TTX - Reduces myelinating OL density Concluded there are two mechanisms of myelination: 
in activity-independent form, and an activity-
dependent form. The latter mechanism is activated by 
neuregulin, and then depends on oligodendroglial 
NMDAR activation.  

Lundgaard et al. (2013) 

OPC-DRG co-culture Stimulation: 
OSTIM  

- Increase in the number of myelin fragments N/A Lee et al. (2016) 
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In co-cultures of cortical neurons and OPCs, pharmacologically silencing action potentials with 
TTX prior to the onset of myelination reduces the number of axons that become myelinated 
(Demerens et al., 1996). Conversely, pharmacologically increasing action potential firing 
increases the number of myelinated segments without altering oligodendrocyte numbers 
(Demerens et al., 1996). This suggests that there is an activity-dependent effect on the 
myelinating capacity of existing oligodendrocytes independently of proliferation or 
differentiation.  
 
Several in vitro models of myelin plasticity use co-cultures of OPCs and dorsal root ganglion 
(DRG) neurons, and deliver direct electrical stimulation (ESTIM). In vitro, the processes of 
these neurons span the central and peripheral nervous system, and so are myelinated by 
Schwann cells and oligodendrocytes. With this model, ESTIM has been shown to inhibit OPC 
proliferation (in contrast to the observation of Barres and Raff (1993) in vivo) and promote 
differentiation and myelination (Stevens et al., 2002; Yang et al., 2012). To explore the effect 
of neuronal activity on the post-differentiation, myelinating stage of the lineage, Ishibashi et 
al. (2006) modified the stimulation protocol of Stevens et al. (2002), and commenced DRG 
neuron stimulation after co-cultured OPCs had already undergone differentiation. This 
treatment enhanced myelination, suggesting that action potential firing can promote 
myelination independently of differentiation, and has been replicated by others (e.g. Wake et 
al., 2011; 2015).  
 
In vitro studies have also indicated that the temporal properties of the inducing stimulus affect 
the adaptive response. For example, stimulation at 10 Hz, but not at 1 or 100 Hz, increases the 
density of MBP+ oligodendrocytes, which is due to enhanced survival, and not differentiation 
or proliferation (Gary et al., 2012). Stimulation at 10 Hz or 20 Hz, but not 1 Hz or 100 Hz, 
increases the production of myelin sheathes, which is blocked in the presence of TTX, 
demonstrating an action-potential-dependent mechanism (Malone et al., 2013). Malone et al.’s 
(2013) finding was independent of the density of proliferating cells, and of the density of MBP+ 
cells, indicating a specific role for activity in the production of myelin segments.  
 
Intriguingly, these effects may not depend on contact between oligodendroglia and axons 
during the stimulation period. Gary et al. (2012) saw no effect on oligodendrocyte survival 
when conditioned media from neurons which had undergone ESTIM was added to pure 
oligodendroglial cultures. However, when pure neuronal cultures were treated with ESTIM, 
and oligodendroglia were subsequently added, there was an enhanced survival of 
oligodendrocytes (Gary et al., 2012). Malone et al. (2013) similarly showed that pre-treating 
neurons with ESTIM enhanced myelin segment production when oligodendroglia were 
subsequently added.  
 
Recently, optogenetics has been employed as a strategy to induce neuronal activity in OPC-
DRG co-cultures (Lee et al., 2016). Photostimulation over seven or 14 days increases OPC 
differentiation, and over 14 days increases the number of ‘myelin fragments’. Based on the 
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immunostained images in Lee et al. (2016), whether this culture system is truly capable of 
producing myelin is questionable.  
 
OPC-DRG co-culture models have also been used to study axon-specific myelin plasticity 
(Figure 1.8B). By electrically stimulating the neurons in DRG-OPC co-cultures in which 
vesicle release had been inhibited in a subset of axons via botulinum toxin expression, Wake 
et al. (2015) showed a reduction in the number and length of myelin sheaths on the axons from 
which activity-dependent vesicle release had been inhibited. This is consistent with the results 
of Hines et al.’s (2015) zebrafish study, and is evidence for axon-specific myelin plasticity. 
Perplexingly, in spite of abundant evidence from in vivo studies, Wake et al.’s (2015) in vitro 
co-culture study found no evidence for functional synapses between OPCs and DRG neurons. 
Stimulating DRG neurons did not evoke AMPAR-dependent currents in OPCs, and there was 
no evidence for spontaneous synaptic currents. Given that myelination is enhanced in vitro by 
activity, and that myelination forms preferentially on axons from which activity-dependent 
vesicle release is intact, these results suggest that the mechanism by which this occurs does not 
involve dedicated neuronal-oligodendroglial synaptic activity. However, this study did 
demonstrate that specialised junctions form between OPCs and the co-cultured axons. OPCs 
do respond to neuronal activity with calcium signalling, and although the junctions lack the 
features of standard synapses (e.g. post-synaptic densities, synaptic clefts, accumulations of 
synaptic vesicles docked to the electron dense active zone), the sites of contact were at axon 
varicosities, swellings along unmyelinated axons that contain vesicles of various sizes and 
mitochondria. Furthermore, these sites of contact form preferentially between OPCs and the 
axons in which vesicle release is intact, and so this may be important for the preferential 
myelination of these axons. Indeed, by expressing a photoconvertable MBP construct, this 
study demonstrated that MBP is locally translated in OPC processes that align with axons that 
release vesicles. This was true even when considering individual OPCs with different processes 
contacting active and silent axons. These results indicate that vesicle release from axons is 
important for myelination, and that this could be as a result of contacts (albeit not bona fide 
synapses) preferentially forming between these axons and OPCs. 
 

1.3.2.4. Summary of studies of myelin plasticity 
This section has summarised evidence for myelin plasticity from a variety of different systems 
and models. Human brain imaging studies have demonstrated that motor training can induce 
changes that are likely to reflect increases in myelination (e.g. Scholz et al., 2009). Animal 
models have allowed further elucidation of the cellular changes that may underpin these 
experience-dependent changes in white matter. For example, oligodendrogliogenesis is 
stimulated by motor training (McKenzie et al., 2014), and by electrical (Li et al., 2010), 
optogenetic (Gibson et al., 2014) and pharmacogenetic (Mitew et al., 2018) neuronal 
stimulation. These findings have led to the hypothesis that adaptive changes to oligodendroglia 
and the myelin they produce causally underpin adaptive behavioural changes. In support of this 
hypothesis, it has been demonstrated that adaptive oligodendrogliogenesis is necessary for 
some of the behavioural improvements that normally accompany motor training (McKenzie et 
al., 2014; Xiao et al., 2016). There is evidence that myelin plasticity can occur throughout life, 
but that its magnitude is diminished in adults relative to juveniles (Gibson et al., 2014; Mitew 
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et al., 2018). In vitro models have confirmed that stimulating neuronal activity enhances 
myelination (Lee et al., 2016; Stevens et al., 2002; Yang et al., 2012), and revealed that it 
depends on the frequency of neuronal firing (Malone et al., 2013), which has been 
demonstrated subsequently in some in vivo models (Gibson et al., 2014; Nagy et al., 2017). It 
is increasingly appreciated that myelin plasticity is highly context-dependent – dependent not 
only on neuronal firing frequency and age, but also on the region of the axon (Gibson et al., 
2014) and the neuronal subtype (Koudelka et al., 2016). One approach to better understanding 
the reasons for this context dependence is to investigate the molecular transduction 
mechanisms that mediate the oligodendroglial responses to heightened neuronal activity.  
 

1.3.3. Transduction mechanisms of myelin plasticity 

Identifying the mechanisms that transduce external stimuli into plastic myelin responses 
(Figure 1.7B) is essential to better understanding myelin plasticity. Indeed, our understanding 
of neuroplasticity has been greatly advanced through elucidation of the activity-dependent 
changes in intracellular signalling pathways and gene expression that mediate the adaptive 
functional and structural neuronal changes (Flavell & Greenberg, 2008; Loebrich & Nedivi, 
2009). The dependence of neuroplasticity on stimulus-induced changes in gene expression is 
well-documented, and an intensely studied aspect of neuroplasticity (McClung & Nestler, 
2007). Despite the importance of understanding transduction mechanisms of plasticity, our 
understanding with respect to myelin plasticity falls vastly short of our understanding of the 
corresponding mechanisms in neurons.  
 
An obvious place to start investigating transduction mechanisms is with the signals released 
from axons in an activity-dependent manner. Indeed, several of the studies described in Section 
1.3.2 employed methods to “silence” activity which involved inhibiting vesicle release with 
methods such as tetanus toxin (e.g. zebrafish) or botulinum toxin (e.g. DRG-OPC co-cultures). 
A question that immediately arises from considering these models concerns the molecules 
within the vesicles which are responsible for mediating myelin plasticity. Furthermore, these 
approaches to “silencing” axons may fail to appreciate the potential role of axon cell surface 
molecules in mediating myelin plasticity, which may be less affected by inhibiting vesicular 
release. Some of the transduction mechanisms discussed throughout the remainder of Section 
1.3.3 are summarised in Figure 1.7B.  

 
1.3.3.1. Glutamate 

Oligodendroglia are sensitive to glutamate. 
OPCs and oligodendrocytes express functional AMPA receptors (AMPARs) (Bakiri et al. 
2009; Káradóttir & Attwell, 2007; Patneau et al., 1994), which are present even on the myelin 
sheath (Brand Schieber & Werner, 2003; Li & Stys, 2000). Oligodendroglial AMPARs are 
unique in that they lack the GluR2 subunit, causing them to be calcium-permeable (Li & Stys, 
2000). Although overlooked in early studies, oligodendroglial cells at all stages of the lineage 
also express functional NMDA receptors (NMDARs), which are less sensitive to Mg2+ and thus 
permit Ca2+ influx at more negative potentials (Káradóttir et al., 2005). NMDARs are 
predominantly localised in the myelinating processes of oligodendrocytes (Káradóttir et al., 
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2005; Micu et al., 2006; Micu et al. 2016; Salter & Fern, 2005), whereas AMPARs are more 
abundant at the soma (Káradóttir et al., 2005). This suggests NMDAR signalling may have a 
role in myelination. If glutamate were a transduction mechanism of myelin plasticity, it may 
be predicted that enhancing glutamatergic signalling to oligodendroglia would enhance 
myelination, and that conversely, ablating glutamatergic signalling in oligodendroglia would 
impede myelination either generally, and/or particularly in response to stimuli that otherwise 
induce adaptive myelin responses.  
 
The role of glutamate in myelin plasticity: in vitro studies. 
In OPC mono-culture, glutamate activation of non-NMDA receptors inhibits both OPC 
proliferation and differentiation (Gallo et al., 1996). The anti-proliferative effects of non-
NMDA glutamate receptor activation also occur in cerebellar slice culture. Non-NMDA 
receptor antagonists enhance proliferation in slice cultures, suggesting that endogenous 
glutamate is sufficient to exert this effect within these slice cultures (Yuan et al., 1998). 
Activation of glutamate receptors leads to sodium influx and OPC depolarisation, which 
attenuates the potassium efflux that otherwise occurs through delayed rectifier potassium 
channels expressed by OPCs (Gallo et al., 1996; Yuan et al., 1998). These mechanisms are 
essential for the glutamate-mediated inhibition of OPC proliferation, because 
pharmacologically increasing intracellular sodium concentration (Knutson et al., 1997; Yuan 
et al., 1998), depolarising OPCs through modifying extracellular potassium concentration 
(Yuan et al., 1998) or pharmacologically inhibiting the delayed rectifier potassium channels  
(Gallo et al., 1996; Yuan et al., 1998) all mimic the anti-proliferative effect of glutamate. 
Additionally, overexpression of potassium channel subunits stimulates proliferation (Vautier 
et al., 2004). This mechanism reportedly occurs independently of calcium influx (Gallo et al., 
1996), and thus the downstream mechanisms by which depolarisation limits proliferation, and 
the role of calcium influx, are unclear. Although the attenuation of K+ current by glutamate 
operates independently of Ca2+ influx (Gallo et al., 1996), some studies demonstrate that the 
glutamate-induced depolarisation of OPCs is accompanied by an AMPAR-dependent increase 
in intracellular calcium (Holtzclaw et al., 1995), and that this induces upregulation of certain 
immediate-early genes, including c-Fos, c-jun and jun-b (Pende et al., 1994).  
 
Glutamate also affects differentiated oligodendrocytes. Electrically stimulating DRG neurons 
after co-cultured OPCs have differentiated enhances myelination via a glutamate-dependent 
mechanism (Wake et al., 2011). Besides identifying a potential pro-myelinating role of 
glutamate, Wake et al., (2011) made two important observations with respect to myelin 
plasticity. Firstly, it identified some intracellular molecular mechanisms by which 
oligodendroglia respond to activity-dependent glutamate release. Activity-dependent 
glutamate release increases membrane trafficking, Fyn kinase phosphorylation, and cell surface 
expression of the cell adhesion molecule L1 (Wake et al., 2011). These three factors together 
suggest an increase in the formation of membrane microdomains (Wake et al., 2011). Wake et 
al. (2011) also showed that activity-dependent vesicular release enhanced translation of a major 
myelin protein, MBP, and increased its stability within the membrane, which was dependent 
on glutamate release and Fyn kinase activation. Secondly, Wake et al. (2011) provide the first 
piece of evidence for a role of NMDARs in activity-dependent myelination. Activation of these 
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receptors was essential for the activity-dependent increase in MBP translation. A role for 
NMDAR activation in myelination has been demonstrated in subsequent in vitro studies. For 
example, culturing OPCs in the presence of NMDA increased differentiation and myelination 
via the mTOR pathway, but had no effect on proliferation (Li et al., 2013). Lundgaard et al. 
(2013) demonstrate using OPC-DRG co-cultures that myelination becomes dependent on 
NMDAR signalling only if neuregulin has been present. That is, neuregulin acts as a switch, 
changing the myelination program from being insensitive to neuronal activity (and thus 
oligodendroglial NMDAR signalling), to being dependent on neuronal activity and the 
associated oligodendroglial NMDAR signalling. Together, these in vitro studies suggest that 
AMPAR signalling may have a role in inhibiting lineage progression, and that NMDAR 
signalling may promote myelination. 
 
The role of glutamate in myelin plasticity: in vivo studies. 
Anatomical and physiological evidence shows that OPCs receive direct glutamatergic input 
from neurons in vivo (Bergles et al., 2000; Kukley et al., 2007; Ziskin et al., 2007), which 
suggests that glutamatergic signalling is important for oligodendroglial biology. Glutamatergic 
synaptic input to oligodendroglia was first identified in the hippocampus, where stimulating 
neurons in the CA3 region led to AMPAR-dependent depolarisation of OPCs in the CA1 region 
(Bergles et al., 2000). This phenomenon has been subsequently observed in other grey matter 
regions (Lin et al. 2005; Mangin et al., 2012; Müller et al., 2009). Electrophysiological and 
ultrastructural evidence suggests that this is the result of dedicated synaptic input from axons, 
rather than merely detecting transmitter spill-over from synapses between neurons (Bergles et 
al., 2000; Müller et al., 2009). Ultrastructurally, the synapses between OPCs and neurons differ 
to those between neurons in that they have less well-defined post-synaptic densities, smaller 
presynaptic boutons and fewer synaptic vesicles (Bergles et al., 2000). Ge et al. (2006) have 
also shown that a form of long-term potentiation can be induced in OPCs in the CA1 region of 
the hippocampus, when their Schaffer collateral inputs are treated with theta burst stimulation. 
Both the induction and expression of LTP in OPCs depends on calcium-permeable AMPA 
receptors.  
 
White matter OPCs also receive glutamatergic input from axons. Unmyelinated corpus callosal 
axons possess specialised endocytotic and exocytotic machinery along their length, allowing 
fast, activity-dependent vesicular glutamate release, which activates AMPARs on OPCs 
(Kukley et al., 2007; Ziskin et al., 2007). These synaptic inputs to OPCs are maintained during 
proliferation and migration (Ge et al., 2009; Kukley et al., 2008). The AMPAR-mediated 
current is not detected in OPCs until P5, and then increases in magnitude throughout 
development, and persists in OPCs in the adult brain (Ziskin et al., 2007). One study reported 
that direct synaptic input is limited to OPCs, and is lost when cells differentiate due to 
disassembly of pre-synaptic release machinery (Kukley et al., 2010). Others, however, have 
described synapses between axons and myelin, which they term the ‘axo-myelinic synapse’ 
(Micu et al., 2016; Saab et al., 2016). In adult ex vivo optic nerve, electrical stimulation leads 
to vesicle release from axons, and Ca2+ transients in the myelin’s cytosolic compartment, which 
is dependent on AMPA and NMDA receptor signalling in the myelin.  
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Despite this evidence for glutamatergic synapses from neurons on to oligodendroglia, and the 
evidence for glutamate’s pro-myelinating role in vitro, the function of oligodendroglial 
glutamatergic signalling is incompletely understood. With respect NMDAR signalling, three 
in vivo studies have conditionally ablated the obligatory NR1 subunit of the NMDAR in the 
oligodendroglial lineage, and found no developmental dysmyelination phenotype (De Biase et 
al., 2011; Guo et al., 2012; Saab et al., 2016). In one of these models, conditional ablation of 
NMDAR signalling in oligodendroglia was associated with an increase in the proportion of 
oligodendroglia AMPARs that were Ca2+-permeable AMPARs, which could indicate that 
NMDARs have a role in regulating AMPAR subunit composition in oligodendroglia, or that 
the loss of NMDAR functionality in oligodendroglia induces a compensatory change in 
AMPARs (De Biase et al., 2011). In another of these models, in spite of the normal 
development of myelin, substantial axonal and myelin degeneration was observed over the long 
term (Saab et al., 2016). At 10-12 months of age, animals exhibited microglial activation, 
astrogliosis, myelin delamination, and impaired motor performance which, by 19 months of 
age, progressed to severe neurodegeneration (Saab et al., 2016). This may be mechanistically 
linked to the role of oligodendroglial NMDARs in regulating glucose import to 
oligodendrocytes, which in turn affects axonal metabolism (Saab et al., 2016). 
 
Another in vivo study took a similar approach and attempted to isolate the function of AMPAR 
signalling in the oligodendroglial lineage (Kougioumtzidou et al., 2017). This study examined 
oligodendroglia in the mice of juvenile and adult brains in which oligodendroglia lacked both 
GluR2 and GluR3, or lacked all three of GluR2, GluR3 and GluR4. In GluR2/GluR3 
knockouts, there is a reduction of functional AMPAR synapses forming between neurons, and 
a 20-30% reduction in mature oligodendrocyte density in P7-14 mice, which is restored to 
normal by P70. This reduction in oligodendrocyte density was attributable to changes in neither 
proliferation rate nor differentiation rate, but instead was due to a reduction in the survival of 
newly differentiated oligodendrocytes. GluR2/GluR3/GluR4 knockouts had similar deficits, 
but the reduction in oligodendrocyte density observed transiently in the double knockouts 
failed to normalise in these triple knockouts. Notably, this study found no evidence for changes 
in the properties of the myelin produced by differentiated oligodendrocytes (i.e. internode 
length and g-ratio), suggesting that if these properties are modulated by glutamate, it is likely 
to be via different receptors.   
 
Etxeberria et al. (2016) investigated the role of oligodendroglial glutamatergic signalling on 
developmental myelination via a different approach. Rather than interfering with 
oligodendroglial glutamate receptors, they ablated the vglut2 gene from retinal ganglion cells, 
which prevents uptake of glutamate into synaptic vesicles, and thereby decreases glutamatergic 
synaptic transmission from these neurons. The effect of this treatment was to increase the 
number of mature CC1+ oligodendrocytes in the optic tract, shorten internode length, with no 
effect on myelin thickness.  
 
Although the in vitro studies suggest that AMPAR signalling may have a role in inhibiting 
lineage progression, and that NMDAR signalling may promote myelination (at least once 
neuregulin has switched the myelination program to becoming dependent on neuronal activity), 
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the results from the in vivo studies are less clear. It is possible that the effects of glutamate on 
oligodendroglia function in parallel and redundantly with other signals, and/or that blocking 
its function merely provides a space for compensatory molecules to take over. For this reason, 
candidate approaches may be of limited use. Alternatively, it may be that glutamate’s role in 
oligodendroglial development is only relevant or observable under particular physiological 
conditions – for example, in the context of novel motor learning, or for mediating the effects 
of activity-dependent myelination. This context-dependence of glutamatergic signalling is 
consistent with Saab et al. (2016)’s observations that, despite normal myelination, nerves with 
dysfunctional oligodendroglial NMDAR signalling were more adversely affected by metabolic 
challenge. Future studies could clarify this by subjecting these oligodendrocyte glutamate 
receptor knockout animals to, for example, motor learning paradigms (for example, those of 
McKenzie et al. (2014) and Xiao et al. (2016)), or to models of direct electrophysiological 
stimulation (for example, those of Gibson et al. (2014) and Mitew et al. (2018)), to determine 
whether these animals have an intact capacity to undergo myelin plasticity.  
 
In summary, with the exception of Wake et al. (2011; 2015), no studies have yet causally linked 
oligodendroglial glutamatergic signalling to myelin plasticity. This will require experiments in 
which a stimulus that normally induces myelin plasticity (e.g. motor learning; optogenetic 
stimulation) are carried out while abrogating oligodendroglial glutamatergic signalling. One 
hypothesis would be that, if glutamatergic were essential for mediating myelin plasticity and if 
myelin plasticity were an important element of CNS function, then genetically ablating 
oligodendroglial glutamatergic signalling would produce CNS abnormalities. This hypothesis 
is not supported by in vivo studies to date. But although these studies suggest animals are 
relatively normal in the absence of oligodendroglial signalling, subtler abnormalities may be 
revealed by more refined histological and physiological analysis of these animals in response 
to otherwise plasticity-inducing stimuli, to reveal a causal, mechanistic link.  
 

1.3.3.2. GABA 
In addition to receiving glutamatergic input, OPCs express functional GABAA receptors. In the 
hippocampus, these are activated by direct synaptic input from GABAergic interneurons (Lin 
& Bergles, 2004), which causes OPC depolarisation due to a high intracellular chloride 
concentration. OPCs in the barrel cortex also receive GABAergic input, and in this region this 
input is developmentally regulated. Specifically, until the second post-natal week, GABAergic 
transmission to OPCs is the result of direct synaptic input, but thereafter becomes extra-
synaptic (Velez-Fort et al., 2010), and is accompanied by a change in GABAA receptor subunit 
composition and a reduction in expression of the gamma subunit (Balia et al., 2013). Peak 
synaptic GABAergic input to OPCs occurs at P10 in the barrel cortex, and thereafter is lost as 
OPCs differentiate (Orduz et al., 2015). During the developmental period of direct GABAergic 
synaptic transmission to OPCs (i.e. prior to the second postnatal week) there appears to be 
highly organised patterns of neuroanatomical input, whereby fast-spiking interneurons are 
highly connected to OPCs, synapsing predominantly at proximal sites of the OPC, whereas 
non-fast spiking interneurons send fewer inputs, and synapse more distally on OPCs (Orduz et 
al., 2015).   
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There is some evidence that GABAergic signalling is important for oligodendroglial lineage 
dynamics. For example, when GABAergic input to OPCs is lost due to pathological conditions 
(i.e. hypoxia), there is a marked increase in the number of proliferating OPCs, and a 
concomitant reduction in myelinating oligodendrocytes, suggesting that GABAergic signalling 
functions to inhibit overproduction of oligodendroglia  (Zonouzi et al., 2015). In a recent study 
using a slice culture model, inhibiting GABAA receptors led to an increase in oligodendrocytes, 
and to hypermyelination, suggesting that GABA normally works to inhibit proliferation 
(Hamilton et al., 2017). Inducible conditional knockout of the gamma subunit of the GABAA 
receptor in oligodendroglia during the period of peak oligodendrogliogenesis in the barrel 
cortex (P10-13) had no effect on proliferation, differentiation or myelination in this region at 
this time (Balia et al., 2013). However, it is associated with a smaller cortical OPC pool by 
P30, despite normal oligodendrocyte density and myelin production, suggesting that 
GABAergic signalling contributes specifically to the ability of OPCs to maintain their density 
(Balia et al., 2013). It remains to be seen whether this reduced OPC pool has functional 
consequences for animals in situations that demand oligodendrogenesis – for example, in 
response to motor learning (McKenzie et al., 2014; Xiao et al., 2016).  
 

1.3.3.3. ATP and adenosine 
OPCs in in vitro co-cultures express functional adenosine receptors and exhibit Ca2+ transients 
in response to adenosine (Stevens et al., 2002), which occur in the OPC soma as opposed to 
the processes (Wake et al., 2011). ATP is released in response to electrical stimulation of DRG 
neurons (Stevens et al. 2002) and this is sufficient to induce Ca2+ transients in OPCs (Stevens 
et al., 2002; Wake et al., 2015). ATP release does not depend on synaptic release machinery, 
and occurs through volume activated anion channels (VAACs), which open because of action 
potential firing (Fields et al., 2010).  
 
ATP and its hydrolysed product adenosine exert effects at distinct stages of the 
oligodendroglial lineage. Treating DRG-OPC co-cultures with adenosine or adenosine receptor 
agonists increases the number of differentiating oligodendrocytes, and increases the number of 
myelinating oligodendrocytes (Stevens et al., 2002). This effect is not seen with non-
hydrolysable ATP derivatives. Endogenous adenosine released from stimulated DRGs in an 
activity-dependent manner are sufficient to produce these effects, because the cellular 
outcomes are attenuated in the presence of adenosine receptor antagonists (Stevens et al., 
2002). This mechanism may also apply in vivo, as exogenous adenosine applied to intact 
cerebellar slices reduces OPC proliferation and increases differentiation (Stevens et al., 2002). 
In contrast, treating co-cultures with adenosine after OPCs have differentiated does not affect 
myelination, but myelination is enhanced by non-hydrolysable ATP derivatives, suggesting 
that ATP affects oligodendroglia at a later stage (Ishibashi et al., 2006). ATP does not appear 
to act directly on oligodendrocytes: it increases astrocytic release of the cytokine LIF from 
astrocytes, another glial cell type present in their culture conditions, which in turn promotes 
myelination (Ishibashi et al., 2006).  
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1.3.3.4. Other activity-dependent signals: neuregulin and BDNF 
Several lines of evidence point to a role for neuregulin in mediating myelin plasticity. As 
mentioned in Section 1.2.4.2, NRG/ErbB signalling has a contentious role in myelination of 
the CNS:  it has been suggested to be essential for myelination, dispensable for myelination, 
and important specifically for regulating myelin thickness (Brinkmann et al., 2008; Roy et al., 
2007; Taveggia et al., 2008). Makinodan et al. (2012) showed that social isolation not only 
impedes mPFC myelination, but also reduces neuronal expression of NRG. Furthermore, 
disrupting NRG signalling results in an identical phenotype to that caused by social isolation 
(Makinodan et al., 2012). Based on this, Makinodan et al. (2012) posed a hypothetical 
mechanism, in which adequate neural activity in the mPFC, achieved through appropriate 
social stimulation, increases axonal expression of NRG, and in turn appropriate myelination of 
this region (Makinodan et al., 2012). This phenomenon may be subject to a critical period 
between P21-P35 (Makinodan et al., 2012). For example, conditional ablation of the 
oligodendroglial NRG receptor ErbB3 during this critical period (i.e. commencing at P19) 
impairs mPFC myelination, but has no effect if deleted after the critical period (i.e. 
commencing at P36). These results could explain why NRG appears to be dispensable for 
myelination in some animal models. It is possible that NRG exerts a role in myelination only 
in certain brain regions and under certain developmental conditions. 
 
The effect of glutamate on oligodendroglia may be moderated by NRG (Lundgaard et al., 
2013). This may clarify some of the ambiguity which has arisen from in vivo studies of NRG’s 
role in myelination, where it has been variously reported that abolishing NRG signalling causes 
hypomyelination (Taveggia et al., 2008), or is without effect (Brinkmann et al. 2008). Using 
in vitro DRG neuron-OPC co-cultures, Lundgaard et al. (2013) replicated the established pro-
myelinating effect of NRG and additionally found that this effect was abolished in the presence 
of TTX. This led them to propose that NRG acts as a molecular switch to convert the 
myelination program from an activity-independent to an activity-dependent mode. The NRG-
induced activity-dependent mode of myelination is dependent on NMDAR activation and on 
β1 integrin function (Lundgaard et al., 2013). NRG causes a significant increase in the 
amplitude of NMDAR-mediated current in OPCs and oligodendrocytes. Lundgaard et al. 
(2013) also demonstrated that BDNF – an established pro-myelinating signal (Xiao et al., 2011) 
– behaves similarly to NRG in inducing the switch to an activity-dependent mode of 
myelination. Thus, NRG may appear to be dispensable for myelination if compensatory 
molecules (i.e. BDNF) are present. BDNF is released from neurons in an activity-dependent 
manner (Leßmann & Brigadski, 2009; Venkatesh et al., 2015), from synaptic vesicles via 
TeNT-sensitive release mechanisms (Shimojo et al., 2015).  
 

1.3.4.  The current state of research on myelin plasticity and aims of this thesis 

Myelin is traditionally depicted in textbooks as an insulating structure to enhance the passive 
flow of electrical current along axons (e.g. Purves, 2008). Far from passive and inert, two 
branches of research indicate that myelin is highly dynamic. Firstly, as summarised in Section 
1.2, oligodendroglial lineage progression and myelination continue into adulthood, in both 
humans and rodents (Yeung et al., 2014; Young et al., 2013). Secondly, as summarised in 
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Section 1.3 (and Tables 1.2-1.2), there is good evidence from a wide range of experimental 
models that the oligodendroglial lineage and the myelin it produces can respond to neuronal 
activity, behaviour, and environmental stimuli. Based on this evidence, there is an emerging 
consensus that stimulus-dependent changes in myelin, by virtue of the consequences on action 
potential conduction velocity and thus the timing of neuronal impulses, is another mechanism 
of CNS plasticity (see Figure 1.1B). Thus, although our understanding of neuroplasticity has 
been informed predominantly by studying neurons, and in particular synaptic changes (see 
Section 1.1), it is now expanding to incorporate extra-synaptic cells and mechanisms, which 
have important consequences for neuronal function including synaptic activity. Though this 
attractive hypothesis is supported by a growing body of experimental literature, some profound 
questions remain. In this review, myelin plasticity has been summarised with reference to the 
framework presented in Figure 1.7, which highlights four key considerations for studying it 
and for identifying the remaining gaps in our understanding of it.  
 
With respect to the plasticity system, the studies presented in Section 1.2.1 indicate that a wide 
variety of manipulations can induce myelin plasticity, ranging from high-level behavioural 
interventions (i.e. environmental and social manipulations), to sensory manipulations, to direct 
modulation of action potential firing. Furthermore, various studies suggest that myelin 
plasticity may depend on the precise timing of the inducing stimulus, the developmental stage 
of the animal, the neuron subtype, and the region of the CNS. Unanswered questions relating 
to manipulations that induce myelin plasticity include the extent to which cognitive training 
can induce myelin plasticity and if so, whether this is subject to a critical period. 
 
With respect to the nature of the plastic myelin response, the results of the studies, taken 
together, indicate that several stages can be affected by neuronal activity. There is evidence 
that proliferation, differentiation and myelination can be stimulated by neuronal activity and 
motor learning. Several mammalian, zebrafish, and in vitro models have provided deeper and 
more detailed views on the nature of cellular changes: although initial axonal selection does 
not depend on activity, stabilisation and maturation of myelin does. Furthermore, it is likely 
that there are several interrelated components of myelin plasticity, one involving generalised 
changes to oligodendroglial lineage progression in response to the general level of neuronal 
activity, and another involving highly localised, axon-specific myelination (and possibly 
myelin modification) that is sensitive to the level of activity of individual axons (Figure 1.8B), 
but which may be modified by the average activity level of the population of surrounding 
axons. The extent to which modification of existing myelin represents a form of myelin 
plasticity remains to be more thoroughly investigated, including at an axon-specific level.  
 
With respect to the molecular transduction mechanisms, most studies to date have focused on 
the activity-dependent signals released from neurons. It appears that both vesicular release-
dependent and vesicular release-independent transduction mechanisms act as molecular 
transduction mechanisms. Such studies, which deconstruct neuronal activity into separate, 
dissociable components, are important for understanding how various parameters of the 
myelination process are affected by neuronal activity. Other studies have probed the effects of 
different candidate molecules, and thus far have identified potential roles for glutamate, ATP 
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and GABA – although the precise effect of these molecules depends on the model. For 
example, the best studied of these signals is glutamate, and although abrogating glutamatergic 
signalling in oligodendroglia has only subtle effects in myelination in general, some studies 
indicate that it may be essential for establishing correct internode length developmentally and, 
at least in vitro, for mediating the internode length increase in response to plasticity-inducing 
signals. Relatively little attention has been dedicated to elucidating the signal transduction 
mechanisms within oligodendroglia that transduce the inducing signal to the plastic myelin 
response. To date, there is only one study that has approached this question, by performing 
singe cell transcriptomic analysis of cortical cells, including oligodendroglia, in response to 
visual light exposure (Hrvatin et al., 2018). This unbiased and cell-specific approach represents 
a valuable approach to uncovering the mechanisms of myelin plasticity. 
 
With respect to the functional consequences of myelin plasticity, there is some evidence that it 
causally modifies CNS function, including that it can alter conduction velocity and that it is 
causally linked to improved motor performance with practice. These are important 
observations, but it will be important for future studies to determine whether plastic myelin 
changes are functionally important because they enhance CV, or whether they function in other 
ways.  
 
With this body of literature as the foundation, the major goal of this thesis is to develop a model 
system with which to induce myelin plasticity, and to use it to study some unanswered 
questions relating to myelin plasticity, such as the transcriptional response of oligodendroglia, 
and the axonal specificity of the phenomenon. Thus, the specific aims of this thesis are as 
follows: 
  

- Aim 1: to develop an in vitro myelinating neuron-oligodendroglia co-culture system for 
investigating general and axon-specific myelin plasticity, and the associated 
oligodendroglial transcriptomic responses. Establishing such a model requires that: 

o Myelination is robust; 
o Neurons can be experimentally induced to fire action potentials; and 
o Oligodendroglia can be isolated for transcriptomic analysis. 

- Aim 2: to determine whether myelin plasticity could be optogenetically induced in the 
in vitro model system; 

- Aim 3: to develop an in vivo model system appropriate for subsequently investigating 
myelin plasticity and the associated oligodendroglial transcriptional responses.   
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2. Chapter 2.  Methods 

2.1. Cell culture methods 

All references to the use of an incubator in the following sections refer to a humidified, 37°C 
5% CO2 incubator. 
 

2.1.1. DRG isolation 

2.1.1.1. Preparing surfaces for DRG neuron growth 
All coating steps were performed in a sterile laminar flow hood. Cells for immunostaining 
experiments were grown on 12 mm #1.5 glass coverslips (Warner Instruments, 64-0712). Cells 
for immunopanning experiments were grown on 6 cm tissue culture treated plastic dishes 
(Corning). 
 
Before use coverslips were shaken in a flask of 70% ethanol for at least 2 days (or up to a 
month). They were removed from the ethanol and washed three times in water deionised with 
the MilliQ purification system (d.H2O), and dried after the final wash. Coverslips or culture 
dishes were then coated in filter sterilised 0.5 mg/mL poly-L-ornithine hydrobromide (Sigma, 
P3655; PLO) in borate buffer (150 mM boric acid in MT-PBS in d.H2O, pH 8.5), placed in the 
incubator overnight, then washed three times in sterile d.H2O. Coverslips were then transferred 
into 24-well plates with sterile forceps.  
 
The PLO-coated coverslips or culture dishes were then coated with laminin (Natural Mouse 
Laminin, Invitrogen, 23017-015) at a final concentration of 20 µg/mL diluted in Neurobasal 
medium (Life Technologies, 21103049) supplemented with penicillin (100 U/mL) and 
streptomycin (100 μg/mL) (Gibco/Life Technologies, 15140-122), then placed in the incubator 
overnight. The laminin was aspirated and the growth surfaces were dried for at least 30 minutes 
at room temperature in the laminar flow hood, and then either used immediately for plating 
cells, or stored at -20°C for up to a month.  
 

2.1.1.2. DRG neuron isolation 
With a dissecting microscope, all DRGs from along the length of the spinal cord were removed 
from decapitated rats (either P0-2 or E18-19) and placed in Leibovitz L-15 medium (Life 
Technologies 11415-064) in a 15 mL tube. After isolation, the tube was spun at 220 RCF for 
5 minutes. The supernatant was removed and the DRGs were enzymatically dissociated with 
the addition of 3 mL of papain solution (90 U of papain (Worthington, LS003126), 2 µg L-
cysteine (Sigma, C7477), DMEM to 3 mL) which had been filter sterilised with a 0.2 µm filter 
syringe, and then supplemented with 125 units of DNase (Worthington, LS002007). The 15 
mL tube of pelleted DRGs was tapped lightly to dislodge the pellet once the papain solution 
was added, then the tube was placed in a 37°C water bath for 45 minutes, with gentle agitation 
every 15 minutes. Papain activity was inhibited by adding 5 mL of 10% FCS in Neurobasal 
medium (Life Technologies, 21103049). DRGs were pelleted by centrifuging at 220 RCF for 
5 minutes, and after the supernatant was removed, 2 mL of culture media was added. The DRGs 
were mechanically dissociated by triturating about 20 times through each of three pipettes (1 



 98 

mL, 200 µL and 20 µL). The dissociated DRG neurons were pelleted by centrifuging at 220 
RCF for 5 minutes, after which supernatant was removed, and the cells were resuspended in 
culture media supplemented with purified mouse nerve growth factor (NGF) 2.5S (ABD 
Serotec, PMP04Z, 100 ng/mL final concentration). Details of how cells were plated for 
different experiment types are summarised in Table 2.1; details of media composition are 
presented in Table 2.2. 
 
Table 2.1 Cell plating parameters for different experiments. 

Parameter 

Experiment type 

Coverslips for 
immunostaining or 

EPHYS experiments 
(per well of a 24-well 

plate) 

Immunopanning/RNA 
isolation 

(6cm dish) 
MEA 

Plating volume 30 µL* 3 mL 30 µL* 
Culturing 
volume 

1 mL 3 mL 1 mL 

DRGs P0-2 1 animal per 2 wells 
(~8 000 cells total)** 

10 animals 
(~345 000 cells 
added)** 

16 000** (i.e. 
double the number 
plated onto a 
coverslip) 

E18-
19 

1 animal per 12 wells   

OPCs 200 000 1.5x106 cells 
Notes:  
* Cells were plated in a small volume, but then topped up to the full culture volume after being allowed to settle in 

the incubator for ~1 hour. 

** The initial dissociated DRG cell suspension contained many cell types. To provide an estimate of the number of 
DRG neurons plated, large cells (i.e. presumptive DRG neurons) with a diameter of >~20 µm were counted. Typically 

the number of DRGs isolated from each animal was consistent, and seeding a set number of wells per animal 

dissected resulted in a consistent plating density between experiments.   
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Table 2.2 Solution and media composition for cell culture experiments. 
Media Components 

Hi-Ovo  
 

5 mg/mL bovine serum albumin (Sigma-Aldrich, A8806), 5 mg/mL trypsin 
inhibitor (Worthington, LS003086); in D-PBSA  
 

Lo-Ovo � 
 

1.5 mg/mL bovine serum albumin (Sigma-Aldrich, A8806); 1.5 mg/mL 
trypsin inhibitor (Worthington, LS003086); in D-PBSA  
 

Panning 
buffer� 
 

0.02% BSA (Sigma-Aldrich, A8806), 5 μg/mL insulin (Sigma-Aldrich, 
I6634) in D-PBSA  
 

Papain buffer 1mM MgSO4; 0.46 % Glucose; 2 mM EGTA; 26 mM NaHCO3; in EBSS 
(Invitrogen, 14155-063). 

SATO 
(100X) 

10 mg/mL bovine serum albumin (Sigma-Aldrich A8806); 10 mg/ml 
transferrin (Sigma-Aldrich T1147); 6 μg/mL progesterone (Sigma-Aldrich 
P8783); 1.6 mg/ml putrescine (Sigma-Aldrich P5780); 4 μg/mL sodium 
selenite (Sigma-Aldrich, S5261); in DMEM (Invitrogen, 11960-044). 

HEK 293T 
cell culture 
media 

10% FCS; 2 mM L-glutamine (Invitrogen, 25030-081); 100 U/mL 
penicillin, 100 μg/mL streptomycin (Gibco/Life Technologies, 15140-
122); in DMEM (Invitrogen, 11960-044). 
 

M1 (serum 
containing) 
(for DRG 
mono-
culture) 

10% FCS; 0.4% D-glucose;�2 nM L-glutamate; 100 U/mL penicillin, 100 
μg/mL streptomycin (Gibco/Life Technologies, 15140-122) 
in MEM (Life Technologies, 10370088) 

M2 (for DRG 
mono-
culture) 

10 mg/L transferrin (Sigma-Aldrich T1147); 5 mg/L insulin (Sigma-
Aldrich I6634); 20 nM progesterone (Sigma-Aldrich P8783); 100 μM 
putrescine (Sigma-Aldrich P5780); in DMEM (Invitrogen 11960-044) 
 

Defined, 
serum-free 
media (for 
DRG mono-
culture) 

1x SATO*; 2 mM L-glutamine (Invitrogen, 25030-081); 100 U/mL 
penicillin, 100 μg/mL streptomycin (Gibco/Life Technologies, 15140-
122); 1 mM Sodium pyruvate (Invitrogen, 11360-070); 5 μg/mL insulin 
(Sigma-Aldrich, I6634); 5 μg/mL N-acetyl-L-cysteine (Sigma-Aldrich, 
A8199); 1/50 N21-MAX Media Supplement (R&D systems, AR008); in 
Neurobasal medium (Life Technologies, 21103049). 

Co-culture 
media 

1x SATO*; 2 mM L-glutamine (Invitrogen, 25030-081); 100 U/mL 
penicillin, 100 μg/mL streptomycin (Gibco/Life Technologies, 15140-
122); 1 mM Sodium pyruvate (Invitrogen, 11360-070); 5 μg/mL insulin 
(Sigma-Aldrich, I6634); 5 μg/mL N-acetyl-L-cysteine (Sigma-Aldrich, 
A8199); 1/50 N21-MAX Media Supplement (R&D systems, AR008); 1x 
Trace Elements B (Cellgro, 99-175-CI); 10 ng/mL d-Biotin (Sigma, 
B4639); in 1:1 Neurobasal medium (Life Technologies,  21103049): 
DMEM (Invitrogen, 11960-044). 

Notes:  

All solutions were filter sterilised through a 0.22 μm filter.  
*indicates recipe is elsewhere in this table 
A D-PBS (Invitrogen 14190-144) 
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2.1.1.3. DRG mono-culture maintenance 
The day of isolation was considered day 0. Media was replaced every two days. On the day of 
plating, and in the media replaced on days 4 and 8, the anti-mitotics F5-Fluoro-2’-deoxyuridine 
(FdU; Sigma, F0503) and uridine (Sigma, U30003) were included in the media, each at a final 
concentration of 10 µM. Purified mouse NGF 2.5S (ABD Serotec, PMP04Z) was added to a 
final concentration of 100 ng/mL in media for every media change up to and including day 14, 
and was omitted from the media change on day 16 onwards. Up to and including day 14, the 
full volume of media was replaced. From day 16, half the volume of media was changed. The 
schedule of media changes is summarised in Table 2.3 for experiments with two different 
media types. Details of when these media conditions were used are described in the relevant 
results chapters. 
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Table 2.3 Schedule of media changes for DRG mono-cultures, for two types of experiment 
involving either serum-containing media or defined, serum-free media.  

Day of 
culture 

Media1 Additives2 
 

Serum-containing media 
experiments 

Defined, serum-free 
media experiments 

0  M2 Defined, serum-free media NGF3, FdU4, 
Uridine5 

2 M1 NGF 
4 M2 NGF, FdU, 

Uridine 
6 M1 NGF 
8 M2 NGF, FdU, 

Uridine 
10 M1 NGF 
12 M1 NGF 
14 M1 NGF 
16 onwards M1 - 

Notes:  
1For media composition, see Methods Table 2.2. 
2 These additives were added to the media from frozen aliquots stored at -80°C, immediately prior to the media 

change.  
3 Purified mouse nerve growth factor 2.5S (ABD Serotec PMP04Z), added to a final concentration of 100 ng/mL. 
4 5-Fluoro-2’-deoxyuridine (Sigma F0503), added to a final concentration of 10 µM.  
5 Uridine (Sigma U30003), added to a final concentration of 10 µM. 

 
 

2.1.2. OPC isolation 

OPCs were isolated from P5-9 rat pups as described in Emery and Dugas (2013), in which 
dissected brains are first enzymatically, and then mechanically, dissociated into a single cell 
suspension, which is added to a sequence of immunopanning plates (a Ran-2-coated plate to 
deplete astrocytes, an O1-coated plate to deplete mature oligodendrocytes, and an O4-coated 
plate to bind OPCs) as follows. 
 

2.1.2.1. Panning dish preparation 
The day before OPC isolation, panning plates were prepared by coating with a secondary 
antibody diluted in 50 mM Tris-HCl. Plates were stored overnight at 4°C. The following day, 
at least 2 hours prior to use, the plates were washed three times in D-PBS (Invitrogen 14190-
144) and the then incubated in hybridoma supernatant containing the relevant antibody. See 
Table 2.4 for details of antibodies. 
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Table 2.4 Details of panning plates for OPC purification for co-cultures. 

Target 
cells 

Positive/negative 
selection 

Secondary antibody 
(Night before isolation) 

Primary 
antibody 
(Day of 

isolation) 
Astrocytes Negative Goat 

anti-
mouse 
IgG+IgM 

Jackson 
ImmunoResearch, 115-
005-020  
 
60 µL per 15 cm plate 

Ran-2 hybridoma 
supernatant  
 
15 mL 

OLs Negative O1 hybridoma 
supernatant 
 
15 mL 

OPCs Positive Goat 
anti-
mouse 
IgM 

Jackson 
ImmunoResearch, 115-
005-044 
 
30 µL per 10 cm plate 

O4 hybridoma 
supernatant 
 
15 mL 

  
 

2.1.2.2. Brain dissection and dissociation 
Pups were decapitated and the brain dissected, diced into small (approximately 1 mm3) chunks 
with a sterile razor blade, and digested for 90 minutes at 34°C in 10 mL of a papain solution 
containing papain buffer (Table 2.2), 200 U of papain (Worthington, LS003126), 2 mg L-
cysteine (Sigma, C7477), and 2500 U DNase (Worthington Biochemical, LS002007). Before 
and during the tissue dissociation, the papain solution was equilibrated with 5% CO2 and 95% 
O2. 
 
To inhibit papain activity, 10 mL of Lo-Ovo (Table 2.2) was prepared and supplemented with 
1250 U DNase (Worthington Biochemical, LS002007). The tissue was washed with 2 mL of 
this Lo-Ovo solution. The tissue was left to settle for a minute, and then the 2 mL of Lo-Ovo 
was removed and replaced with 2 mL fresh Lo-Ovo solution. The tissue was then mechanically 
dissociated by gently pipetting it six to eight times. The tissue was allowed to settle, and then 
the top ~1 mL cell suspension (containing dissociated cells) was removed and placed into a 
new 15 mL tube. Another 1 mL of Lo-Ovo solution was added, and the process of gentle 
trituration, removal of dissociated cells and re-addition of fresh Lo-Ovo was repeated until the 
Lo-Ovo solution had been used up and the tissue chunks had been dissociated. The dissociated 
cells were centrifuged at 220 RCF for 15 minutes, then the supernatant was removed and the 
pellet was resuspended in Hi-Ovo (Table 2.2). The resuspended cells were then centrifuged 
again at 220 RCF for 15 minutes, the supernatant removed, and the pellet resuspended in 
panning buffer (Table 2.2). 
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2.1.2.3. Immunopanning 

Immediately prior to use, each plate was washed with D-PBS (Invitrogen, 14287-080) three 
times. The cell suspensions in panning buffer, were added to the following sequence of panning 
plates: Ran-2 for 30 minutes, O1 for 30 minutes and O4 for 45 minutes. Incubation was at room 
temperature, and the plates were gently shaken every 15 minutes. At the end of the 45-minute 
incubation on the O4 plate, the unbound cells were discarded, and the plate was washed 6-8 
times in D-PBS. After the final D-PBS wash, the plate was rinsed in 6 mL of EBSS (Life 
Technologies, 14155-063), and then 4 mL of trypsin-EDTA (Gibco 25300054); diluted to 
0.005% in EBSS was added and placed in the incubator for 6-8 minutes to detach the adherent 
OPCs. Trypsin was inhibited with 30% FCS in D-PBS, and the cells were dislodged 
mechanically with a 1 mL pipette, added to a 15 mL tube and spun at 220 RCF for 15 minutes. 
The pelleted cells were then resuspended in co-culture media (1 mL per brain) (Table 2.2) and 
manually counted with a haemocytometer, before diluting in media for plating at the number 
appropriate for the experiment type (Table 2.1), on DRG cultures which were approximately 
23 days old. The day that the OPCs were added to DRG neurons was considered day 0 of co-
culture. 
 

2.1.3. OPC-DRG co-culture maintenance 

Co-cultures were grown at 5% CO2 at 37°C. Every second day, half the volume of co-culture 
media (Table 2.2) was replaced. Co-cultures were grown for either 7 or 13-14 days (as 
detailed in the results of Chapters 3 and 4) before fixation and processing.   
 

2.1.4.  Immunopanning from co-culture 

Pilot experiments were carried out to verify whether cells could be enzymatically dissociated 
from co-cultures after six days in vitro (where day zero corresponds to the establishment of co-
culture), and purified by immunopanning into fractions of OPCs and oligodendrocytes. 
 

2.1.4.1. Plate preparation 
The day prior to immunopanning, 10cm petri dishes were coated with secondary antibody as 
per Table 2.5, diluted in Tris-HCl pH9.5. Plates were stored overnight at 4°C. The following 
day, at least 2 hours prior to use, the plates were washed three times in D-PBS (Invitrogen, 
14190-144) and the primary antibody, as per Table 2.5, was added.  
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Table 2.5 Details of panning plates for isolating OPCs and oligodendrocytes from co-
cultures after six days in vitro. 

Target cells Positive or 
negative 
selection 

Secondary antibody 
(night before) 

(30 µL per 10 cm plate) 

Primary 
antibody 
(day of 

isolation) 

Astrocytes Negative Goat  
anti-mouse  
IgG+IgM  
 

 Jackson  
ImmunoResearch,  
115-005-044 

Ran-2 
hybridoma  
 
15  mL 

Oligodendrocytes Positive GalC 
hybridoma  
 
15 mL 

OPCs Positive Goat anti-
rabbit IgG, 
F(ab’)2, 
Fragment 
specific 

 Jackson 
ImmunoResearch,  
111-006-047 

NG2A 

 
Rabbit; 
Millipore 
AB5320 
 
3 µg 

Note:   
A Diluted in 0.02% BSA in D-PBS. 

 
 

2.1.4.2. Dissociation of cell cultures 
Co-cultures were washed once in 5 mL of EBSS (Life Technologies, 14155-063), then 
incubated in 2 mL of trypsin-EDTA (Gibco, 25300054); diluted to 0.005% in EBSS) in the 
incubator for 6-8 minutes. Trypsin was inhibited with 4 mL of 30% FCS diluted in D-PBS, and 
cultures were mechanically dissociated by triturating with a 1 mL pipette. The cell suspension 
was transferred to a 15 mL tube and centrifuged at 220 RCF for 15 minutes. After the 
supernatant was removed, cells were resuspended in 8 mL of panning buffer (Table 2.2). The 
panning plates were rinsed three times in PBS immediately prior to use, and the cell suspension 
in panning buffer was added, in order, to the Ran-2 plate (for 20 minutes), then to the GalC 
plate (for 30 minutes), and finally to the NG2 plate (for 40 minutes). After transferring the cell 
suspension to each plate, the previous plate was washed six times in D-PBS to deplete unbound 
cells. Then, the adherent cells were lysed in 350 µL of RLT buffer (Qiagen, 79216) 
supplemented with β-mercaptoethanol to a final concentration of 1/100. The plate was scraped 
with a cell scraper, and the lysate was transferred to a microcentrifuge tube and stored at -80°C 
for subsequent mRNA purification (see Section 2.4). At the end of the panning procedure, the 
cell suspension containing the unbound cells was transferred to a 15 mL tube, centrifuged at 
220 RCF. After removing the supernatant, the pellet was lysed in 350 µL RLT, and the lysate 
was transferred to a microcentrifuge tube and stored at -80°C.    
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2.1.5. Viral transduction of DRG cultures 

2.1.5.1. Infection with lentiviral hM3Dq 
DRG neurons were infected on approximately day 6 of mono-culture – that is, during the 
cycling anti-mitotic phase of culture. Cultured DRG neurons were infected with concentrated 
virus at an MOI of approximately 3 (i.e. that which infected approximately 95% of HEK293T 
cells; see Section 2.6.3) diluted in a total volume of 300 µl per well of DRG media. The 
following day, the wells were topped up with 700 µL of DRG growth media. Media was 
replaced two days later, and then half the volume was replaced every second day thereafter. 
Viral waste, including contaminated tips and culture media, were discarded in 10% bleach.  
 

2.1.5.2. Infecting cultured DRG neurons with AAV2 
For the optogenetic experiments, pre-packaged AAV constructs were purchased from The 
Gene Therapy Centre Vector Core at the University of North Carolina, as detailed in Table 2.6. 
Viral infection was performed within the first two days after isolation of the DRG neurons to 
allow time for expression by the time OPCs were added (at approximately 23 days post DRG 
neuron isolation) and to give sufficient time for viral particles to have washed out of the media. 
Per well of a 24 well plate, a volume of virus containing 9.4x109 viral genomes was added in 
a total volume of 300 µl of culture media, which was topped up to 1 mL the following day, 
after which media changes proceeded as per Table 2.3. 
 
Table 2.6 Details of AAV2 viruses from The University of North Carolina VectorCore used 
for the optogenetics experiments. 

Name Lot number 

rAAV2/hSyn-mCherry AV5033c 

rAAV2/hSyn-hChR2(H134R)-eYFP-WPREpA AV4384f 

rAAV2/CamKIIa-hChR2(H134R)-eYFP AV4850d 

rAAV2/hSyn-eYFP AV4876d 
 

2.2. Mouse methods 

2.2.1. Mouse strains and breeding.  

The genetic strategy for generating mice which expressed the hM3Dq DREADD in cortical 
neurons was identical to that developed by Alexander et al. (2009). Two mouse lines, TRE-
HA-hM3Dq (stock no. 014093) and CaMKIIa-tTA (stock no. 003010) were purchased from 
The Jackson Laboratory and were interbred, producing offspring of the four possible 
genotypes. The TRE-HA-hM3Dq+/CaMKIIa-tTA+ double transgenics (referred to hereafter as 
CaMKIIa-HA-hM3Dq mice) were the hM3Dq-expressing experimental animals, with TRE-
HA-hM3Dq-/CaMKIIa-tTA+ single transgenics used as controls. All breeding and 
experimentation was conducted in accordance with Oregon Health and Science University 
Institutional Animal Care and Use Committee guidelines. 
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2.2.2. Genotyping 

Mouse toes were clipped at approximately P7, which both served as an identification system 
and provided the tissue sample for genotyping. For genotyping, the Phire Animal Tissue Direct 
PCR kit (ThermoScientific, F140WH) was used to amplify DNA directly from the tissue. For 
each animal, two separate PCR reactions were carried out, one to detect the presence of the 
CaMKIIa-tTA transgene, and the other to detect the presence of the TRE-hM3Dq transgene. 
Primer details and expected product sizes are summarised in Table 2.7. 
 
 
 
Table 2.7 Primer details and PCR parameters for mouse genotyping experiments. 

Mouse line Primer name Primer sequence PCR 
parameters 

Product 
size 
(bp) 

B6.Cg-
Tg(Camk2a-
tTA)1Mmay/DboJ 
 

Internal positive control 
(Forward)  
oIMR8744  

CAA ATG TTG CTT GTC 
TGG TG 

95°C 3:00 
 
95°C 0.30 | 
57°C 0:30 | x32 
72°C 1:00 | 
 
72°C 5:00 
12°C hold 

200 

Internal positive control 
(Reverse)  
oIMR8745 

GTC AGT CGA GTG 
CAC AGT TT 

Transgene (Forward ) 
oIMR8747  

CGC TGT GGG GCA TTT 
TAC TTT AG 

400 

Transgene (Reverse)  
oIMR8747 

CAT GTC CAG ATC 
GAA ATC GTC  

(tetO-
CHRM3*)1Blr/J 
hM3D 

Internal positive control 
(Forward)  
oIMR7338 

CTA GGC CAC AGA 
ATT GAA AGA TCT 
 

94°C 2:00 
 
94°C 0.20 | 
65°C 0:15 | x10* 
68°C 0:10 | 
 
94°C 0.15 | 
60°C 0:15 | x28 
72°C 0:10 | 
 
72°C 2:00 
10°C hold 
 
 
* -0.5°C per 
cycle decrease 

324 

Internal positive control 
(Reverse)  
oIMR7339 
 

GTA GGT GGA AAT 
TCT AGC ATC ATC C 
 

Transgene (Forward) 
13561 
 

CGT CAG ATC GCC 
TGG AGA 
 

259 

Transgene (Reverse)  
13562 
 

CGG TGG TAC CGT CTG 
GAG 
 

 
 

2.2.3. CNO administration for immunopanning isolation of oligodendroglia  

Two animals of each genotype (i.e. CaMKIIa-tTA+;TRE-HA-hM3Dq-  as controls and 
CaMKIIa-tTA+;TRE-HA-hM3D+ as HA-hM3Dq-expressing) were used per condition, per 
experiment. The two brains were pooled. 



 107 

  
2.2.3.1. CNO administration 

CNO (Sigma C0832, 0.3 mg/kg; in saline) was delivered via intraperitoneal injection once at 
P14 and again 24 hours later.  
 

2.2.3.2. Perfusion  
Animals were sacrificed for oligodendroglial RNA isolation at P15, two hours after the second 
CNO injection. Mice were anaesthetised with an injection of 400 mg/kg ketamine and 60 
mg/kg xylazine (given as an intraperitoneal injection of 80 mg/mL ketamine and 12 mg/mL 
xylazine in 0.9% saline and then transcardially perfused with PBS, before dissecting the brain.  
  

2.2.3.3. Brain dissociation 
The methods used for this were based on Zhang et al. (2014) and Cahoy et al. (2008). Brains 
were dissociated as per Section 2.1.2.2, and were resuspended in panning buffer without 
insulin. 
 

2.2.3.4. Immunopanning 
Panning plates were prepared with secondary and primary antibodies as per the combinations 
in Table 2.8. The day before immunopanning, 15 cm dishes were coated with secondary 
antibodies in 50 mM Tris-HCl pH9.5. On the day of immunopanning, the plates were washed 
three times in 20-30 mL D-PBS, and the primary antibody was added at least two hours prior 
to use. Additionally, on the day of immunopanning, two 15 cm plates per genotype were coated 
with 5 µl of BSL1 (Vector Laboratories, L1100) diluted in D-PBS.  
 
The dissociated brain cell suspension in panning buffer was added to the sequence of panning 
plates, beginning with incubation on two BSL-1-coated plates sequentially for 5-8 minutes 
each to remove microglia and macrophages. From the second BSL-1-coated plate, the cell 
suspension was added to the anti-macrophage-coated panning plate for 30 minutes, then to the 
anti-PDGFRα-coated plate for 50 minutes, then to the A2B5-coated plate for 30 minutes, then 
sequentially to the three anti-MOG-coated plates for 30-40 minutes each, and finally to the 
GalC-coated plate. After transferring the suspension from one plate to the next, each plate was 
rinsed in D-PBS eight-to-ten times, to ensure that all non-adherent cells were removed. Cells 
on the anti-macrophage, anti-PDGFRα, anti-MOG, and anti-GalC-coated plates, as well as a 
100 µL sample of whole brain single cell suspension, were lysed in 300 µL RLT buffer, with 
1% β-mercaptoethanol, and then frozen immediately at -80°C.  
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Table 2.8 Antibody combinations used for immunopanning oligodendroglia from mouse 
brains for RNA isolation.  

Target cells Positive/negative 
selection 

Secondary antibody 
(added day prior to panning; 

60 µL) 

Primary antibody 
(added day of 

panning) 
OPCs Positive Goat anti-rat IgG  

 
Jackson ImmunoResearch, 112-
005-167 

Rat anti-CD140aA 
BD Pharmingen,  
Clone APA5  
Cat#558774  
40 µL 

Residual OPCs Positive Goat anti-mouse IgG+IgM  
 
Jackson ImmunoResearch 
Laboratories, 115-004-004 

A2B5 hybridoma  
15 mL 

Mature 
oligodendrocytes 

Positive MOG hybridoma (x3 
plates) 
15 mL 

Immature 
oligodendrocytes 

Positive GalC hybridoma 
15 mL 

Macrophages Positive Goat anti-rabbit IgG  
 
Jackson ImmunoResearch 
Laboratories, 111-005-003 

Rabbit anti-
macrophage 
polyclonalA  
 
Cedarlane, 
CLAD51240 
 
80 µL 

Note: 
All plates were 15cm. 
A Diluted in 0.02% BSA in D-PBS. 

 

 

2.2.4. CNO administration for immunohistochemistry  

2.2.4.1. CNO protocol 
For oligodendroglial lineage quantification, mice were treated daily for seven days, beginning 
at P14, with intraperitoneal injections of 0.3 mg/kg CNO (Sigma, C0832) and 50 mg/kg EdU 
(Abcam, ab146186) in saline. Brains were fixed at P21. 
 

2.2.4.2. Perfusion and tissue processing 
Mice were anesthetised with an injection of 400 mg/kg ketamine and 60 mg/kg xylazine (given 
as an intraperitoneal injection of 80 mg/mL ketamine and 12 mg/mL xylazine in 0.9% saline), 
transcardially perfused with 10 mL of PBS and then 20 mL of 4% paraformaldyhyde (PFA) in 
PBS. Brains were then dissected and post-fixed in 4% PFA in PBS on ice for 2 hours. Tissue 
was placed in 30% sucrose in PBS overnight at 4°C. The tissue was then removed from the 
sucrose, blotted dry with a tissue, and then placed into a cryomold in OCT. The molds were 
placed at 4°C fridge for an hour to let the OCT penetrate the creases in the brain. The cryomolds 
were then placed in an isopentane bath on dry ice to freeze, and then were stored at -80°C until 
they were sectioned.  
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Prior to cryosectioning, the cryoblocks were equilibrated in the cryostat chamber at 15-18°C 
for an hour, and then cut into 10 µm sections, which were mounted into Superfrost Plus slides 
(Thermo Scientific, SF41296SP). Slides were then dried at air temperature for at least an hour, 
then stored at -80°C, until they were to be immunostained. 

2.3. Immunostaining and microscopy 

2.3.1. Staining 

2.3.1.1. Specimen preparation 
Cultured cells that were to be stained were fixed for 15 minutes in 4% PFA (16%, Electron 
Microscopy Sciences, 15710; diluted in PBS), and then washed 3 times in PBS. Fixed cells 
were stained immediately, or were stored at 4°C until the staining process was to be carried 
out. Slides of cryosectioned brains to be immunostained were removed from storage in the -
80°C freezer and dried at room temperature for ~20 minutes, then rehydrated in PBS for 10 
minutes. 
 

2.3.1.2. Standard staining procedure 
For the standard staining procedure, the specimen (either rehydrated slides with brain sections 
or coverslips with fixed cells) were placed on a staining box and kept covered during 
incubations and washing, to minimise light exposure. For all staining that was to include MBP, 
the specimen was initially incubated in ice-cold methanol for 5 minutes, then washed three 
times in PBS. Slides or coverslips were incubated in blocking solution (0.3% triton-X, 10% 
FCS in PBS) for two hours.  
 
The primary antibody (see Table 2.9) was diluted in blocking solution and then added to the 
specimen, which was then incubated in the dark, overnight at room temperature. The next day, 
the specimen was washed three times in PBS, then incubated for 1.5-2 hours in the secondary 
antibody (see Table 2.9) which had been diluted in blocking solution. The specimen was then 
washed three times in PBS, dipped briefly in water, gently aspirated to remove excess solution, 
and then mounted with ProLong Gold Antifade Mountant with DAPI (Molecular Probes, 
P36931) onto glass slides (Thermo Scientific, SF41296SP) in the case of stained cells, or with 
coverslips (Fisher 12-545-88) in the case of stained brain sections. The mounted specimens 
were allowed to air-dry in the dark for several hours at room temperature, and then were stored 
at 4°C. 
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Table 2.9 Antibodies used for immunostaining. 

Type Antigen Species Brand Cat number Dilution Excitation 
/ Emission 

(nm) 
Primary MBP Rat Millipore  

 
MAB386 1/300  

Neurofilament 
PAN (clone 
FNP7, DA2, 
RmdO20.11)  

Mouse Invitrogen 180171Z 1/200 

GFP Chicken Abcam  
 

AB13970 
 

1/4000 

c-Fos Rabbit Santa Cruz SC-7202 1/500 
HA (clone 
3F10) 

Rat Roche 11867423001 1/250 

CC1/APC Mouse Calbiochem  
 

OP80 1/500 

Olig2 Rabbit Chemicon ab9610 1/500 
RFP Rabbit Rockland 600-401-379 1/500 

Secondary Alexa Fluor 
Anti-Rabbit  
488 

Goat Life 
Technologies 

A11008 1/500-
1/1000A 

488/519 

Anti-mouse  
Alexa Fluor 
594 

Goat Life 
Technologies 

A11005 590/617 

Anti-rat Alexa 
Fluor 594 

Goat Life 
Technologies 

A11007 590/617 

Anti-rat Alexa 
Fluor 647 

Donkey Jackson 
ImmunoResearch 

712-605-153 651/667 

Anti-chicken 
Alexa Fluor 
488 

Goat Life 
Technologies 

A11039 488/519 

Anti-rabbit 
Alexa Fluor 
555 

Goat Life 
Technologies 

A21429 590/617 

Note: 
A 1/500 was used for histological sections; 1/1000 was used for cell culture. 

 
 

2.3.1.3. Staining with antigen retrieval 
An antigen retrieval step was included when staining for Olig2. Slides were immersed in citrate 
buffer (Dako, S1700) at 95°C for 20 minutes, and then cooled for 40 minutes prior to 
proceeding with the standard staining procedure (Section 2.3.1.2).  
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2.3.1.4. Staining with EdU 
EdU staining was performed according to the manufacturer’s instructions (Click-iT EdU Alexa 
Fluor 647 Imaging Kit, Invitrogen, C10340). Briefly, slides stained in primary and secondary 
antibodies as per section 2.3.1.2 and were then washed in PBS for ten minutes three times, 
then were blocked with 0.5% triton-X in PBS for 20 minutes, washed twice in 1 mL of 3% 
BSA, and then incubated for 30 minutes in the Click-iT reaction mix. Slides were then washed 
twice in 1 mL of 3% BSA in PBS, and then in PBS for ten minutes two times. Slides were 
mounted as described in Section 2.3.1.2. 
 

2.3.2. Microscopy, image analysis and quantification. 

Imaging for all in vitro myelin plasticity (general and axon specific) assays, and for all in vivo 
assays, was performed with a Zeiss Axio Imager M2 upright microscope, with a Zeiss 
AxioCam 506 (2752 x 2208 pixels of 4.54 μm) camera, and Zeiss Zen 2 software (Carl Zeiss, 
Göttingen, Germany). For all experiments, images were saved as .czi files, which were 
analysed in FIJI (NIH). This software was also used to enhance brightness and contrast of 
images to be presented. All statistical analyses were performed in GraphPad Prism.  
 

2.3.2.1. In vitro myelin plasticity 
For general myelin plasticity assays, images with dimensions of 624.7x501.22 μm (i.e. total 
area 313, 111.64 μm2) were acquired with a Plan-Apochromat 20x/0.8 M27 objective. Three 
to four coverslips were analysed per condition. The imaging software was used to select a grid-
like array of ~40 non-overlapping, evenly spaced fields of view (FOV) across the entire 
coverslip (see Figure 4.2A). For each condition of a given experiment, images were acquired 
from four coverslips. Imaging acquisition parameters (e.g. exposure time) were kept constant 
for all images acquired within a given experiment. To quantify myelination, MBP+ myelin 
segments longer than 50 µm were manually and blindly counted in at least 30 FOVs and then 
expressed as myelin density (number of segments/mm2). General myelin plasticity was 
statistically analysed in two ways. Firstly, within an experiment, means and standard deviations 
were calculated for each condition (based on quantification of 30-40 FOVs on four coverslips 
per condition), and differences between conditions were assessed with one-way ANOVAs. For 
the final analysis of myelin plasticity in 13-day co-cultures, the myelin density for each of the 
four coverslips within a condition within an independent experiment were compiled into a 
single data point for that experiment, and expressed as the fold-change in myelin density with 
respect to the EYFPphotostim (i.e. baseline) condition from the same experiment. Means and 
standard errors were calculated for these differential scores, and a one-way ANOVA was used 
to test the statistical significance of differences between conditions. If a significant difference 
between conditions was detected in the ANOVA analysis, Tukey’s post-hoc test was carried 
out for each pair of conditions to determine which pair(s) of conditions significantly differed. 
 
For axon specific myelin plasticity assays, high-power, optically sectioned fluorescence 
images of 312.35x250.61 μm (i.e. total area 78277.910 μm2) were acquired with a 40x1.3 Plan-
Neofluar Oil DIC M27 objective. The microscope’s Zeiss Apotome.2 system was used for 
structured illumination to exclude out-of-focus light, because quantification of myelin 
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segments in this assay required myelin segments, and their associated axon, to be sharply in 
focus. Three coverslips were analysed per condition for two independent experiments, and for 
each coverslip approximately 30 FOVs were imaged and quantified. Each FOV was manually 
selected to contain myelin segments which could be easily individuated. Each field of view 
was imaged over seven planes in the z-axis, separated by 0.3 μm, and thus covering a total 
depth of 1.8 μm. Images were deconvolved with the Zeiss ApoTome software, and then 
overlaid and flattened into an orthogonal projection for quantification. To quantify axon-
specific myelin plasticity, each myelin segment was classified as forming on an mCherry+ 
axon, or an ChR2-EYFP+ axon, or on axons unclassifiable as either mCherry+ or ChR2-EYFP+. 
To facilitate this assignment of myelin segments to individual axons, a semi-automated 
analysis was developed, in which the maximally projected .czi files were processed in FIJI with 
a script custom-written by S. Kaech (OHSU Advanced Light Microscopy Core), which 
segmented pixels from the mCherry or ChR2-EYFP channels only if they co-localised with 
signal from the MBP channel. For final quantification of axon specific myelination, for each 
coverslip the number of segments which formed on ChR2-EYFP+ axons was expressed as a 
proportion of total “classifiable” myelin segments (i.e. those which formed on either an 
mCherry+ or a ChR2-EYFP+ axon). Means and SEMs were calculated, and unpaired two-tailed 
t-tests were performed to assess differences between the two conditions (i.e. photostimulated 
and unstimulated).  
 

2.3.2.2. In vivo analyses 
For quantification of the oligodendroglial lineage in brain sections, images with dimensions of 
624.7x501.22 μm (i.e. total area 313, 111.64 μm2) were acquired with a Plan-Apochromat 
20x/0.8 M27 objective. The microscope’s Zeiss Apotome.2 system was used for structured 
illumination to exclude out-of-focus light. Each FOV was acquired from a 7 μm z-stacks (eight 
planes, each separated by 1 μm). At least three cryosections per animal were imaged. Images 
were then deconvolved with the Zeiss ApoTome software, and then overlaid and flattened into 
an orthogonal projection for quantification. Image acquisition parameters and post-acquisition 
adjustments were identical within experiments. Quantification was performed manually and 
blindly, by drawing regions of interest (ROI) around appropriate structures (i.e. corpus 
callosum or cortex), measuring the ROI in mm2, counting cells within the ROI, then calculating 
cell density (cells/mm2).  Means were calculated for each animal and were used to produce 
means and SEMs for each experimental condition. Statistical significance was calculated with 
unpaired two-tailed t-tests. 
 
For quantification of c-Fos fluorescence intensity, images were acquired in a single plane in 
the z-axis, and without the Apotome.2 device. For quantification, ROIs were drawn around 
neuronal DAPI+ nuclei in the cortex, and the ROIs were superimposed on the c-Fos channel. 
The average fluorescence intensity of the c-Fos signal in each ROI was measured for each 
animal, from which means and standard deviations were calculated for each condition. A one-
way ANOVA was used to calculate statistical significance, and Tukey’s post hoc pairwise 
comparisons were used to determine which conditions significantly differed from each other. 
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2.4. Quantitative PCR 

2.4.1. RNA Purification 

Lysates (either from immunopanning from co-culture or brains) were homogenised with a 
QIAshredder (Qiagen, 79654), and RNA was purified with the Rneasy Micro kit (Qiagen, 
74004), as per the manufacturer’s instructions. This process included DNase treatment. Isolated 
RNA was quantified with a NanoDrop. 
 

2.4.2. cDNA synthesis 

2.4.2.1. cDNA synthesis from co-culture samples 
The Taqman RT kit (Invitrogen N8080234) was used to synthesise cDNA according to the 
manufacturer’s protocol. cDNA was synthesized from 200 ng of RNA, with 10x TaqMan RT 
Buffer (10 µL); 25 mM MgCl2 (22 µL); 10 mM dNTPs (20 µL); 50 µM random hexamers (5 
µL); RNase inhibitor (2 µL); Multiscribe reverse transcriptase (2.5 µL); and nuclease-free 
water to a total volume of 100 µL. As a negative control, reverse transcriptase was replaced 
with water, to confirm the success of the DNase treatment of the RNA. The samples were run 
in a thermocycler as follows: 25°C (10 minutes); 48°C (30 minutes); 95°C (5 minutes); 4°C 
(hold). The cDNA was then stored at -20°C until subsequent use in qPCR experiments.  
 

2.4.2.2. cDNA synthesis from samples from immunopanned brains 
For the immunopanned, CNO-treated experiments, cDNA was prepared from 30 ng RNA. RT-
PCR was performed using SuperScript III First strand synthesis kit (Cat No. 18080-051, 
Invitrogen) according to the manufacturer’s protocol. The RNA (30 ng) was incubated with 
random hexamers (1 µL), 10 μM dNTP mix (1 µL) and DEPC-treated H2O (to a total volume 
of 10 mL) at 65°C for 10 minutes, and then add to the reaction a solution of 10x RT buffer (2 
µL), 25 mM MgCl2 (4 µL), 0.1M DTT (2 µL), RNase Out (1 µL), and Superscript Reverse 
Transcriptase III (1 µL). This was incubated at 50°C for 50 minutes, and then the reaction was 
terminated by incubating at 85°C for 10 minutes. RNaseH (1 µL) was then added and the 
reaction incubated at 37°C for 20 minutes. The resulting cDNA was stored at -20°C until 
subsequent use for qPCR experiments.  
 

2.4.3. qRT-PCR programs 

2.4.3.1. qRT-PCR for samples from co-cultures: Sybr green 
qPCR was performed with 5 μL of the cDNA (Section 2.4.2.1) per conditions, and Sybr green 
detection, using the probes specified in Table 2.10, to a total reaction volume of 25 μL, which 
contained 5 μL cDNA, 2x Sybr Green Master Mix (Life Technologies) (12.5 μL), 20 μM 
primer set (1 μL) and Nuclease-free H2O (6.5 μL). Reactions were run on a ViiA7 Real Time 
qPCR machine (Applied Biosystems) using the fast 96 well block, according to the following 
parameters:  
 
50°C – 2 min 
95°C – 10 min 
95°C – 15 sec         40x   
60°C – 1 min  
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For each probe, a negative control was carried out, in which H2O was used in place of cDNA, 
to confirm that the probes were not amplifying contaminants.  
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Table 2.10 Primers used in qPCR to assess the purity of cell fractions of oligodendroglia 
isolated by immunopanning from co-cultures. 

Target (cell type) Forward Primer Sequence Reverse Primer Sequence 
Rn18s (internal control) CGG CTA CCA CAT CCA 

AGG AA 
GCT GGA ATT ACC GCG 
GCT 

Mbp (mature 
oligodendrocytes) 

GAG AAA CGC AGG GAC 
GAA ACT 

GCT GGA ATT ACC GCG 
GCT 

Cspg4 (OPCs) CAA TGG CCG CAA CCT 
TCT 

CCA ACT TCA TCA GCA 
GAG A 

Beta-3-tubulin (neurons) TCT CGG CCT CGG TGA 
ACT C 

AAG GCC TTC CTG CAC 
TGG TA 

Myrf (mature 
oligodendrocytes) 

GCA TGG GCA CCG CCC 
CTA AG 

GGG GCG AGT CTG GCA 
GTG TG 

 
 

2.4.3.2. qRT-PCR for samples from immunopanned brains: TaqMan 
qRT-PCR was performed using the TaqMan system using the TaqMan probes specified in 
Table 2.11.  Each reaction had a total volume of 20 μL, and contained 2 μL cDNA; 10 μL 
Perfecta FastMixII ROX (Quanta Biosciences, 95119-250); 1 μL 20x TaqMan gene expression 
assay (see Table 2.11 for the probes used); and nuclease-free H2O to bring the volume to 20 
μL. qPCR was performed in MicroAmpTM Fast Optical 48-well reaction plates (Applied 
Biosystems, 4375816) and sealed with MicroAmpTM 48-Well Optical Adhesive Film (Applied 
Biosystems, 4375928), which were briefly centrifuged and then run on a StepOneTM Real-Time 
PCR system (Applied Biosystems, 4376357), using the fast cycling protocol, as follows:   
 
95°C – 30 sec 
95°C – 5 sec 
60°C – 30 sec         40x   
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Table 2.11 TaqMan primers used in qPCR to assess the purity of cell fractions of 
oligodendroglia isolated by immunopanning from mouse brains. 

Assay Id Gene 

Assay ID: Mm00624107_m1 Enpp6 

Assay ID: Mm03928990_g1 Rn18s 

Assay ID: Mm00440701_m1 Pdgfrα 

Assay ID: Mm00447824_m1 Mog 

Assay ID: Mm03048957_m1 Aldh1l1 

Assay ID: Mm00600432_m1 Stmn2 

Assay ID: Mm01276449_m1 Snap25 

Assay ID: Mm03047343_m1 Cd68 

 

2.4.4. Ct Analysis  

Relative expression of each transcript was calculated using the ∆∆CT method (Pfaffl, 2001) in 
which, for each sample, the threshold cycle (CT) for a transcript  is normalised to the CT for 
the 18S ribosomal subunit transcript, to produce the ∆CT value for that transcript. This ∆CT is 
then normalised to a reference condition, yielding a ∆∆CT value. Relative expression of the 
transcript of interest was then calculated using the formula 2-∆∆CT.  

2.5. Molecular cloning techniques 

2.5.1. Plasmid digest and ligation 

DNA was digested using restriction enzymes in the buffer recommended by the manufacturer 
(New England Biolabs). Digestion was carried out for 1.5 hours at the temperature 
recommended for the enzyme being used.  
 
To analyse the products of the digestion, 6x Orange gel loading dye (NEB) was added to the 
DNA, which was then loaded onto an agarose gel made with tris-borate-EDTA (TBE) and 
SYBR Safe DNA gel stain (Life Technologies). The gel was run in TBE buffer for 30 minutes 
at 100 volts, then viewed under UV light, allowing the DNA fragment of the appropriate size 
to be removed with a scalpel. The DNA was then purified from the gel using the Qiagen gel 
extraction kit (Cat# 28704, Qiagen) as per the manufacturer’s protocol. Digested products were 
stored in water at -20°C.  
 
Approximately 200 ng of plasmid backbone and 200 ng of DNA insert were incubated with 1 
μL of T4 polymerase (New England Biolabs) and 2 μL of T4 Buffer (10X) in a total of 20 μL 
with nuclease-free H2O. The ligation reaction was incubated at room temperature for 30 
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minutes. A negative control condition in which T4 ligase was replaced with water was carried 
out. After the ligation reaction, the 5 μL of ligase mix was used to transform bacteria. 
 

2.5.2. Transforming competent bacteria and amplifying plasmids 

For transformation, 500 ng of plasmid DNA was added to bacteria (either OneShot Top10 
Chemically Competent E. coli (Invitrogen, C404010), or to One Shot® Stbl3™ Chemically 
Competent E. coli I (Invitrogen, C737303)). The bacteria were incubated on ice for 30mins, 
then heat-shocked at 42°C for 30 seconds (for OneShot Top10) or 45 seconds (for One Shot® 
Stbl3™), returned to ice for 2 minutes and topped up with 250 µl of S.O.C media, and then 
shaken at 200 RPM at 37°C for one hour. Transformed bacteria were streaked on LB/agar 
plates containing the appropriate antibiotic (50 µg/mL kanamycin or 100 µg/mL ampicillin), 
and incubated at 37°C overnight. Five to ten bacterial colonies were picked with a pipette tip 
and added to 2 μL of LB media (1% tryptone, 0.5% yeast extract, 1% NaCl) with the 
appropriate antibiotic (ampicillin at 100 µg/mL or kanamycin at 50 µg/mL), and incubated 
overnight with shaking at 37°C. The following day, 1 mL of each culture was pelleted by 
centrifugation at 13 000 RPM for 30 seconds. The DNA was purified using the QIAprep Spin 
Miniprep Kit (Qiagen, 27106), as per the manufacturer’s protocol. Diagnostic digests were 
used to check plasmids after ligation.  
 
To confirm the correct plasmid sequence, plasmid DNA was sequenced at the Center for 
Translation Pathology at the University of Melbourne. The sequencing results were compared 
with the expected sequence, using ApE (A Plasmid Editor) software.  
 
Plasmids with the correct sequence were amplified by repeating the above described 
transformation process with the mini-prep DNA, and then culturing the transformed bacteria 
at 37°C, overnight with shaking at 250RPM overnight, in 500 mL LB medium with the 
appropriate antibiotic (50 µg/mL). The following day, the cells were harvested by 
centrifugation at 4,000g for 10 minutes, and the DNA was extracted using a PureLink HiPure 
Filter Maxi Prep Kit (Invitrogen) as per the manufacturer’s instructions.  

2.6. Virus generation 

2.6.1. Molecular cloning techniques to produce the lentiviral plasmid 

The cloning and viral packaging methods were based on Peckham et al. (2015) and Denham et 
al. (2010). Overall, this process involved a combination of restriction cloning and multisite 
Gateway Pro cloning to transfer a HA-hM3Dq construct, along with a fluorophore and a 
promoter, into a lentiviral vector, which could be packaged into viral particles to deliver to 
cells. The overall cloning process in summarised in Figure 2.1.  
 
The plasmid pcDNA5_FRT-HA-hM3D(Gq) was purchased from Addgene (Addgene plasmid 
number 45547) in a bacterial culture, which was streaked on LB/agar plates containing 
ampicillin, and incubated overnight. The next day, colonies were picked and grown up to 
miniprep quantities, from which the plasmid was purified. The HA-hM3Dq sequence was then 
amplified from the vector with PCR (Figure 2.1A), using the forward primer 
5’accatgtacccatacgatgttc and the reverse primer 5’tttaaacgggccctctagactc. The PCR reaction 
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was carried out with Platinum Taq HiFi (Life Technologies, 11304011), with each reaction 
containing 100 ng of pcDNA5_FRT-HA-hM3D(Gq) plasmid; 2 µL 10 mM dNTPs; 5 µL 10x 
Platinum Taq HiFi buffer; 2 µL MgSO4; 1 µL 20 µM mix of forward and reverse primer; 0.2 
µL Taq HiFi polymerase; 0.5 µL DMSO; and water to a total volume of 50 µL. The PCR 
thermocycling parameters were as follows:  
 
94°C – 2 min 
94°C – 30 sec 
55°C – 30 sec     30x   
68°C– 2min (1min/kb; amplicon~2kb)  
4°C – hold; add 1 µL standard Taq polymerase and 1 µL 10 mM dNTPs 
72°C – 10 mins 
4°C – hold  
 
The PCR product (~1.83 kb) was run on a 1% gel, from which it was then extracted and purified 
(QIAquick Gel Extraction Kit, Qiagen 28704), and cloned into the pCRTM2.1-TOPO vector 
(Invitrogen, K4500-01) according to the manufacturer’s instructions (Figure 2.1B). Briefly, 
this involved adding 4 µl of the gel-extracted PCR product to 1 µL of TOPOTM vector, and 1 
µL of the kit’s salt solution), 2 µL of which was used (as per the protocol described in Section 
2.5.2) to transform OneShot Top10 Chemically Competent E. coli (Invitrogen C404010), 
which were grown on ampicillin LB/agar plates which had been spread with 40 µl of 40 mg/mL 
X-gal. Vector-only reactions were carried out as a control. The plates were incubated at 37°C 
overnight. The next day, white colonies were picked and plasmids amplified by mini-prep. The 
product was verified by performing an EcoRI digest, and running the digested samples on a 
gel, to identify the mini-prep plasmid(s) which yielded the correct fragment size (1.84 kb insert 
and 3.9 kb vector backbone). Plasmids with the correct fragment size were sequenced before 
proceeding to the next step.  
 
HA-hM3Dq was cut from the TOPOTM vector with EcoRI, then ligated into an entry vector 
EcoR1-digested vector, pENTR4IRES2GFP, yielding a pENTR4-hM3Dq-HA-IRES2-eGFP 
construct, in which the hM3Dq-HA-IRES2-eGFP sequence is flanked on its 5’ end by an attL1 
sequence, and on its 3’ end by an attL2 sequence (Figure 2.1C). The ligase mix was used to 
transform OneShot Top10 Chemically Competent E. coli, which were streaked on a kanamycin 
(50 µg/mL) agar plate. Colonies were picked and the plasmids recovered with a mini-prep, 
which were then verified by performing both Not1 (to produce products of 4109 and 1384bp) 
and Xma1 (to produce products of 3744 and 1749bp) single digests. One Shot® Stbl3™ 
Chemically Competent E. coli I (Invitrogen, C737303) were then transformed with the mini-
prep DNA, grown up for a maxi-prep, in the presence of 50 µg/mL kanamycin. The maxi-prep 
plasmid product was verified with an XmaI digest. 
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Figure 2.1 Cloning strategy to generate a lentiviral vector containing a hM3Dq construct. 

A. PCR amplification of the hM3Dq sequence from the pcDNA5 vector. 

B. Insertion of the PCR-amplified hM3Dq sequence into the TOPO vector.  

C. EcoRI digestion of hM3Dq from the TOPO vector, and its subsequent ligation into 

the EocRI cut pENTR4IRES2eGFP entry vector.  

D. Multisite Gateway cloning of hM3Dq-IRES-eGFP and the CMV promoter into the 2K7 

lentivector, catalysed by Clonase II Plus.   

 
Note: E=EcoRI site; N=NotI site; X=XmaI site; Sp=SpeI site; Sa=SacII site; A=Ampicillin 

resistance; K=Kanamycin Resistance. Step D was also carried out to clone the IRES2-

eGFP sequence into the 2K7-lentivector, to produce the control vector, 2K7-IRES-

eGFP. 
 
The final lentiviral plasmid was then prepared using a Gateway® LR Clonase II Plus MultiSite 
cloning strategy (Invitrogen; Figure 2.1D), to transfer the 5’attL1-flanked, 3’attL2-flanked 
HA-hM3Dq-IRES-eGFP construct from the pENTR4 entry vector into the 2K7 lentiviral 
destination vector created by Suter et al. (2006), and kindly provided by the Murray/Xiao lab 
at the University of Melbourne), which contains an attR4 and an attR2 site. In the same 
reaction, the CMV promoter (flanked at 5’ with an attL4 sequence and at 3’ with an attR1 
sequence) was also transferred from an entry vector to the 2K7 lentiviral destination vector, so 
that it would drive expression of the HA-hM3Dq-IRES2-eGFP construct. The clonase reaction 
was carried out with 80 ng of the 2K7 lentiviral destination vector, 80 ng of the pENTR4-HA-
hM3Dq-IRES2-eGFP vector, 60 ng of the pENTR-CMV vector (created by the Murray/Xiao 
lab at the University of Melbourne), 2 µl of LR Clonase® II Plus enzyme (Life Technologies, 
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12538-120), and made up to a total volume of 8 µL. The reaction was incubated at 25°C 
overnight, and 1 µl of proteinase K was added to stop the reaction. 
 
To amplify the product of the Clonase reaction, 2 µL was added to One Shot® Stbl3™ 
Chemically Competent E. coli I (Invitrogen, C737303), which were grown on ampicillin 
LB/agar plates. Colonies were picked, amplified by mini-prep, and verified with a SacII/SpeI 
double digest to confirm the presence of the fragments if the Clonase LR reaction had resulted 
in the insertion of the correct constructs (~6.7kb; ~2.7kb; ~1.8kb). The correct mini-preps were 
then amplified by transforming One Shot® Stbl3™ Chemically Competent E. coli I 
(Invitrogen, C737303), and growing these up under maxi-prep conditions.  

2.6.2. Viral packaging 

Five million 293T cells were plated into each of four T175 flasks and cultured in a 5% CO2, 
37°C humidified incubator. The growth media was DMEM (Invitrogen, 11960-004) 
supplemented with 10% FCS, 1% L-glutamine (Invitrogen, 25030-081) and 1% Penicillin-
streptomycin (Gibco-Life Technologies, 25030-081). Two days later, the media on the cells 
was replaced and the cells were returned to the incubator while the transfection reaction mix 
was prepared, as per Table 2.12. The mix was incubated at room temperature for 15 minutes, 
then it was added to the flasks of 293T cells. Approximately six hours after transfection, the 
media was replaced with 25 mL of fresh media. The presence of GFP+ cells was confirmed 24 
and 48 hours later. At 48 hours, the viral supernatant was collected, and fresh media was added 
to the cells. The viral supernatant was spun at 2,000 RPM to pellet the debris, and the 
supernatant removed and stored at 4°C. This supernatant collection procedure was repeated at 
72 hours, and the 48-hour and 72-hour supernatants were pooled and filtered through a 0.45 
µm filter unit. The filtered supernatant was then concentrated in 30 mL volumes in a pre-cooled 
Hitachi centrifuge at 20,000 RPM for 2.5 hours. The pelleted virus was resuspended in 500 µl 
of Neurobasal medium (Life Technologies, 21103049), aliquoted and stored at -80°C. 
 
Table 2.12 Details of reagents for transfecting HEK293T cells for viral packaging of the 2K7-
lentiviral plasmid. 

Component Amount Notes 
DMEM 2100 µL Invitrogen 11960-004 
pMD2.G 5 µg Virus envelope 
pBR8.91 15 µg Virus packaging vector 
2K7 plasmid  
(either 2K7-IRES-eGFP or 2K7-
HA-hM3Dq-IRES-eGFP) 

22 µg Lentiviral plasmid  
(either the control or containing 
hM3Dq construct). 

PEI 500 µL Sigma 408727, 1 g/L in water, pH7 
 

2.6.3. Testing viral supernatant 

As a preliminary verification that the viral packaging had worked, the concentrated viral 
supernatant was used to infect HEK293T cells. Coverslips (12 mm #1.5 glass coverslips; 
Warner Instruments, 64-0712) were prepared by coating in 10 μg/mL poly-D-lysine (Sigma-
Aldrich, P6407, diluted in sterile water) for 24 hours, then washing the three times, placing 
them in 24-well culture plates, and allowing them to dry. Once dried, 15,000 HEK293T cells 
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were plated on each coverslips, and were grown in DMEM medium (Life Technologies, 
10313), supplemented with 1% penicillin-streptomycin (Life Technologies, 15140122), 1% L- 
Glutamine (Life Technologies, 25030081) and 10% foetal calf serum (Sigma-Aldrich, 
12003C). Cells were kept in a humidified, 5% CO2 incubator, at 37°C.  
 
A serial dilution of concentrated viral supernatant was prepared (1/10, 1/100, 1/1000, and 
1/10000), diluted in the culture media, and was then added to the HEK293T cells 
approximately 12 hours after plating. Cells were fixed 72 hours post-infection, and then were 
stained with anti-GFP. The concentration of virus which infected ~95% of HEK293T cells was 
used to infect DRG neurons. 

2.7. Electrophysiology 

2.7.1. Single cell recording in hM3Dq cells 

Recordings were performed on hM3Dq-expressing neurons approximately 18 days after 
infection with 2K7-CMV-HA-hM3Dq-IRES-eGFP. For recording, the coverslips were bathed 
in a bath solution containing HBS (140 mM NaCl, 5mM KCl, 2 mM CaCl2, 2 mM MgCl2, 15 
mM HEPES and 25 mM glucose (pH7.4). Borosillicate patch pipettes were filled with an 
internal solution containing 130 mM K-gluconate, 10 mM KCl, 0.5mM CaCl2, 15  mM 
HEPES, 5 mM EGTA, 8 mM NaCl, 2 mM MgATP, 0.3 mM Na2GTP and 10 mM glucose (pH 
7.2). These recording solutions were selected based on those used in an in vitro study of 
hM3Dq-expressing neurons (Dell’Anno et al., 2014). Highly-expressing GFP+ cells were 
selected for recording, and were patch-clamped in whole cell current-clamp mode. Cells were 
held in current-clamp mode for 10 minutes to monitor the membrane potential. After acquiring 
data for 2 minutes to determine a baseline, CNO was bath applied at a concentration of 5 µM 
CNO (Tocris Bioscience, Bristol, UK; dissolved in 0.9% saline) for 5 minutes, before being 
washed off. Patch-clamping was performed using a HEKA EPC10 double Patch Clamp 
Amplifier (HEKA Electronics, Lambrecht, Germany) and data was acquired with Patchmaster 
software (HEKA Electronics). All data was acquired at 50 kHz and filtered with a 10 kHz 
bessel filter. 

2.7.2. MEA recording of DRG neurons infected with 2K7-HA-hM3Dq-IRES-eGFP 

DRG neurons (approximately 16,000; see Table 2.1) were grown on a 60-electrode multiple 
electrode array (MEA; 60MEA200/30iR-Ti-gr; Multichannel Systems, Germany). The 
neurons were infected and recordings were taken one week later. Baseline activity was 
measured immediately prior to delivery of the drug. Data acquisition was carried out using the 
MEA2100 system (Multichannel Systems, Germany) over 5 minutes at 20 kHz. Throughout 
data acquisition, cultures were kept at 30°C in an enclosed chamber with 5% CO2 perfusion.  
 
Voltage signals from the electrodes were high-pass filtered with a Butterworth filter at 300 Hz. 
Custom Matlab scripts were then used to detect spikes, with spikes detected if their highest 
phase exceeded 6 times the standard deviation of noise. For each channel, the mean firing rate 
was calculated as the number of spikes/recording time. MEA recordings were performed by 
Dulini Mendis (The Florey Institute of Neuroscience and Mental Health).  
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2.7.3. Single cell recording for the optogenetic system 

Individual fluorescent cells were identified using combined fluorescence/DIC imaging on an 
Olympus BX51WI microscope.  The external solution (ACSF) contained (in mM): 125 NaCl, 
25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 2.0 CaCl2, 1.0 MgCl2, and 25 D-glucose, bubbled with 
95% O2-5% CO2. Cells were patched using 3-4 MΩ borosilicate glass pipettes (WPI). Whole-
cell current clamp recordings were performed using a potassium gluconate-based internal 
solution containing (in mM) Kgluconate 130, KCl 20, HEPES 10, EGTA 0.1, Mg-ATP 4, Na-
GTP 0.3; pH 7.2.  Cells were patched in voltage-clamp mode, and resting membrane potential 
was determined as the membrane voltage measured in tracking (current = 0) mode immediately 
after break-in. Signals were obtained using an Axopatch 200B amplifier, filtered at 5 kHz, and 
sampled at 10 kHz using IgorPro software and a NIDAQ A/D board. Passive cell membrane 
properties and series resistances were monitored on-line using a -10 mV test pulse. Series 
resistances ranged from 6-20 MΩ. Junction potential was -8 mV and was uncorrected.  
 
Cells were optogenetically stimulated with pulses of 470 nm light, using a ThorLabs M470L2 
LED driven by a ThorLabs DC2100 driver, using light with an intensity of 4 mW/mm2 (no 
objective).  Cells were assessed in both cell-attached mode as well as whole cell mode, and 
both in the presence of culture medium or recording solution in the bath. As a test of the light 
source to be used for chronic stimulation (see Section 2.8), some cells were also stimulated 
with a collimated High-Power LED (Thorlabs, M470L3-C1) driven by a T-cube (Thorlabs, 
LEDD1B) at a distance of 10 cm from the cells without being passed through the microscope 
objectives. 

2.8. Chronic optogenetic stimulation 

Cells were stimulated in the incubator using a Collimated High-Power LED (Thorlabs, 
M470L3-C1) driven by a T-cube (Thorlabs, LEDD1B) with the temporal parameters controlled 
by Winston Electronics A-65 timers. For chronic photostimulation in the incubator, 24-well 
plates were placed on a stage elevated 2 cm above the collimated light source (which, as 
indicated by a luminometer, delivered 0.207 mW/mm2 light), with the central four wells 
containing DRG cultures centred over the light (Figure 2.2). 
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Figure 2.2 Schematic of the structure used for chronic photostimulation in the 
incubator. 
A 24-well cell culture dish (with the 24 wells in a single layer) was set atop a custom-built 

platform over a 470 nm collimated LED, so that four central wells containing ChR2-

expressing DRG neurons could be chronically stimulated in the incubator. The distance 

between the top of the light and the base of the culture dish was approximately 2 cm. 
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3. Chapter 3. Developing an in vitro model for studying myelin 

plasticity  

 

3.1. Introduction 

Neuroplasticity and myelin plasticity 
The central nervous system (CNS) is constantly processing changes to internal and external 
stimuli, which under some circumstances induce long-term structural and functional 
modifications and consequently adaptive behavioural changes (Pascual-Leone, 2005). CNS 
plasticity has been a central theme within neuroscience since the middle of the last century, 
and has been studied at molecular, cellular, and network levels. Although the study of CNS 
plasticity has predominantly focused on neurons, it has nevertheless been recognised for some 
time that glia can also change in response to certain stimuli (Bellamy et al., 2015; Diamond et 
al., 1964; Hoogland & Parpura, 2015; Markham & Greenough, 2004; Muller, 1992; Szeligo & 
Leblond, 1977). Oligodendrocytes, the myelinating glia of the CNS, have been known for 
several decades to respond adaptively to certain environmental stimuli (Diamond et al., 1964; 
Gyllensten & Malmfors, 1963; Szeligo & Leblond, 1977). Given that the myelin produced by 
oligodendroglia facilitates and regulates action potential conduction velocity (Hartline, 2008) 
and supports neurons metabolically (Y. Lee et al., 2012), many neuroscientists have posited 
that myelin plasticity is an important component of CNS plasticity more broadly, and that it is 
causally linked to adaptive behavioural changes (Baraban et al., 2016; Bergles & Richardson, 
2016; Fields, 2005; Fields et al., 2015; Gibson et al., 2017; Ullén, 2009; Wang & Young, 2014; 
Zatorre et al., 2012). 
 
Experimental approaches to studying myelin plasticity 
Myelin plasticity has been studied using a variety of models, both in vivo and in vitro, which 
are summarised in Table 1.1 and Table 1.2, respectively. As Table 1.1 and Figure 1.7A 
demonstrate, in vivo models have employed a wide range of stimuli to induce myelin plasticity, 
including environmental and social enrichment (Liu et al., 2012; Makinodan et al., 2012;  
Szeligo & Leblond, 1977); sensory manipulation (Barrera et al., 2013; Barres & Raff, 1993; 
Demerens et al., 1996; Etxeberria et al., 2016; Gyllensten & Malmfors, 1963; Mangin et al., 
2012; Tauber et al., 1980); exercise and motor training (McKenzie et al., 2014; Sampaio-
Baptista et al., 2013; Simon et al., 2011; Xiao et al., 2016); and direct manipulation of action 
potential firing with optogenetics (Gibson et al., 2014), pharmacogenetics (Mitew et al., 2018), 
or implanted electrodes (Li et al., 2010; Nagy et al., 2017). The responses of oligodendroglia 
to these stimuli vary between studies and models (Figure 1.7C) but it has been demonstrated 
that myelin plasticity can involve stimulus-dependent oligodendroglial changes including 
oligodendrocyte precursor cell (OPC) proliferation, differentiation, and myelination (Gibson 
et al., 2014; Mitew et al., 2018). In vitro, myelin plasticity has been studied by manipulating 
activity of cultured neurons and characterising the responses of co-cultured oligodendroglia 
(Table 1.2). Such models have provided strong evidence for the causal link between action 
potential firing and increased myelin production (Demerens et al., 1996; Ishibashi et al., 2006; 
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Lee et al., 2016; Lundgaard et al., 2013; Malone et al., 2013; Stevens et al., 2002; Yang et al., 
2012).  
 
The studies described thus far all employ a paradigm in which myelin production is compared 
between two different conditions: a high neuronal activity and a low neuronal activity 
condition. With this paradigm, referred to as “general” myelin plasticity (Figure 1.8A), the 
consensus is that myelin production increases in response to increased neuronal activity. This 
paradigm can be contrasted with paradigms in which activity of individual neurons within a 
system is manipulated, and myelination of the more active axons is compared to that of the less 
active axons (Figure 1.8B). This “axon-specific” myelin plasticity paradigm has revealed that 
when given the choice, oligodendrocytes preferentially myelinate more active relative to less 
active axons in vivo (Hines et al., 2015, Mitew et al., 2018) and in vitro (Wake et al., 2015).  
 
Some studies have begun to elucidate the transduction mechanisms of myelin plasticity (Figure 
1.7B). In vivo, it has been demonstrated that neuronal activity-dependent vesicle release (Hines 
et al., 2015), and glutamate release in particular (Etxeberria et al., 2016), contribute to 
mediating the response. A model of social activity-dependent adaptive myelination highlights 
an important role for neuregulin (Makinodan et al., 2012). In vitro models offer the advantage 
of allowing specific variables (i.e. action potential firing) to be more precisely controlled, with 
a lower risk of confounding, compensatory mechanisms coming into play. Such models are 
thus particularly powerful for studying the molecular transduction mechanisms of myelin 
plasticity. This advantage is well articulated by researchers including Lundgaard et al. (2013), 
who argue that myelinating co-culture models of myelin plasticity allow “more detailed 
investigation of the underlying signalling mechanisms than is possible in transgenic studies, 
where compensation for gene knockout may occur” (p. 2). In vitro studies of myelin plasticity 
have identified several transduction mechanisms (i.e. Figure 1.7B) involving axonal signals, in 
particular vesicular release (Wake et al., 2011) and the neurotransmitters glutamate (Wake et 
al., 2011) and ATP/adenosine (Ishibashi et al., 2006; Stevens et al., 2002). In terms of the 
oligodendroglial response, some studies have highlighted the importance of NMDA receptors 
(Lundgaard et al., 2013; Wake et al., 2011), and mechanisms including changes in translation, 
trafficking and membrane microdomain formation (Wake et al., 2011). One study also suggests 
that the sensitivity of the myelination program to adapt to neuronal activity depends on the 
presence of neuregulin or Brain Derived Neurotrophic Factor (BDNF), which ‘switches’ the 
myelination from an intrinsic to an activity-dependent mode (Lundgaard et al., 2013). 
 
Although the in vitro literature on myelin plasticity has elucidated several transduction 
mechanisms (Table 1.2), the approach has been guided by studying a priori determined 
candidate molecules which has, understandably, focused on the neurotransmitters (e.g. 
glutamate) and neurotrophins (e.g. BDNF) that are classically associated with neuroplasticity 
(Etxeberria et al., 2016; Lundgaard et al., 2013; Wake et al., 2011, 2015). Alone, candidate 
approaches will limit the pace and scope of progress and will preclude a thorough 
understanding of the transduction mechanisms of myelin plasticity. Unbiased screening 
approaches, such as transcriptomics, will provide new insights into the mechanisms of myelin 
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plasticity, and will provide insight not only into the nature of axonal signals, but also into 
oligodendroglial physiological responses to such signals. A cell culture model of myelin 
plasticity would provide a powerful system with which to study the oligodendroglial 
transcriptional changes associated with myelin plasticity.  
 
Considerations for developing an in vitro model of myelin plasticity: cell culture 
parameters 
As summarised in Table 1.2, most in vitro studies of myelin plasticity employ co-cultures of 
dorsal root ganglion (DRG) neurons and oligodendroglia. In vivo, the axons of these neurons 
span the central and peripheral nervous systems. Consequently, when they are cultured in vitro, 
DRG neuron axons can be myelinated by either Schwann cell precursors (the myelinating glia 
of the peripheral nervous system) or OPCs. Co-cultures with DRG neurons have some key 
advantages compared to co-culture systems with other types of neuron (e.g. hippocampal 
neurons or cortical neurons): they are robustly myelinated; they do not have dendrites; they do 
not form synapses with each other (Ransom et al., 1977a, b); and they do not spontaneously 
fire action potentials (Fields et al., 1992; Wake et al., 2015). OPC-DRG co-cultures have been 
pivotal in discovering factors that modulate myelination, including growth factors (Chan et  al., 
2004; Wang et al., 2007; Xiao et al., 2011), intracellular signalling pathways (Peckham et al., 
2015; Xiao et al., 2012;), axonal ligands (Lee et al., 2007), neurotransmitters (Ishibashi et al., 
2006; Lundgaard et al., 2013; Stevens et al., 2002; Wake et al., 2011, 2015) and neuronal 
activity (Lee et al., 2016; Malone et al., 2013).  
 
To prepare these cultures, most studies isolate DRG neurons based on the pioneering 
techniques of Kleitman et al. (1998). DRGs are isolated from neonatal rat pups, cultured in a 
serum-containing media, which is replaced every two days, and which for the initial two weeks 
of culture is supplemented with nerve growth factor (NGF) to select for neurons dependent on 
this factor. During the initial week, every second media change is supplemented with anti-
mitotics to deplete dividing cells (predominantly fibroblasts, Schwann cell precursors, and 
phagocytes). From about the third to fourth day in vitro, neurites can be seen extending from 
the site of seeding, towards the edges of the coverslip. After three rounds of alternating anti-
mitotic media changes, the cells are cultured for an additional week in media free from anti-
mitotics, allowing these drugs to wash out. OPCs are then added, typically in the form of a 
pure, single cell suspension in co-culture media. The OPCs begin to differentiate after several 
days, then proceed to myelinate axons, with most studies assessing myelination 
immunochemically after two-weeks of co-culture. 
 
Considerations for developing an in vitro model of myelin plasticity: stimulating neuronal 
activity 
For the most part, in vitro studies of myelin plasticity have induced the phenomenon by 
implanting electrodes in the culture media (Ishibashi et al., 2006; Malone et al., 2013; Stevens 
et al., 2002; Wake et al., 2011; Yang et al., 2012). Other approaches include manipulating 
activity pharmacologically to stimulate (i.e. with α-scorpiotoxin) or inhibit (i.e. with 
tetrodotoxin (TTX)) neuronal activity (Demerens et al., 1996), and remote-control techniques, 
such as optogenetics, to stimulate activity (Lee et al., 2016) (see Table 1.2 for a summary of 
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studies). In developing the model system for the present study, it was reasoned that, because a 
subset of OPCs exhibit voltage-gated sodium channels and can fire trains of action potentials 
upon depolarisation (Káradóttir et al., 2008), using electrodes to apply field stimulation across 
the culture could introduce a potential confound in understanding the transduction mechanisms 
of myelin plasticity. A remote-control method of stimulating the neurons was thus considered 
more appropriate, because it allows greater control over which cells are stimulated. A remote-
control strategy was attractive also because it allows manipulation of activity in a subset of 
axons within a culture, allowing cultures with a mix of active and control axons to be 
established, which could be used to investigate the axonal specificity of myelin plasticity. The 
two major classes of remote control of neuronal activity – pharmacogenetics and optogenetics 
– were both trialled in developing the present model.  
 
Remote control techniques for stimulating neurons in vitro: pharmacogenetics 
Pharmacogenetic systems offer a relatively simple approach for stimulating neuronal activity 
because, unlike optogenetics, they do not require specialised equipment, and do not carry the 
risk of phototoxicity (Stockley et al., 2017). Although there are a variety of different 
pharmacogenetic tools, the designer receptor exclusively activated by designer drug 
(DREADD) hM3Dq system is the most commonly used form for driving an increase in 
neuronal activity. The hM3Dq receptor is based on human muscarinic receptor 3 (hM3), an 
acetylcholine (ACh) receptor which stimulates depolarisation and action potential firing. The 
mutations to hM3 to generate hM3Dq render it unable to bind ACh, instead binding the 
synthetic and otherwise purportedly biologically inert drug clozapine-N-oxide (CNO), which 
activates a phospholipase-C (PLC)-dependent signalling cascade, leading to depolarisation and 
action potential firing (Alexander et al., 2009; Armbruster et al., 2007). It is hypothesised that 
in neurons, hM3Dq pharmacogenetic activation of PLC signalling depolarises neurons by 
inhibiting the slowly inactivating, outwardly rectifying potassium M current, carried by PIP2-
gated KCNQ channels, which depresses neuronal activity (Alexander et al., 2009). This system 
has been used predominantly in vivo, as a way to drive activity of particular neurons within 
particular circuits, to elucidate the circuitry underpinning certain behaviours, including 
wakefulness (Sasaki et al., 2011), feeding (Krashes et al., 2011), and fear conditioning (Garner 
et al., 2012). The lab in which the experiments for the present thesis were conducted had also 
successfully used the hM3Dq DREADD system to drive activity of cortical neurons in vivo, 
which was found to induce myelin plasticity by stimulating OPC proliferation, differentiation 
and myelination (Mitew et al., 2018). Furthermore, the lab had demonstrated that newly 
generated myelin was preferentially targeted to the pharmacogenetically stimulated relative to 
nearby unstimulated axons (Mitew et al., 2018). The hM3Dq system has been used far less 
extensively in vitro, and when it has, it has predominantly been in slice culture (e.g. Alexander 
et al., 2009), or in non-neuronal cells (e.g. Kaufmann et al., 2013), rather than in dissociated 
neuronal cultures. Despite this lack of precedent in culture systems, the hM3Dq DREADD 
system was favoured as a starting point in the present study, because of the lab’s success with 
this technique in vivo (Mitew et al., 2018), and because of its relative technical simplicity 
compared to optogenetics.  
 
Remote control techniques for stimulating neurons in vitro: optogenetics 
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Optogenetic systems offer, relative to pharmacogenetic systems, greater temporal control of 
action potential firing frequency and a more direct mechanism to induce depolarisation. 
Although there are several forms of optogenetics, a common form for driving neuronal activity 
is channelrhodopsin-2 (ChR2), a transmembrane, light-gated ion channel that is permeable to 
H+, Na+ and Ca2+ (Beppu et al., 2014; Nagel et al., 2003). When ChR2 is expressed at a 
sufficient copy-number in neurons, and when these neurons are stimulated by 470 nm light (the 
optical component), depolarisation can reach threshold and lead to action potential firing. 
Importantly, the firing frequency of cells expressing ChR2 can be tightly controlled by varying 
the pulsing frequency of the 470 nm light. Given the fast activation and inactivation time 
constants and the high conductance of ChR2, neurons expressing it can be driven with high 
fidelity to fire in response to trains of light pulses (Boyden et al., 2005; Ishizuka et al. 2006). 
The ChR2 optogenetic system therefore has a direct link between the stimulus (light) and the 
effect (cation channel opening and depolarisation), in contrast to the hM3Dq pharmacogenetic 
system, in which the stimulus-effect link is bridged by a second messenger signalling cascade 
and the consequent attenuation of a hyperpolarising current (Alexander et al., 2009; Armbruster 
et al., 2007). Another reason optogenetics was an attractive choice was that it has been used in 
cultured DRG neurons by a number of labs, suggesting that it is compatible with this type of 
cell and culture system (Campagnola, et al., 2008; Ji et al., 2012). 
 
Experimental aims of this chapter 
The aim of the studies presented in this chapter was to develop an in vitro model system which 
could subsequently be applied to studying myelin plasticity, and in particular to investigating 
the oligodendroglial transcriptional responses associated with the phenomenon, and to study 
the axon specificity of the phenomenon. To establish an appropriate model, it was necessary to 
develop and refine a series of techniques and components, including protocols for producing 
robustly myelinating OPC-DRG co-cultures (Section 3.2.1); for purifying OPCs and 
oligodendrocytes from co-culture for transcriptional analysis (Section 3.2.2); for stimulating 
activity across entire cultures of neurons as a prerequisite for studying general myelin plasticity 
(Sections 3.2.3-3.2.4); and for stimulating activity of a subset of axons within a culture as a 
prerequisite for studying axon-specific myelin plasticity (Section 3.2.5). 
 

3.2. Results 

3.2.1.  Establishing myelinating co-cultures: myelination is enhanced when DRG 

neurons are grown in defined, serum-free media. 

 
DRGs were isolated from postnatal day 0-2 (P0-2) rats according to the broad protocol of 
Kleitman et al. (1998) and grown in media containing 10% foetal calf serum. Anti-mitotic 
drugs were added to the culture media on every second media change so that cultures were 
exposed to these drugs in three media changes. This initial two weeks of culture was followed 
by a week of culture in the absence of anti-mitotics, after which OPCs, purified from P5-9 rat 
pups according to the protocol of Dugas and Emery (2013), were added. Figure 3.1 shows an 
example of an OPC-DRG co-culture after seven days in vitro, fixed and stained for myelin 
basic protein (MBP, a myelin marker), and neurofilament (a neuronal marker). Cultures 
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produced in this way had two striking properties. Firstly, despite the presence of anti-mitotics 
during the initial two weeks of DRG mono-culture, there were many non-neuronal cells, 
evident from number of nuclei in Figure 3.1 that stained for neither neuronal (i.e. 
neurofilament) nor oligodendroglial (i.e. MBP) markers. Secondly, there was a low level of 
myelination under these baseline conditions. Although differentiated (MBP+) oligodendrocytes 
were present, they formed few myelin segments. The lack of myelin was problematic because 
the goal was to study myelin, and thus it was essential to have an in vitro system that supports 
its development. It was reasoned that myelination may be inhibited in these cultures by 
overgrowth of non-neuronal cells, and that serum components in the initial DRG mono-culture 
media may promote the survival and/or proliferation of these non-neuronal cells. This 
hypothesis was tested by substituting the initial serum-containing DRG mono-culture media 
with defined, serum-free media, relying on the presence of NGF to support the survival of 
TrkA+ DRG neurons (Ruit et al., 1992).
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Figure 3.1 Establishing OPC-DRG co-cultures. 
A representative image of a seven-day OPC-DRG co-culture using post-natal (P0-2) DRG 
neurons initially cultured in serum-containing DRG mono-culture media, prior to the 
addition of OPCs for co-culture. Note the lack of clearly defined myelin segments, and the 
abundance of non-neuronal, non-oligodendroglial nuclei. Scalebar indicates 50 µm.  
	
 	



 131 

DRG neurons from a single dissection were grown for two weeks in either traditional, serum-
containing media (SCM), or in defined, serum-free media (SFM; media components listed in 
Chapter 2). The effect of the SFM was profound (Figure 3.2). Cultures grown in SCM 
contained a significantly lower proportion of total nuclei which belonged to neurons compared 
to those in the SFM, which was clear from visual inspection (Figure 3.2A) and was confirmed 
with quantification (Figure 3.2B), indicating that serum increases the survival and/or 
proliferation of non-neuronal cells (% total cells positive for neurofilament in 
SCM=11.86±0.33%; SFM=36.72±4.84%; t(4)=8.87, p=0.0009; reported as mean and standard 
deviation; Figure 3.2B). Axons also appeared to spread out and grow more evenly across the 
coverslip in the presence of SFM, whereas they tended to form dense fascicles in the presence 
of SCM (Figure 3.2A). Indeed, axon density (quantified as the proportion of total area positive 
for neurofilament stain) was higher in SFM compared to SCM (SCM=0.25±0.08; 
SFM=0.80±0.13; t(4)=6.30, p=0.0032) (Figure 3.2C). Although these two media conditions 
had different effects on axon density, they did not obviously alter the density of neuronal cell 
bodies. However, because neuronal cell body density was not formally quantified, it remains 
possible but unlikely that the greater axonal density in SFM was attributable to greater neuron 
survival, rather than greater neurite outgrowth.  
 
To investigate whether basal myelination would be enhanced by the increased axonal density 
and reduction in non-neuronal cells, OPCs were added to DRG neurons from a single 
dissection, which had been grown in either SCM or SFM (Figure 3.2D). Co-cultures with 
neurons initially grown in SFM showed an almost eight-fold increase in the density of MBP+ 
segments per field of view (FOV) compared to the SCM (SCM=3.30±1.04 segments/FOV; 
SFM=25.87±6.75 segments/FOV; t(4)=5.72, p=0.0046) (Figure 3.2E). This effect was not due 
to enhanced oligodendrocyte differentiation in the absence of serum because no difference was 
found in the density of MBP+ cells between the media conditions (SCM=54.67±13.05 
cells/FOV; SFM=58.33±17.39 cells/FOV; (t(4)=0.29, p=0.7847) (Figure 3.2F).  
 
The initial technique establishment experiments reported above were carried out with post-
natal rat pups. Due to animal availability, all the co-culture experiments in the remainder of 
this report were performed with DRG neurons derived from embryonic E18/19 rats. Following 
approximately three weeks of mono-culture, these neurons provided a highly permissive 
substrate for myelination, with a high density of MBP+ putative myelin sheathes forming over 
the two weeks after addition of OPCs (Figure 3.3). Under baseline conditions, after two weeks 
of co-culture, some OPCs remained, but many had differentiated into MBP+ oligodendrocytes 
which produced myelin segments (Figure 3.3). These experiments indicate that preparing OPC-
DRG co-cultures with DRGs isolated from embryonic rats, and grown initially in defined, 
serum-free media, produce viable co-cultures which undergo robust myelination within two 
weeks, and which should therefore be a suitable cellular system with which to investigate 
myelin plasticity. 
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Figure 3.2 DRG neurons cultured in defined, serum-free media are more conducive to myelination. 
A. Mono-cultured DRG neurons (isolated in the same dissection) in the traditional, serum-containing media (SCM) or defined serum-

free media (SFM), fixed and stained for neurofilament after two weeks in vitro.  
B. Quantification of the proportion of total nuclei that belong to neurons in SCM (11.86±0.33%) versus SFM (36.72±4.84%); an unpaired 

two-tailed t-test indicated that SFM increases the proportion of cells that are neurons (t(4)=8.87, p=0.0009).   
C. Quantification of the proportion of area occupied by neurofilament stain in cultures of DRG neurons grown in SCM (0.25±0.08) or 

SFM (0.80±0.13); an unpaired two-tailed t-test indicated that SFM increases axonal density (t(4)=6.30, p=0.0032).  
D. Seven-day OPC-DRG co-cultures based on DRG neurons (isolated in the same dissection) initially grown in SCM or SFM for 

approximately three weeks prior to the commencement of co-culture with the addition of OPCs. Yellow arrow heads indicate 
examples of myelin segments.  

E. Quantification of the average density of myelin segments (i.e. number of myelin segments per field of view (FOV), ten FOVs counted 
per coverslip) in co-cultures from DRG neurons initially grown in either SCM (3.30±1.04 segments/FOV) or SFM (25.87±6.75 
segments/FOV); an unpaired two-tailed t-test indicated that initially growing DRG neurons in SFM better supports myelin segment 
formation (t(4)=5.72, p=0.0046).  

F. Quantification of the average density of MBP+ cells (i.e. number of MBP+ cells per FOV; eight to 10 FOVs counted per coverslip) in 
co-cultures based on DRG neurons initially grown in either SCM (54.67±13.05 cells/FOV) or SFM (58.33±17.39 cells/FOV); an 
unpaired two-tailed t-test indicated that differentiation of OPCs into MBP+ cells is not affected by the presence of serum during 
initial DRG neuron mono-culture (t(4)=0.29, p=0.7847).  

Data are from one experiment. All quantification was performed on three coverslips per condition. Scalebars represent 50 µm. All 
descriptive statistics are mean ± SD.  
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Figure 3.3 Representative images of a two-week co-culture prepared according to the protocol used for the activity-dependent 
myelination assays in this study. 
DRG neurons were isolated from E18/19 rat pups, grown in defined, serum-free media for approximately 23 days, before adding OPCs 
purified with immunopanning from P5-9 rats. These co-cultures were then grown for two weeks, before fixing and staining. The region in 
the yellow box in the top panel is shown enlarged in the bottom panel. Olig2 is a pan-oligodendroglial marker; MBP is a differentiated 
oligodendrocyte and myelin marker. The yellow arrows indicate mature, myelinating oligodendrocytes, which are positive for both Olig2 
and MBP, and produce myelin segments, demonstrated by the unfilled red arrowheads. The filled red arrowhead indicates a presumptive 
OPC, which is positive for Olig2 but not MBP. Scalebar in top panel indicates 100 µm; in bottom panel indicates 50 µm.   
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3.2.2. Oligodendrocytes and OPCs can be isolated from co-cultures via 
immunopanning 

Ultimately, the present thesis aimed to use the in vitro myelinating co-culture model to 
characterise transcriptional responses of oligodendroglia undergoing myelin plasticity. This 
requires that oligodendrocytes and OPCs can be isolated from co-cultures for RNA purification 
and transcriptional analysis. Proof-of-concept immunopanning experiments were carried out 
to determine whether immunopanning dissociated co-cultures yields cell fractions of sufficient 
purity, and with sufficient RNA yield, for transcriptomics.  
 
Six-day old co-cultures (where the establishment of co-culture was day 0) were trypsinised and 
dissociated into a single cell suspension, which was sequentially passed over a series of 
panning dishes (Figure 3.4A): a Ran-2-coated plate to bind Schwann cell precursors (present 
as a by-product of the DRG isolation process), a GalC-coated plate to bind oligodendrocytes, 
and an anti-NG2 coated plate to bind OPCs. RNA was extracted from the cells adhering to each 
plate, as well as from the remaining fraction of unbound cells, and cell-type specific qPCR 
primers were used to validate the immunopanning process.  
 
Myrf and Mbp transcripts (oligodendrocyte markers) were most abundant on the GalC plate 
(Figure 3.4B, C), and were enriched by about 20-fold and 14-fold, respectively, relative to the 
remaining cell fraction. This reached statistical significance overall, and post-hoc pairwise 
comparisons confirmed a significant difference between the GalC plate and all other plates. 
This confirms that the GalC plate efficiently captured oligodendrocytes.  
 
Cspg4 transcripts (an OPC marker) were highest on the NG2 plate (an enrichment of ~24.0-
fold compared to the remaining cell fraction), and there was an overall significant difference 
in relative Cspg4 transcript abundance across all plates, as well as a significant difference 
between the Cspg4 transcript abundance on the NG2 plate relative to the remaining cell 
fraction, detected in post-hoc pairwise comparisons (Figure 3.4D).  
 
Beta-3-tubulin transcripts (expressed by neurons) were highest in the remaining cell fraction 
(Figure 3.4E), which should contain close to 100% of the neurons present in the initial co-
culture, given that none of the panning plates were coated with antibodies against neuronal 
antigens. However, as demonstrated in Figure 3.4E, neuronal transcripts were present on the 
NG2 plate at around 30% of the level of the remaining cell fraction, indicating that the NG2 
plate has affinity not only for OPCs but also neurons.  
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Figure 3.4 Immunopanning yields pure fractions of oligodendroglia. 

A. Schematic of immunopanning experiment. After six days of co-culture, co-
cultures were trypsinised and then added as a cell suspension to a sequence of 
panning plates coated with antibodies to bind specific cell types: a Ran-2-coated 
plate to bind Schwann cell precursors, an anti-GalC plate to bind 
oligodendrocytes, an anti-NG2 plate to bind OPCs. The adherent cells were lysed 
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for RNA, and qPCR was performed on the extracted RNA (along with the RNA of 
the remaining cell suspension), probing for cell-type specific transcripts. The 
results of the qPCR in (B)-(E) are expressed as a fold change relative to the 
remaining cell suspension, and are based on three independent co-cultures. 
Graphs in (B)-(E), and descriptive statistics, are presented as the means and SEMs 
for the three independent experiments. For each probe, a one-way ANOVA was 
carried out to assess the significance of the difference across the panning plates. 
Tukey’s post hoc pairwise comparisons were used to determine significance of 
different pairs of cell fractions.  

B. Relative expression of Myrf, a maker for differentiated oligodendrocytes, differed 
significantly across the panning plates (Ran2=1.22±0.23-fold change; 
GalC=20.16±3.59-fold change; NG2=3.96±0.65-fold change; F(3, 8)=25.10, 
p=0.0002) and post-hoc pairwise comparisons confirmed that relative Myrf 
expression was significantly higher in the cell fraction bound to the GalC plate 
compared to all other cell fractions.  

C. Relative to the remaining cell fraction, expression of Mbp (a marker for 
differentiated oligodendrocytes) differed significantly across panning plates 
(Ran2 plate=0.74±0.19-fold change; GalC=14.34±4.65-fold change; 
NG2=2.41±0.41-fold change; F(3, 8)=7.81, p=0.0092). Post-hoc pairwise 
comparisons confirmed that relative Mbp expression was significantly higher in 
the cell fraction on the GalC plate compared to the cells on any of the other plates.  

D. Relative abundance of Cspg4 transcripts, expressed by OPCs, differed significantly 
across panning plates (Ran2=2.34±0.70-fold difference; GalC=2.71±0.41-fold 
difference; NG2=23.95±9.95; F(3, 8)=4.85, p=0.0329). The only significant post-
hoc pairwise comparison detected was between the NG2-plate and the remaining 
cell fraction. 

E. Relative abundance of Beta-3-tubulin transcripts, a neuronal marker, differed 
significantly across the panning plates (Ran2=0.13±0.03-fold difference; 
GalC=0.10±0.01-fold difference; NG2=0.32±0.05-fold difference; F(3, 8)=201.00, 
p<0.0001) and post-hoc pairwise comparisons confirmed a significant difference 
between the relative expression on each panning plate compared to the 
remaining cell fraction. 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001  
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3.2.3. Investigating hM3Dq DREADD as a tool to stimulate neuronal activity 
3.2.3.1. Generating a lentiviral hM3Dq construct 

To deliver the hM3Dq gene to the cultured DRG neurons, a viral rather than a transfection 
method was selected because a high level of expression of the construct was needed over the 
multi-week duration of myelination assays. A preliminary experiment found that lentiviral 
particles containing a 2K7 lentiviral CMV-IRES-eGFP construct (Lenti-2K7-CMV-IRES-
eGFP; kindly provided by the Murray/Xiao lab at The University of Melbourne) infected the 
cultured DRG neurons and was visible within three days, with strong expression of eGFP in 
the vast majority of neurofilament positive cells at two weeks post infection, which persisted 
when the cultures were fixed and stained (Figure 3.5A). The 2K7 backbone was thus used in 
subsequent experiments as the basis to deliver hM3Dq to the DRG neurons.  
  
A HA-tagged hM3Dq construct was purchased from Addgene and subcloned into the 2K7 
lentiviral vector to produce a Lenti-2K7-CMV-HA-hM3Dq-IRES-eGFP construct (Figure 
3.5B), referred to hereafter as 2K7-HA-hM3Dq-eGFP. To confirm the cloning strategy had 
worked, this plasmid, or the Lenti-2K7-CMV-IRES-eGFP control (referred to hereafter as 
2K7-eGFP), was transfected into HEK293 cells, which when fixed and stained for HA 72 hours 
later, confirmed that the HA-hM3Dq construct was targeted to the membrane, and that the 
eGFP reporter was co-expressed in these cells (Figure 3.5C).  
 
The lentiviral vectors were then packaged into viral particles in HEK293T cells, and the viral 
supernatant was concentrated and added to HEK293T cells over a concentration gradient to 
check for infectivity (Figure 3.6A). Observing that there was strong expression in HEK293T 
cells at concentrations of both 1/10 and 1/100, a concentration of 1/50 was used to infect DRG 
neurons, six days post-isolation. By 48 hours after infection, some eGFP+ cells could be seen, 
the number and intensity of which increased again when inspected 72 hours post infection. 
Fourteen days after infection, DRG cultures were fixed and stained with an anti-HA antibody, 
which confirmed the sustained expression and membrane localisation of the HA-hM3Dq 
construct, (Figure 3.6B), and compatibility of this expression with DRG neuronal cultures. 
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Figure 3.5 Developing a lentiviral system to deliver hM3Dq to cells. 
A. Preliminary confirmation that lentiviral particles containing a 2K7 lentiviral CMV-IRES-eGFP construct (Lenti-2K7-CMV-IRES-eGFP) 

infected cultured DRG neurons and led to eGFP expression. DRG neuron mono-cultures were fixed two weeks post-infection and 

stained for GFP and neurofilament. Scalebar indicates 50 µm. 

B. Plasmid map of the Lenti-2K7-CMV-HA-hM3Dq-IRES-eGFP construct, hereafter referred to as 2K7-HA-hM3Dq-eGFP (bp=base pairs). 

C. HEK293 cells transfected with 2K7-HA-hM3Dq-eGFP plasmid, or the control 2K7-eGFP plasmid, fixed and stained 72 hours later for 

HA (to detect HA-hM3Dq) and eGFP. Scalebar indicates 10 µm. 

 

. 
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Figure 3.6 Packaging hM3Dq into lentivirus and infecting cells. 

A. HEK293T cells infected with a serial dilution of concentrated lentiviral supernatant 
containing either the 2K7-HA-hM3Dq-eGFP construct or the 2K7-eGFP construct. 
Scalebar indicates 50 µm. 

B. Mono-cultured DRG neurons infected after six days of mono-culture with 1/50 
concentrated lentiviral supernatant containing either the 2K7-HA-hM3Dq-eGFP 
or control construct, then fixed and stained 14 days after infection. Scalebar 
indicates 10 µm. 
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3.2.3.2. CNO treatment does not robustly increase the activity of cultured, 
hM3Dq-expressing DRG neurons to the levels required for myelin plasticity 

To assess whether hM3Dq-expressing DRG neurons would fire action potentials in response 
to CNO, the cells were assessed electrophysiologically. As discussed in Section 3.1, in the 
neuroscientific literature DREADDs have been used almost exclusively in vivo, with few 
examples of published studies expressing hM3Dq in dissociated, cultured neurons. 
Consequently, there is no consensus on the dose of CNO that elicits action potential firing of 
cultured neurons, and the few papers that have used this tool in such systems have used a wide 
range of doses.  
 
The paper that originally developed and characterised hM3Dq recorded from CA1 pyramidal 
neurons in hippocampal slices, and found that 500 nM CNO induced depolarisation and 
increased firing frequency (Alexander et al., 2009). Subsequent studies using slice cultures 
have diverged from this concentration. The lab’s parallel in vivo study of myelin plasticity 
validated the system in slice culture using 1 µM CNO (Mitew et al., 2018). At the higher end 
of the spectrum, a study recording from hippocampal slice culture used 5 µM CNO to induce 
firing (López et al., 2016). A rare example of hM3Dq in cultured dopaminergic neurons used 
10 µM CNO to stimulate activity (Dell’Anno et al., 2014). Based on this range of reported 
CNO concentrations, 5 µM was selected as a starting point for the present study to assess the 
ability of the system to induce activity in cultured DRG neurons.  
 
Highly-expressing eGFP+ DRG neurons were recorded in whole-cell current clamp mode, 18 
days after virally delivering the 2K7-HA-hM3Dq-eGFP construct. Cells were recorded for 
several minutes to ensure a stable baseline, and then 5 µM CNO was added to the artificial 
cerebrospinal fluid and perfused over cells, while recording for another 4 minutes (Figure 
3.7A). In one neuron, there appeared to be a subtle increase in the firing to around 5 Hz (Figure 
3.7Ai). In the other two neurons, CNO had no appreciable effect on neuronal firing (Figure 
3.7Aii, iii). This was in stark contrast to the lab’s parallel in vivo experiments, in which 
hM3Dq+ pyramidal neurons in cortical slices fired a burst of action potentials in response to 1 
µM CNO, as can be seen from the recording trace from a single neuron in Figure 3.7B, taken 
from the paper in which that study has been published (Mitew et al., 2018).  
 
Given the heterogeneity of responses of DRG neurons, and to get a more comprehensive 
understanding of changes in activity across the culture, it was reasoned that a multiple electrode 
array (MEA) may provide more insight. DRG neurons were cultured on a 60 electrode MEA 
and then infected with the 2K7-HA-hM3Dq-eGFP construct. Activity of the neurons was 
measured one week later. A baseline recording was taken, and then 5 µM CNO was added. 
Recordings were taken after two minutes, after which the MEA was returned to the incubator. 
The recording was then repeated after an hour. 
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Two minutes after CNO addition there was, on average, a four-fold increase in firing rate across 
the 60 electrodes (Figure 3.7Ci). Across the 60 electrodes, mean±SD was calculated and a 
paired two-tailed t-test comparing each electrode at baseline (0.0377±0.0905 Hz) and 2 minutes 
after CNO addition (0.1545±0.3345 Hz) confirmed that there was significant increase in firing 
rate (t(59)=3.02, p=0.0037). Another paired two-tailed t-test comparing the firing rates of each 
electrode at baseline and one hour post CNO addition (0.1250±0.3760 Hz) revealed a 
significant difference, indicating sustained CNO-induced activity (t(59)=2.03, p=0.0468).  
 
To confirm that the observed effects of CNO were due to the agonist rather than the recording 
environment, the MEA was cultured for an additional week in CNO-free media, before taking 
a baseline recording (0.0979±0.2449 Hz), adding the vehicle and then (after two minutes) 
taking another recording (0.0831±0.1833 Hz) (Figure 3.7Cii). A paired two-tailed t-test 
confirmed the vehicle had no effect (t(59)=1.05, p=0.2957). 
 
Together, the results from the single cell recordings (Figure 3.7A) and the MEA recordings 
(Figure 3.7C) suggest that that CNO increases activity in at least a subset of hM3Dq-expressing 
DRG neurons, but that the average increase in firing frequency is modest, and many neurons 
do not respond. Indeed, the single cell recordings (Figure 3.7A) suggest that around one out of 
three hM3Dq-expressing DRG neurons responds to CNO with an appreciable (i.e.  
approximately 0.5 Hz) increase in firing rate frequency. Given that a firing frequency in the 
order of 10 Hz is reportedly necessary to induce activity-dependent myelination (Malone et al., 
2013), the hM3Dq pharmacogenetic system in cultured DRG neurons is an inappropriate model 
system in which to attempt to induce myelin plasticity.  
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Figure 3.7 Characterisation of hM3Dq DREADD-induced firing in cultured DRG neurons. 
A. Sample recordings from three DRG neurons 18 days after infection with 1/50 concentrated lentiviral supernatant containing 2K7-

hM3D-eGFP construct. Cells were recorded to ensure a stable baseline, then 5 µM CNO was added (indicated by the red line along 
the x-axis) and cells were recorded for another 5 minutes. (Ai) shows an example of a hM3Dq+ neuron responding to CNO with 
modest, gradual depolarisation followed by a modest increase (to ~0.5 Hz) in firing frequency. (Aii) shows an example of a hM3Dq+ 
neuron that responded to CNO by firing two action potentials in the 5 minutes following CNO addition. (Aiii) shows an example of 
a hM3Dq+ neuron that did not show a response to CNO.  

B. A recording from a single, patched hM3Dq+ pyramidal neuron in cortical slice culture, taken from Supplementary Figure 1 h of 
Mitew et al. (2018), demonstrating the depolarisation and burst of action potential firing in response to 1 µM CNO. This is in 
contrast to the modest or absent responses of the hM3Dq+ DRG neurons to CNO, shown in (A).  

C. Multiple electrode array (MEA) recordings from 2K7-HA-hM3Dq-eGFP expressing DRG neurons. (Ci) Recordings from MEA at 
baseline (0.0377±0.0905 Hz), two minutes after CNO (5 µM) addition (0.1545±0.3345 Hz) and 1 hour after CNO addition 
(0.1250±0.3760 Hz). A paired t-test revealed a significant increase in firing rate compared to baseline two minutes after CNO 
addition (t(59)=3.02, p=0.0037), which persisted after an hour (t(59)=2.03, p=0.0468). (Cii) Recordings from the same MEA, one 
week after the recordings in (Ci), before (0.0979±0.2449 Hz) and two minutes after (0.0831±0.1833 Hz) the addition of vehicle, 
revealed by a paired t-test to be not significantly different (t(59)=1.05, p=0.2957). All data are means±SD. 
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3.2.4. Optogenetics as a tool to stimulate DRG neuron activity in vitro. 
3.2.4.1. Optogenetic stimulation induces DRG neuron action potential firing in 

vitro 
As an initial test of whether ChR2-expressing DRG neurons would be suitable for in vitro 
myelin plasticity assays, an AAV2-CMV-ChR2-mCherry virus (kindly provided by Dr. E. 
Schnell, Oregon Health Science University) was delivered to a culture of DRG neurons after 
nine days in vitro. This construct was robustly expressed by the DRG neurons seven days post-
infection (Figure 3.8A). To determine whether the ChR2-expressing DRGs would fire light-
induced action potentials, a series of electrophysiological recordings were carried out on these 
DRG neurons at 16 days in vitro, seven days after infection.  
 
Firstly, an uninfected cell was examined (Figure 3.8Bi-ii). A 0.5 s, 100 pA current injection 
was delivered causing a burst of action potentials to fire, confirming that the cell was a neuron 
(Figure 3.8Bi). A series of ten 1 msec 470 nm light pulses delivered at 10 Hz through a 60x 
objective did not evoke any response, even up to a light intensity of 1600 mA (Figure 3.8Bii), 
indicating that 470 nm light did not affect electrophysiological properties of the DRG neurons 
in the absence of ChR2 expression.  
 
The procedure was repeated on a ChR2-mCherry expressing cell (Figure 3.8Biii-iv). The cell 
was injected with a baseline current to hold its resting potential at -70 mV (notably, lower than 
the endogenous resting membrane potential of ~-50 mV in these cells) and fired once in 
response to a 0.5 s 100 pA current step, confirming that it was a neuron (Figure 3.8Biii). In 
contrast to the uninfected cell, the ChR2-expressing neuron fired in response to the same light 
train stimulus (but with the lower light intensity of 400 mA). It reached threshold only in 
response to the first light pulse; for the remaining nine pulses, it showed a subthreshold 
depolarising response (Figure 3.8Biv).  
 
This preliminary experiment confirmed that light can drive firing in ChR2-expressing DRG 
neurons, but showed that this combination of light pulse stimulation parameters (1 msec long, 
400 mA pulses delivered at 10 Hz through a 60x objective) did not induce stimulus locked 
firing, at least for this cell. Factors that should increase the chance of producing stimulus-
locked firing are longer light pulses, lower frequency pulses, and higher light intensity (which 
can be affected by the strength of the objective through which the light is delivered).  
 
To investigate the effect of these factors, the same light strength was used (400 mA through a 
60x objective), but the frequency was reduced to 1 Hz (Figure 3.8C), and pulse durations of
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Figure 3.8 Validating the use of optogenetics to drive activity in cultured DRG neurons. 

A. Live image of DRG neurons at 16 days in vitro, expressing ChR2-mCherry from the CMV promoter, delivered via AAV2 on the ninth 
day in vitro. Scale bar indicates 50 µm. 

B. Light stimulation induces firing in ChR2-expressing neurons recorded in whole-cell configuration. (Bi) A cell selected for recording 

from an uninfected culture fired a burst of action potentials in response to a 0.5 s 100 pA current step from a resting potential of ~-
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50 mV, confirming it was a neuron. (Bii) The same neuron did not fire in response to 1 msec long pulses of 1600 mA, 470 nm light 

stimulation through a 60x objective, delivered at 10 Hz. (Biii) A ChR2-mCherry expressing cell fired an action potential in response 

to a 0.5 s 100 pA current step from a resting potential of ~-70 mV (maintained with a baseline current injection), confirming that it 

was a neuron. (Biv) The same ChR2-expressing neuron fired an action potential in response to 1 msec long pulses of 400 mA, 470 

nm light stimulation through a 60x objective, delivered at 10 Hz.  

C. Longer light pulses and stronger light produce stimulus locked firing in neurons recorded in whole-cell mode. (Ci) For a given light 

intensity (400 mA via a 60x objective) and frequency (1 Hz), longer light pulses are necessary for stimulus-locked firing. (Cii) With a 

lower power objective (4x), even a stronger intensity (800 mA) light cannot drive reliable spiking with long pulse lengths of 15 msec; 

at this light strength, much longer pulses (30 msec) are needed.  

D. Higher frequency stimulation requires longer light pulse duration. Cells were recorded in whole-cell configuration and 

optogenetically stimulated at 5 Hz with light pulses. At this frequency and light strength, 10 msec pulses were insufficient to evoke 

stimulus-locked firing (Di), but 25 msec pulses did produce stimulus-locked firing (Dii).  
E. Light intensity is important for stimulus-locked firing. (Ei) At 5 Hz, 1000 mA light through a 4x objective is sufficient to produce 

stimulus-locked firing, but 600 mA light is insufficient (Eii). Cells were recorded in whole-cell mode. 

F. Cell-attached recordings demonstrating that stimulation with 25 msec pulses delivered with a light strength of 400 mA light 
through a 4x objective, in a pattern used in the literature to induce myelin plasticity in in vitro myelinating co-cultures (10 Hz every 
2 s for 0.5 s) can induce firing, whether in ACSF (Fi) or in culture media (Fii). 
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1, 2 or 5 msec were trialled (Figure 3.8Ci). Pulses of neither 1 msec nor 2 msec produced 

reliable spiking, with spike failures occurring particularly at the end of the light pulse 

trains. Under the same light conditions, 5 msec pulses enabled stimulus-locked firing. 

This shows that for a given light intensity, longer pulses support stimulus-locked firing.  

 

To investigate the effect of light strength, the same stimulation pattern (10 pulses at 1 Hz) 

was applied through a lower powered (4x) objective (Figure 3.8Cii). Even with long 

pulses of 15 msec, the cell failed to respond in a stimulus-locked manner, even though 

the current was increased to 800 mA. At this light strength, very long pulses of ~30 msec 

were necessary for stimulus-locked firing. Taken together, the results presented in Figure 

3.8Ci-ii indicate an interaction between light strength and pulse length whereby, to 

support stimulus-locked firing, lower light strengths require longer light pulses.  

 

The experiments of Figure 3.8C were conducted with very low frequency light 

stimulation (1 Hz). The frequencies reportedly required to induce myelin plasticity are in 

the range of 10-20 Hz (Malone et al., 2013). The experiment in Figure 3.8Biv was 

conducted with light pulses at 10 Hz, but this failed to evoke stimulus-locked firing, 

because of the short (1 msec) light pulse duration. Thus, a ChR2-expressing DRG neuron 

was stimulated at a higher frequency of 5 Hz, and with longer light pulses (Figure 3.8D). 

At 5 Hz, 10 msec pulses were insufficient (Figure 3.8Di) but 25 msec pulses were 

sufficient (Figure 3.8Dii) to evoke stimulus-locked firing. This again demonstrates the 

importance of pulse length, particularly at higher frequencies. To confirm the importance 

of light strength, 5 Hz stimulation was applied through the same objective with 25 msec 

pulses, but with lower current. Stimulus locked firing was achieved with 1000 mA light 

(Figure 3.8Ei), but some spikes failed when the current was further reduced to 600 mA 

(Figure 3.8Eii). Together these results demonstrate the importance of, and complex 

interaction between, light strength, pulse length and frequency.  

 

It was then necessary to verify that optogenetics could stimulate activity at levels that 

have been reported in the literature to promote myelination in vitro, which is 10 Hz for 

0.5 s every 2 s (e.g. Ishibashi et al., 2006; Malone et al., 2013; Stevens et al., 2002; Yang 

et al., 2012). Given this relatively high frequency of 10 Hz, and given that the results 

presented in Figure 3.8B-E indicate that high frequency light pulses require longer light 

pulses to ensure stimulus-locked firing, a pulse length of 25 msec was selected as a 

starting point. Indeed, 25 msec light pulses delivered at 10 Hz for 0.5 s bursts every 2 s 

induced stimulus-locked firing, even at the relatively low light intensity of 400 mA 

through a 4x objective (Figure 3.8Fi).  
 

Given that ultimately, in vitro myelination plasticity assays were to involve chronic 

stimulation, it was considered important to confirm that optogenetic stimulation could 

induce action potential firing in the cell culture media, and not just in the conventionally-

used artificial cerebrospinal fluid (ACSF), in which all previous experiments presented 
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in Figure 3.8A-E had been conducted. As shown in Figure 3.8Fii, the culture media was 

compatible with optogenetic induction of neuronal firing.  

 

Together, the results presented in Section 3.2.4.1 and Figure 3.8 indicate that optogenetics 

is a suitable method for inducing activity in cultured DRG neurons, and that it is worth 

pursuing as a tool to study myelin plasticity in vitro.  

 

3.2.4.2. Developing and validating an optogenetic system for myelin 
plasticity assays 

The experiments described in Section 3.2.4.1 were conducted with limited quantities of 

lab-generated AAV2 containing the CMV-ChR2-mCherry construct (provided by Dr E. 

Schnell), so it was necessary to purchase an appropriate quantity of an AAV2 system to 

deliver ChR2 to neurons, and then electrophysiologically confirm that this construct 

behaved similarly to the CMV-ChR2 construct.  

 

3.2.4.2.1. Identifying	a	commercially	available	AAV2-ChR2	
construct	

There was no commercially available AAV2 with the CMV promoter driving ChR2 

expression, so AAV2-ChR2 was purchased with two different promoters – synapsin and 

CaMKIIa – to determine which would produce the highest ChR2 expression in the 

cultured DRG neurons. Both ChR2 constructs were fused to EYFP, which was used to 

assess the expression level.  

 

Inspecting the live cells for EYFP expression eight days after infection revealed that 

ChR2-EYFP was expressed more intensely, and in more cells, from the synapsin 

promoter than from the CaMKIIa promoter (Figure 3.9A). At 14-days post-infection (a 

time roughly corresponding to the endpoint of a 7-day co-culture), more than 90% of 

neurofilament-positive neurons expressed Synapsin-ChR2-EYFP (Figure 3.9B).  

 

Importantly, the cultures shown in Figure 3.9B had been photostimulated at 10 Hz for 0.5 

s every 2 s (i.e. the parameters frequently used for in vitro myelin plasticity assays (Lee 

et al., 2016; Malone et al., 2013; Yang et al., 2012) for an hour per day for six days 

(parameters which will be further discussed and justified in Chapter 4), indicating that 

expression remains high and that the conjugated fluorophore remains easily detectable 

even after prolonged culture (i.e. 14 days post infection) and chronic stimulation. 

Additionally, and importantly, these images reveal that this form of repeated light 

stimulation does not overtly compromise the viability of the neurons, suggesting that 

phototoxicity is not a side-effect of this tool as applied here, despite some studies 

highlighting the detrimental effect of photostimulation on neuronal viability (Stockley et 

al., 2017). 



 152 

 
Figure 3.9 Comparison of expression of commercially available AAV2-ChR2-EYFP 
with two different promoters. 
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A. Live DRG neurons eight days after infection with AAV2-Synapsin-ChR2-EYFP, 

AAV2-CaMKIIa-ChR2-EYFP, or uninfected.  

B. Fixed, stained neuronal cultures, 14 days after infection with AAV2-Synapsin-

ChR2-EYFP, with (Photostim.) and without (Unstim.) photostimulation with 

the temporal parameters employed in the literature to induce myelin 

plasticity: an hour per day for six days, at 10 Hz for 0.5 s every 2 s, with 25 

msec light pulses. Uninfected neurons are shown as a control for EYFP signal. 

Scalebar indicates 50 µm. 
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3.2.4.2.2. Electrophysiologically	validating	AAV2-Synapsin-ChR2	
A series of electrophysiological recordings were carried out to validate the use of this 

Synapsin-ChR2-EYFP construct. In particular, it was necessary to characterise a light 

source that could be adapted to prolonged use in a tissue culture incubator, ideally with a 

relatively broad illumination field to allow stimulation of one or more 12 mm diameter 

coverslips. Typically light intensities of >1 mW/mm2 are required for ChR2 activation 

(Lin, 2011; Zhang et al., 2006), though for some neuronal types and channelrhodopsin 

variants, much lower intensities have been used successfully (Ji et al., 2012). For the 

present study, a 470 nm LED light source which provides a 6 cm diameter beam of 

collimated light with a predicted intensity of 0.18 mW/mm2 was used. Empirically testing 

the light source with a luminometer demonstrated an actual output of 0.207 mW/mm2, 

which is in the lower range of intensities previously described to induce responses in 

optogenetics experiments (Lin, 2011; Zhang et al., 2006), but which is reportedly 

sufficient to induce activity in cultured DRG neurons from transgenic Thy1/2-ChR2 rats 

(Ji et al., 2012). To test whether this source was capable of inducing action potentials in 

cultured ChR2-expressing DRG neurons, the following experiment was performed. 

 

Nine AAV2-Synapsin-ChR2-EYFP infected DRG neuron cultures were stimulated with 

light in the temporal pattern reported to induce activity-dependent myelination – i.e. 10 

Hz for 0.5 s every 2 s (Lee et al., 2016; Malone et al., 2013; Yang et al., 2012). Three 

different light parameters were tested (Figure 3.10), as follows:  

 

1) A relatively standard optogenetics set-up, using the microscope’s laser as a 

470 nm light source (a relatively standard approach for short-term 

optogenetics experiments), applying strong photostimulation (400 mA laser; 

60x objective), trialled as a first pass to ensure that this Synapsin-ChR2 

construct was suitable for inducing activity in the DRG neurons;  

2) A relatively standard optogenetics set-up, using the microscope’s 400 mA 

laser as a 470 nm light source, but applying lower intensity photostimulation 

than the parameters in (1) by removing the 60x objective to broaden the beam; 

and 

3) An unconventional form of stimulation, using the 470 nm, 0.207 mW/mm2 

collimated LED light source, which was at a distance of 10 cm from the 

specimen on the electrophysiology rig, and at an angle of approximately 20° 

from horizontal. Note that positioning the light at this angle was necessary 

because of the constraints of the electrophysiology recording rig. At this angle, 

the intensity of the light source would be considerably less than the 0.207 

mW/mm2 measured with the luminometer at 0° from horizontal.  

 

Some example images of the EYFP+ cells during recording are shown in Figure 3.10A, 

and the recording results are summarised in Figure 3.10B. Of the nine cells recorded, only 

two did not respond to light at all. In one case (cell 2), the recording may have been 

aberrant, and in the other case (cell 3) the cell may not have been a neuron. Of the 

remaining seven cells, all 
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responded to 470 nm light generated from the microscope’s source. Of these, five were 

also tested for their response to 10 Hz stimulation with the collimated LED light source - 

all five fired trains of action potentials. One cell (cell 9) failed to respond with full trains 

of action potentials in both of the lower intensity light paradigms, however this was a 

weakly-expressing cell based on its fluorescence intensity. Notably, cell 5 was stimulated 

in the culture media rather than in the standard artificial cerebrospinal fluid recording 

solution, and the trace in Figure 3.10C demonstrates that this is compatible with 

optogenetic stimulation. These results indicate that the 470 nm collimated light source, 

delivered at an intensity of approximately 0.207 mW/mm2, stimulated action potential 

firing in cultured DRG neurons infected with AAV2-Synapsin-ChR2-EYFP and thus this 

system was characterised further and used for long-term studies of myelin plasticity.  
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Figure 3.10 Optogenetic stimulation induces DRG neuron firing in patterns 
reportedly required for in vitro myelin plasticity, even with an unconventional light 
source. 

A. Bright field and EYFP fluorescence images of cells 7, 8 and 9 (see Figure 3.10B) 

during recording. 

B. Summary of recordings from nine Synapsin-ChR2-EYFP expressing cells in 

response to 25 msec light pulses delivered at 10 Hz every 2 s for 0.5 s (a 

stimulation pattern used in previous in vitro activity-dependent myelination 

assays), with three different light parameters. (Note: +++++ indicates high 

spiking efficacy; + indicates low spiking efficacy; 0 indicates no response; NT 

indicates not tested). 

C. An example recording from cell 5 (see Figure 3.10B) stimulated with 25 msec 

light pulses delivered at 10 Hz for 0.5 s every 2 s, in culture media rather than 

in the artificial cerebrospinal fluid otherwise used for electrophysiological 

recording, with the light approximately 10 cm away from the coverslip, at an 

angle of about 20° from horizontal. Note that with the light held at this angle, 

the intensity would be considerably less than the empirically measured 

intensity of this light of 0.207 mW/mm2 at 0° from horizontal. 
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3.2.4.2.3. Validating	the	use	of	optogenetics	for	chronic	
stimulation	in	vitro	

The LED light source was next used to stimulate coverslips of ChR2-EYFP-expressing 

neurons in the incubator. Twenty-four well plates were positioned 2 cm above the light 

source such that the middle four wells, on which DRGs were seeded, fell within the 6 cm 

collimated light beam (Figure 2.2, page 123). Given that long-term recordings in the 

tissue culture incubator with photostimulation were not feasible, expression of c-Fos, an 

activity-inducible immediate early gene routinely as a surrogate marker for action 

potential firing (Morgan & Curran, 1991), was used to verify induction of activity in DRG 

neurons in the final culture setting. ChR2-EYFP-expressing DRG neuron cultures were 

treated for an hour with 25 msec light pulses delivered at 10 Hz every 2 s for 0.5 s, and 

then fixed and stained for c-Fos (Figure 3.11A). Besides the ChR2-EYFP-expressing, 

photostimulated (ChR2-EYFPphotostim) condition, four controls were included. As a 

positive control, DRG neuron cultures were treated with 55mM KCl for an hour, to verify 

that depolarisation of DRG neurons led to an increase in c-Fos expression and that it could 

be detected with the antibody. This is because KCl (55 mM) is frequently used as a 

positive control in experiments studying factors that depolarise neurons, and as with many 

other forms of depolarisation, it induces immediate early gene expression including that 

of c-Fos, both in cultured cortical (Xia et al., 1996) and DRG neurons (Fields et al., 1997). 

Unstimulated ChR2-EYFP-expressing DRG neurons (ChR2-EYFPunstim) were included 

to ensure that ChR2-EYFP expression itself did not lead to an increase in c-Fos 

expression. Photostimulated EYFP-expressing cells (EYFPphotostim) were included to 

ensure that light itself did not induce a c-Fos response. Untreated control cells were 

included to provide an indication of basal c-Fos fluorescence intensity. Representative 

images of each of the conditions are shown in Figure 3.11A. The fluorescence intensity 

of c-Fos was calculated in the nuclei of EYFP+ neurons (~90 per coverslip, three 

coverslips per condition), and then the conditions were compared in two ways.  

 

For the first form of comparison, each nucleus for which c-Fos was quantified was treated 

as a data point. These data points were pooled across the three coverslips within each 

condition (yielding ~270 data points per condition) (Figure 3.11B), and the mean and 

standard deviation were calculated. With this analysis, all conditions 

(control=1342.60±385.26; KCl=1784.65±528.95, EYFPphotostim=1434.53±333.75; ChR2-

EYFPunstim=1592.01±454.21; ChR2-EYFPphotostim=2658.68±905.73) were compared with 

a one-way ANOVA, which showed that they significantly differed (F(4, 1345)=240.60, 

p<0.0001). Tukey’s multiple post-hoc pairwise comparisons revealed a significant 

difference between the untreated control and the KCl-treated positive control, indicating 

that depolarised DRG neurons display increased c-Fos immunoreactivity which can be 

detected with the antibody; between ChR2-EYFPphotostim and EYFPphotostim, indicating that 

light itself is not responsible for the increase in c-Fos signal; between the KCl positive 

control and both the EYFPphotostim and the ChR2-EYFPunstim conditions, indicating that 

alone, neither photostimulation nor ChR2-EYFP expression induce a marked increase in 

c-Fos immunoreactivity; and between the ChR2-EYFPphotostim and ChR2-EYFPunstim 



 159 

conditions, indicating that ChR2-EYFP expression alone is not responsible for increased 

c-Fos immunoreactivity and that the magnitude of the effect of light depends on ChR2-

EYFP expression, and thus that the optogenetic stimulation delivered here results in 

depolarisation and most likely in action potential firing.  

 

Importantly, it should be noted that post-hoc pairwise comparisons indicate a significant 

difference between the EYFPphotostim and ChR2-EYFPunstim conditions, suggesting that 

ChR2-EYFP expression alone induces an increase in c-Fos expression. This point is 

corroborated by the fact that there is a significant increase in c-Fos immunoreactivity in 

both the ChR2-EYFPphotostim and ChR2-EYFPunstim conditions relative to the untreated 

control. These observations together indicate that there may be some degree of neuronal 

stress associated with ChR2-EYFP expression, independent of light. Interestingly, the 

post-hoc pairwise comparisons between the KCl positive control and the ChR2-

EYFPphotostim indicate that the optogenetic stimulation induced a stronger depolarisation 

and action potential firing response than KCl-induced depolarisation.  

 

For the second analytical approach, the c-Fos fluorescence intensity was averaged for 

each coverslip for the approximately 90 cells in which it was quantified, and the average 

of each of the three coverslips per condition was used as a data point (Figure 3.11C). A 

one-way ANOVA comparing the five conditions revealed an overall significant 

difference (reported as mean±SD, control=1342.87±273.56; KCl=1784.65±104.73; 

EYFPphotostim=1434.53±148.07; ChR2unstim=1592.01±272.25; 

ChR2photostim=2658.68±136.24; F(4, 10)=20.89, p<0.0001). The post-hoc pairwise 

comparisons showed a significant difference between the untreated control and ChR2-

EYFPphotostim, between the EYFPphotostim and ChR2-EYFPphotostim, and between the ChR2-

EYFPunstim and ChR2-EYFPphotostim, all of which indicate functionality of the optogenetic 

system as used here. However, with this form of analysis, post hoc pairwise comparisons 

did not reveal a significant difference between the untreated control and the KCl 

condition, or indeed between the KCl condition and any of the other conditions except 

for the ChR2-EYFPphotostim condition. This suggests that the positive control did not 

produce a sufficiently robust increase in c-Fos to be detected relative to the control when 

pooled data for coverslips were compared, but that the effect in the ChR2-EYFPphotostim 

condition was very strong.  

 

In summary, these results suggest that the optogenetic system, as applied here, induces 

activity in the cultured DRG neurons and furthermore, that its effect on neuronal activity 

and/or depolarisation is stronger than that induced by KCl. In addition, the results suggest 

light itself does not alter the c-Fos signal, but that ChR2-EYFP expression alone may 

have some effect on cellular signalling that leads to an increase in c-Fos fluorescence 

intensity, albeit to a lesser extent that the optogenetic effect. This optogenetic system 

applied may therefore be suitable for studying myelin plasticity in vitro.  
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Figure 3.11 Chronic optogenetic stimulation in vitro induces DRG neuron activity as indicated by increased c-Fos expression. 

A. Representative images of DRG neurons stained for neurofilament, EYFP and c-Fos, in five experimental conditions. Cells were 

treated for one hour 10 days post-infection with one of two AAV2 viruses (either AAV2-Synapsin-ChR2-EYFP or AAV2-Synapsin-EYFP 

to control for viral infection and construct overexpression), and then fixed and stained. KCl 50 mM was used as a positive control 

for an increase in depolarisation-induced c-Fos expression which could be detected by the antibody. An untreated negative control 
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was included to provide an indication of the baseline level of c-Fos expression. For the AAV2-infected cells, besides the 

photostimulated ChR2-expressing (ChR2photostim) condition, a photostimulated EYFP-expressing (EYFPphotostim) condition was included 

to control for possible effects of light on c-Fos expression, and an unstimulated ChR2-expressing condition (ChR2unstim) was included 

as a negative control for possible effects of ChR2 on c-Fos expression. Photostimulation was applied in the incubator for one hour 

as per the set-up depicted in Figure 2.2, with 25 msec light pulses delivered at 10 Hz every 2 s for 0.5 s. Scalebar represents 50 µm. 

B. Quantification of nuclear c-Fos intensity. For quantification, ROIs were manually drawn around the nuclei of 90 neurons per coverslip 

for three coverslips per condition (ensuring that the neurons selected were positive for EYFP in the infected conditions, or were 

neurofilament positive in the uninfected conditions). These nuclear ROIs were then superimposed on the c-Fos channel, and the 

average c-Fos pixel intensity of each ROI measured (in arbitrary fluorescence units, AU). The conditions (control=1342.60±385.26; 

KCl=1784.65±528.95, EYFPphotostim=1434.53±333.75; ChR2-EYFPunstim=1592.01±454.21; ChR2-EYFPphotostim=2658.68±905.73) were 

compared with a one-way ANOVA which showed that they significantly differed (F(4, 1345)=240.60, p<0.0001). Tukey’s multiple 

post-hoc pairwise comparisons revealed a significant difference between the untreated control and the KCl-treated positive control, 

between the EYFPphotostim and the ChR2photostim conditions, and between the ChR2photostim and ChR2unstim conditions. 

C. Quantification of nuclear c-Fos intensity pooling observations within a coverslip. c-Fos intensity was measured as described above, 

but the intensities measured for all nuclei on a coverslip were averaged for that coverslip, such that each condition had three data 

points. The conditions (control=1342.87±273.56; KCl=1784.65±104.73; EYFPphotostim=1434.53±148.07; ChR2unstim=1592.01±272.25; 

ChR2photostim=2658.68±136.24) were compared with a one-way ANOVA, which revealed a significant difference between the 

conditions (F(4, 10)=20.89, p<0.0001). Tukey’s multiple post-hoc pairwise comparisons revealed a significant difference between 

untreated control and ChR2-EYFPphotostim, between the EYFPphotostim and ChR2-EYFPphotostim, and between the ChR2-EYFPunstim and 

ChR2-EYFPphotostim, all of which indicate functionality of the optogenetic system as used here.  

All descriptive statistics are reported as mean± standard deviation. Data are from a single experiment. **p<0.01, ***p<0.001, 
****p<0.0001, AU=arbitrary units 
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3.2.5. Investigating the potential for the optogenetically-stimulated OPC-DRG 
myelinating co-culture system to be used to investigate axon-specific myelin 
plasticity 

Applying the optogenetically stimulated OPC-DRG myelinating co-culture model to study 
axon-specific myelin plasticity (as depicted in Figure 1.8B) requires that ChR2-EYFP is 
expressed in a subset of neurons within a culture. Upon photostimulating such a culture, there 
would be a mix of silent and active neurons because, in the absence of applied stimulation, 
DRG neurons in these cultures are relatively silent, both according to the literature (Fields et 
al., 1992; Wake et al., 2015), and according to the baseline recordings of DRG neurons in the 
cultures used in the present set of experiments (see Figure 3.7A). Experiments were carried out 
to develop a protocol to produce cultures with approximately equal proportions of ChR2-
EYFP-expressing and mCherry-expressing control neurons. This control strategy was selected 
for two reasons: it controls for the effects on individual neurons of viral over-expression, and 
it unequivocally labels them which aids in myelin quantification. It was considered likely that 
infecting a single culture with both AAV2-Synapsin-mCherry and AAV2-Synapsin-ChR2-
EYFP would result in a culture in which many neurons expressed low levels of both constructs. 
To avoid this possibility, a protocol was designed whereby upon isolation, DRG neurons were 
divided into two populations and pre-plated on an uncoated surface, then infected with either 
of the two constructs. After three days, the two pre-plated cultures were lifted, pooled, and re-
plated on coated coverslips, as per the protocol depicted in Figure 3.12A.  
 
To determine whether this lifting and re-plating step affected neurons (in terms of viability, 
longevity or neurite outgrowth) or co-cultures, a trial experiment was carried out in which DRG 
neurons were pre-plated, lifted two days later, re-plated on coated coverslips, to which OPCs 
were subsequently added to establish a myelinating co-culture. Figure 3.12B shows a 
representative image of a co-culture grown in this way, demonstrating that this protocol of pre-
plating and re-plating neurons does not appear to adversely affect them or their propensity to 
be myelinated.  
 
To verify that cultures of neurons composed of roughly equal proportions of cells expressing 
either mCherry or ChR2-EYFP could be produced, and that such cultures were relatively free 
of neurons expressing both constructs, the protocol in Figure 3.12A was carried out. Figure 
3.12C shows a representative image of a DRG neuron culture prepared in this way and 
demonstrates that it is free of neurons co-expressing both constructs. Indeed, when 350 virally 
transduced neurons were counted from across a coverslip, only 1.4% were yellow (i.e. co-
expressing ChR2-EYFP and mCherry). The negligible co-expression of ChR2-EYFP and 
mCherry within individual neurons may occur if viable viral particles remain in the media or 
attached to neurons after lifting them from their original, pre-plated, singly infected culture 
conditions. The vast majority of neurons expressed just one construct. There were 
approximately equal proportions expressing either of the two constructs (i.e. 50.28% ChR2-
EYFP+ and 48.34% mCherry+). The protocol is thus suitable for producing cultures in which 
approximately equal proportions of neurons express either mCherry or ChR2-EYFP.  
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Axons in these re-plated, co-expressing cultures were inspected to ensure that axons expressing 
either of the two constructs could be individuated. Figure 3.12D shows that in many cases it is 
difficult to unambiguously identify which of the two constructs an axon expressed because of 
the way the axons tend to fasciculate and thus appear yellow at the available resolution of light 
microscopy. It is however possible to unambiguously classify some axons as expressing either 
of the two constructs: the filled arrowheads in Figure 3.12D point to ChR2-EYFP-expressing 
axons and the unfilled arrowheads point to mCherry-expressing axons. These experiments 
indicate that the culture system is appropriate for investigating myelin plasticity at the level of 
individual axons, but that it may be necessary to exclude from consideration some axons if they 
cannot be confidently classified as either red or green.  
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Figure 3.12 Developing techniques for an experiment to investigate the axonal 
specificity of myelin plasticity. 

A. Protocol for investigating the axonal specificity of myelin plasticity in vitro with an 
optogenetic system. Neurons were to be infected on the day of isolation with either 
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AAV2-Synapsin-mCherry or AAV2-Synapsin-ChR2-EYFP, then pooled and re-plated 
three days later to form mixed cultures of neurons infected with one AAV construct 
per cell. After three weeks, OPCs were to be added to form co-cultures, which were, 
after 5 days, to be stimulated with light for a week.  

B. Myelination of re-plated, uninfected two-week old co-cultures, demonstrating that 
the re-plating process is compatible with myelination.  

C. Images of co-infected (AAV2-Synapsin-mCherry, AAV2-Synapsin-ChR2-EYFP) DRG 
neuron mono-cultures which had been re-plated three days after infection and 
isolation, and fixed and stained at day 37. Neurons express either mCherry or ChR2-
EYFP. There was negligible co-expression of both constructs within individual 
neurons, as evidenced by the negligible number of yellow fluorescing cells.  

D. Image of axons from co-infected DRG mono-cultures. The solid arrowheads indicate 
unambiguously ChR2-EYFP expressing axons; the unfilled white arrowheads indicate 
unambiguously mCherry-expressing axons. 

Scalebars represent 50 µm. 
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3.3. Discussion 

Myelin plasticity is increasingly recognised as an important element of CNS plasticity, with 
evidence from a range of in vivo and in vitro models demonstrating that experience and 
neuronal activity can induce changes to myelin, that these changes affect neuronal function, 
and that this may causally underpin adaptive behavioural changes (Baraban et al., 2016; 
Bergles & Richardson, 2016; Fields, 2005; Fields et al., 2015; Gibson et al., 2017; Ullén, 2009; 
Wang & Young, 2014; Zatorre et al., 2012). The relative biological simplicity of in vitro 
models offers the potential to investigate the basic biology of myelin plasticity. In vitro model 
systems are comparatively free of potentially confounding factors such as those which may 
arise from other cell types, neuronal heterogeneity, developmental periods, and CNS regions. 
Thus, they are particularly valuable for investigating unanswered questions regarding 
molecular transduction mechanisms of myelin plasticity. To date, the molecular transduction 
mechanisms have been studied to a limited extent, and almost exclusively via candidate 
molecular approaches, focusing predominantly on the roles of specific neurotransmitters (e.g. 
glutamate (Lundgaard et al., 2013; Wake et al., 2011) and ATP (Ishibashi et al., 2006; Stevens 
et al., 2002)), and at the expense of dedicated inquiry into the oligodendroglial-intrinsic 
transduction mechanisms. One experimental strategy to overcoming this gap in the literature 
would be to characterise the transcriptomic response of oligodendroglia in the context of 
myelin plasticity.  
 
The aim of this chapter was to develop in vitro systems that could be subsequently applied to 
addressing questions about the basic biology of myelin plasticity, including the 
oligodendroglial transcriptomic response, and the axonal specificity of the phenomenon. To 
address this broad aim, the experiments presented in Section 3.2 were carried out to ensure that 
OPC-DRG co-cultures robustly produced myelin (Section 3.2.1); that OPCs and 
oligodendrocytes could be separated from co-cultures allowing purification of RNA for 
transcriptomic analysis (Section 3.2.2); that DRG neurons could be induced to fire action 
potentials with a remote-control strategy (Sections 3.2.3-4); and that cultures containing 
approximately equal proportions of active and control axons could be produced as a 
prerequisite for studying axon-specific myelin plasticity (Section 3.2.5). The results 
demonstrate that replacing standard, serum-containing DRG neuron mono-culture media with 
defined, serum-free media enhances the myelin production when OPCs are subsequently added 
to establish a co-culture. Furthermore, the results indicate that oligodendroglia can be isolated 
from co-cultures via immunopanning, yielding enriched fractions of OPCs and 
oligodendrocytes with RNA yields suitable for transcriptional analysis. With respect to finding 
a strategy to stimulate action potential firing, the results demonstrate that, although the hM3Dq 
DREADD pharmacogenetic system does not reliably or robustly activate action potential firing 
in cultured DRG neurons, the ChR2 optogenetic system does. Finally, the results confirm that 
it is possible to produce cultures with a mix of stimulated and control axons, and that it is 
possible in some cases to individuate axons of these two classes within individual cultures. 
Together, these results indicate that it is appropriate to attempt to induce general and axon-
specific myelin plasticity in this system, which is the topic of Chapter 4.  
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Defined, serum-free media enhances myelin segment production  in OPC-DRG co-cultures 
The results presented in Section 3.2.1 indicate that DRG neurons initially cultured in defined, 
serum-free media are better myelinated than those initially cultured in serum-containing media. 
The serum-free media trialled here closely resembles the culture media that is standard best-
practice for culturing many other types of neurons, such as hippocampal (Goslin, 1992) and 
cortical (Lesuisse & Martin, 2002) neurons. For these cell types, it is widely recognised that 
the advent of defined, serum-free, synthetic culture media revolutionised culture quality (e.g. 
Bottenstein & Sato, 1979; Lesuisse & Martin, 2002), including purity, viability, and longevity 
(Brewer et al., 1993). 
 
Although most studies employing OPC-DRG co-cultures use serum-containing media (e.g. 
Colognato et al., 2007; Ishibashi et al., 2006; Wake et al., 2011), the experiments carried out 
in the present study indicate that the density of neurites and the production of myelin markedly 
improves when DRG neurons are initially cultured in defined, serum-free media. A defined, 
serum-free media DRG neuron culture protocol was published at a similar time to, but 
independent from, the experiments reported here (Zuchero, 2014). All the experiments reported 
in the subsequent chapters of this thesis were thus performed in defined, serum-free media. It 
should be noted that the presence of compact myelin was not confirmed with electron 
microscopy, however others who have used similar culture systems report the presence of 
compact myelin (e.g. Lundgaard et al., 2013; Wang et al., 2007).  
 
OPCs and oligodendrocytes can be isolated from co-cultures with immunopanning to yield 
cell fractions of acceptable purity, but the OPC fraction is contaminated with neuronal 
transcripts 
Although myelin plasticity has been experimentally demonstrated by a number of groups 
employing a variety of in vivo and in vitro models, the molecular mechanisms that transduce 
(see Figure 1.7B) the phenomenon remain poorly understood. This relatively unexplored 
question of molecular transduction mechanisms guided the development of this thesis. One 
way to explore the transduction mechanisms is with an unbiased transcriptomic analysis of 
oligodendroglia undergoing plastic changes. An OPC-DRG co-culture model of myelin 
plasticity would be a powerful tool with which to study this question, but it requires that 
oligodendroglia can be separated from the culture for transcriptional analysis. To determine 
whether this is possible, immunopanning was explored as a technique to isolate fractions of 
OPCs and oligodendrocytes with minimal neuronal contamination. The results in Section 3.2.2 
indicate that neuronal transcripts in the remaining cell fraction were about 10-fold higher than 
in the oligodendrocyte fraction (i.e. the GalC plate) and about three-fold higher than in the 
OPC fraction (i.e. the NG2 plate). This indicates that neuronal contamination of the OPC 
fraction is greater than that of the oligodendrocyte fraction. This level of contamination of the 
OPC fraction by neurons will necessitate caution and a secondary method for confirmation 
when interpreting the results of transcriptomic analysis of OPCs isolated in this way. However, 
immunopanning co-cultures is an appropriate method by which to obtain oligodendrocytes to 
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discover the transcriptional changes associated with myelin plasticity, and thus to provide 
mechanistic insight into this phenomenon.  
 
The hM3Dq DREADD pharmacogenetic system does not robustly drive action potential firing 
in cultured DRG neurons 
To stimulate activity in cultured DRG neurons, the initial strategy was the hM3Dq DREADD 
system (Section 3.2.3). The hM3Dq DREADD construct was successfully cloned into a 
lentiviral vector, which was packaged into viral particles which infected cultured DRG 
neurons, leading to hM3Dq expression. Together, the single cell recordings and the MEA 
recordings suggest that that CNO increases activity in at least a subset of hM3Dq-expressing 
DRG neurons. Importantly, however, the average increase in firing frequency was modest, and 
many neurons did not respond. Given that firing frequency in the order of 10 Hz is reportedly 
necessary to induce activity-dependent myelination (Malone et al., 2013), the hM3Dq 
pharmacogenetic system in cultured DRG neurons is an inappropriate model system for 
studying myelin plasticity. This result was surprising, and in stark contrast to the lab’s parallel 
electrophysiological validation of the hM3Dq DREADD system in cortical slice culture, in 
which CNO drove robust depolarisation and cortical neuron firing (Figure 3.7B). Theoretically, 
there are at least three possible reasons that could explain the different behaviour of cultured 
DRG neurons and cortical neurons in slice cultures in response to pharmacogenetic stimulation.  
 
Firstly, it is possible that the DRG neurons are, at least in the culture conditions used here, 
refractory to the type of activity induced by the hM3Dq system. Cultured DRG neurons do not 
spontaneously fire action potentials (McLean et al., 1989). Furthermore, cultured DRG neurons 
do not form synapses with one another (Ransom et al., 1977a, b). Many DRG neurons (McLean 
et al., 1989), including capsaicin-responsive DRG neurons (Sculptoreanu & Degroat, 2007) 
and MrgD-containing DRG neurons (Crozier et al., 2007), are phasic neurons, meaning that 
they fire only one or a few action potentials in response to a long depolarising stimulus. This 
is in contrast to tonic neurons, which fire a burst of action potentials in response to 
depolarisation. These electrophysiological properties of DRG neurons contrast with properties 
of other types of neuron used for in vitro assays, such as dissociated hippocampal or cortical 
cell cultures. Hippocampal neurons are electrically active even when dissociated into cultures, 
where they fire as “self-sustaining oscillators” (Penn et al., 2016). Like hippocampal cell 
cultures, cortical cells in culture form synapses, establish oscillatory activity and form neural 
networks (Mazzoni et al., 2007; Opitz et al., 2002; Suresh et al., 2016). In light of the basal 
electrophysiological characteristics of cultured DRG neurons, it is possible that the hM3Dq 
DREADD system, with its second-messenger-mediated modulation of excitability, is unable 
to drive many of the DRG neurons sufficiently above threshold to induce firing. It is possible 
that the hM3Dq DREADD pharmacogenetic system may be more suited to modulating the 
activity of neurons with higher spontaneous activity, and/or which have a propensity to form 
networks in vitro, and/or which have tonic firing properties, such as those derived from cortex 
or hippocampus. Given the electrophysiological properties of cultured DRG neurons, more 
suitable ways to induce action potential firing may be through strong, discrete depolarising 
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stimuli, such as that which can be achieved with either direct electrical or optogenetic 
stimulation. 
 
Secondly, the hM3Dq DREADD system, or one of its components, may be unsuitable in a 
more general sense. There are several possible ways in which this could manifest. One way is 
if the genetic component of the pharmacogenetic system interferes with other cellular systems, 
altering cellular function. For example, Saloman et al. (2016) found that overexpression of a 
DREADD (Gi-DREADD) affected several ion currents, second messenger signalling, and ion 
channel expression, independently of CNO. This matter has not been extensively investigated, 
but it is possible that the genetic component of other DREADD systems, such as the hM3Dq 
system employed here, also affect the basal function of cells, which could obscure or 
complicate the manifestation or detection of pharmacogenetically induced responses.  
 
Finally, the inability of the hM3Dq pharmacogenetic system to drive activity of cultured DRG 
neurons may be because the system operates via a different mechanism to that which was 
originally proposed by Armbruster et al. (2007) and Alexander et al. (2009). To create hM3Dq, 
Armbruster et al. (2007) used a directed molecular evolution approach to select for mutations 
to the wildtype M3 receptor which conferred high affinity for CNO. Armbruster et al. (2007) 
selected CNO as a ligand because of its low affinity for endogenous receptors but did not 
investigate its pharmacological properties in detail. The subsequent use of hM3Dq in mouse 
models to control neuronal activity (i.e. Alexander et al., 2009) did not investigate the 
possibility that CNO would be metabolised to clozapine, relying on Guettier et al.’s (2009) 
report that minimal back-transformation of CNO to clozapine occurs in mice. Recently 
however, studies published well after the experiments performed for this thesis have presented 
results that challenge the proposed mode of function of the hM3Dq DREADD system. Gomez 
et al. (2017) found that CNO has very low affinity for the hM3Dq receptor relative to the parent 
molecule clozapine. Gomez et al. (2017) suggest that the reason that the system appears to 
exert effects in vivo is that CNO is back-metabolised to clozapine which, compared to CNO, 
penetrates the blood brain barrier more readily and has higher affinity for DREADD receptors, 
including hM3Dq. In agreement with this, Manvich et al. (2018) confirm that CNO is back-
metabolised to clozapine in both rats and mice, and clozapine-like behavioural effects can be 
detected in response to doses of CNO that are frequently used in the literature to induce 
DREADD activity. Although the in vitro metabolism of CNO has not been extensively studied, 
it is reasonable to expect that it may be absent or limited, especially in the absence of serum. 
How could the in vitro studies employing the hM3Dq system be explained? Gomez et al. (2017) 
indicate that residual clozapine impurities in CNO stocks would also exert an effect, and may 
thus give the impression that the observed effect is due to CNO binding to hM3Dq. 
Importantly, different sources of CNO (i.e. different brands, in-house synthesised sources) 
could have different degrees of contamination with clozapine, making it difficult to directly 
compare studies employing the system. It should be noted that Gomez et al. (2017) published 
their discoveries about CNO’s mode of action well after the experiments described in this 
chapter were complete, and so clozapine’s ability to stimulate activity in cultured, hM3Dq-
expressing DRG neurons was not tested here. Based on these results, and on the factors most 
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likely to have contributed to them, it was reasoned that optogenetics could be a more suitable 
approach for stimulating activity of cultured DRG neurons. 
 
Optogenetics is suitable for stimulating action potential firing in cultured DRG neurons, 
justifying its use for activity-dependent myelination assays 
The results presented in Section 3.2.4 confirm that optogenetics is an appropriate tool for 
inducing action potential firing in cultured DRG neurons. In summary, the results show that 
ChR2 can be virally delivered to DRG neurons, which express it strongly and for a prolonged 
period. These neurons reliably fire stimulus-locked action potentials in response to 470 nm 
light if the levels of each of the parameters – light pulse length (the longer, the more reliable), 
frequency (the lower, the more reliable) and intensity (the higher, the more reliable) – are 
appropriate. Furthermore, photostimulation applied in a temporal pattern previously reported 
to induce activity-dependent myelination (10 Hz for 0.5 s every 2 s) (Malone et al., 2013; Yang 
et al., 2012) reliably evoked stimulus-locked action potential firing.  
 
The results also demonstrate that this firing can be achieved when the cells are in culture media, 
and with a collimated light source with an intensity of approximately 0.207 mW/mm2. This 
intensity is considerably lower than that reported as the necessary minimum of ~1 mW/mm2 in 
early characterisation of the optogenetic system (Lin, 2011; Zhang et al., 2006), however it 
should be noted that other recent studies employing optogenetics in DRG neurons have 
achieved action potential firing at light intensities comparable to that used in the present study. 
For example, the threshold power-density for firing action potentials was as low as 0.06 
mW/mm2 for cultured DRG neurons from transgenic Thy1/2-ChR2 rats (Ji et al., 2012; 
however this sensitivity may be explained by the long pulse length (200 msec) used in this 
study). Presumably, the large soma size of DRG neurons, in combination with robust 
expression of ChR2, contributes to this high sensitivity to optogenetic stimulation. This 
information justifies pursuing optogenetics as an inducing stimulus for myelin plasticity in 
vitro, which require chronic stimulation across the entire coverslip. The results presented here 
indicate that photostimulation, as per the simple set-up depicted in Figure 2.2, could be suitable 
for inducing myelin plasticity. The experiments in Chapter 4 investigate whether this is the 
case. As a final test of the ability of the system to be used to drive chronic stimulation of the 
neurons in the incubator and across multiple coverslips simultaneously, the light was used to 
stimulate the four central wells of a 24-well plate, and post-hoc c-Fos immunostaining was 
used as an indicator of neuronal activity. The results from this experiment indicated that 
photostimulating ChR2-EYFP-expressing DRG neurons in vitro increases their activity.  
 
Experiments were also carried out to determine whether optogenetically stimulating DRG 
neurons in OPC-DRG co-cultures could be applied to study axon-specific myelin plasticity. As 
shown in Figure 1.8 (page 71), myelin plasticity has been studied via two paradigms: general 
and axon-specific myelin plasticity. While general myelin plasticity involves stimulating 
neurons throughout the culture to increase myelin production in general (e.g. Demerens et al., 
1996; Ishibashi et al., 2006; Yang et al., 2012; Lee et al., 2016), axon-specific myelin plasticity 
involves stimulating a subset of axons to increase their myelination relative to unstimulated 
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axons (Wake et al., 2015). The experiments presented in Section 3.2.5 confirmed that DRG 
cultures could be established in which approximately equivalent proportions of cells expressed 
either ChR2-EYFP or mCherry, and that ChR2-EYFP+ axons could be individuated. These 
results indicate that it may be possible to induce and identify axon-specific myelin plasticity 
with these cultures.  
 
Summary 
This chapter presented a series of experiments which together constitute the development of 
an in vitro model system which can be applied to investigate myelin plasticity. Specifically, 
the data demonstrate that in OPC-DRG myelinating co-cultures, DRG neurons that are initially 
cultured in defined, serum-free media instead of traditional, serum-containing media, are better 
myelinated by subsequently added OPCs. Furthermore, it is demonstrated that co-cultures can 
be dissociated into cell suspensions, from which oligodendroglia can be isolated with 
immunopanning to yield an oligodendrocyte fraction that is relatively pure, and an OPC 
fraction that is enriched although not free from neuronal contamination. This indicates that this 
culture model could be used to assess the transcriptional responses of oligodendrocytes to 
myelin plasticity. The ChR2 optogenetic system reliably stimulates DRG neurons to fire action 
potentials, including at frequencies previously used in in vitro studies of myelin plasticity. 
Finally, the results demonstrate that cultures can be produced in which a subset of total axons 
could be optogenetically stimulated, and that the axons of these cells can be individuated, 
suggesting that the system may be suitable for investigating axon-specific myelin plasticity. In 
conclusion, these experiments produced a model in which it is appropriate to attempt to induce 
myelin plasticity, and to investigate both the axonal specificity and the oligodendroglial 
transcriptional responses of the phenomenon.  
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4. Chapter 4. Optogenetic stimulation of myelinating OPC-DRG co-
cultures does not enhance myelination 

 

4.1. Introduction 

The theory of myelin plasticity posits that certain stimuli can induce adaptive changes to myelin 
which in turn affect neuronal function and consequently underpin adaptive behavioural 
responses. This phenomenon has been demonstrated in a variety of in vivo models (summarised 
in Table 1.1). To understand the basic biology of the phenomenon however, in vitro models 
are advantageous because of their relative biological simplicity. OPC-DRG myelinating co-
cultures are relatively free from the potentially modulatory or confounding effects of other cell 
types, neuronal heterogeneity, and developmental time points. Chapter 3 presented a series of 
experiments which together produced an in vitro myelinating system in which DRG neurons 
could be stimulated optogenetically, and from which oligodendroglia could be isolated for 
transcriptional analysis. The experiments in Chapter 4 attempted to induce myelin plasticity in 
this model system. Evidence for the induction of myelin plasticity in the system is required 
prior to applying the system to address mechanistic questions, such as the oligodendroglial 
transcriptional responses. Notwithstanding the relative biological simplicity of in vitro 
compared to in vivo systems, in vitro models of myelin plasticity vary along numerous 
parameters, particularly with respect to the features of the plasticity system (i.e. Figure 1.7A) 
and the nature of the adaptive myelin response (i.e. Figure 1.7C).  
 
In vitro co-culture models of myelin plasticity have employed a variety of techniques to 
manipulate neuronal activity, including chemical methods to inhibit (i.e. with TTX (Demerens 
et al., 1996)) or stimulate (i.e. with α-scorpiotoxin (Demerens et al., 1996)) action potential 
firing, and optogenetic (Lee et al., 2016) and direct electrical (Malone et al., 2013; Stevens et 
al., 2002; Yang et al., 2012) stimulation (summarised in Table 1.2). As outlined in Chapter 3, 
the present study favoured a remote-control approach to avoid potentially confounding side 
effects on oligodendroglia that may arise from stimulating the cultures electrically or 
chemically. Given that oligodendroglia express many of the same ion channels and receptors 
as neurons, and may undergo depolarisation and even fire action potentials in response to direct 
electrical stimulation (Karadottir et al., 2007; Karadottir et al., 2008), it is important to ensure 
that any effects on myelin as a result of the treatment are attributable to signals arising from 
active neurons, and not as a result of direct oligodendroglial depolarisation.  
 
In vitro models using direct electrical and optogenetic stimulation have all delivered 
stimulation at 10 Hz, for 0.5 s every 2 s, and these stimulation parameters were tested in the 
DRG neurons in Chapter 3. However, there are also higher-order temporal properties of 
stimulation which must be determined. In the literature inducing myelin plasticity in vitro with 
direct electrical (Malone et al., 2013; Stevens et al., 2002; Yang et al., 2012) or optogenetic 
(Lee et al., 2016) stimulation, there is considerable variance in the stimulation parameters used, 
including the time (hours or days) after the commencement of co-culture at which stimulation 
is started, the duration over which it lasts and the pattern in which it is applied (e.g. continuous 
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versus intermittent). The literature on in vitro activity-dependent myelination is summarised in 
Figure 4.1 according to these parameters.  
 
In the literature, the time at which stimulation begins after co-culture commencement varies 
widely, from several hours to seven days. This could have an important effect because the 
activity-dependent signals would potentially be received by oligodendroglia at different stages 
of lineage progression. Stimulation at earlier time points in the culture would primarily affect 
OPCs and exposure at later time points would affect differentiating oligodendrocytes. The vast 
majority of studies initiate stimulation after addition of OPCs, however one exception found 
an increase in myelination of axons which had been stimulated prior to commencement of co-
culture (Malone et al., 2013). This suggests a mechanism whereby activity alters axonal 
receptivity for myelination, perhaps via axonal expression of cell surface molecules, rather than 
acute release of pro-myelination signals. Although an interesting possibility, this form of 
stimulation was not considered in the present study. Many studies (Ishibashi et al., 2006; Wake 
et al., 2011; Wake et al., 2015) begin stimulating several days after commencement of co-
culture, in order to send activity-dependent signals to oligodendroglia undergoing 
differentiation and beginning to myelinate. Other studies begin stimulation after a day of co-
culture (Lee et al., 2016; Malone et al., 2013; Stevens et al., 2002; Yang et al., 2012). The 
duration over which stimulation is applied varies in studies from a few hours (e.g. Wake et al., 
2011) to over a week (Ishibashi et al., 2006), and could have important implications for the 
resulting glial response. A longer lasting stimulation duration (i.e. seven days compared to a 
single day) would result in putative activity dependent signals being sent from axons to 
oligodendroglia across a wider range of stages of the lineage. In terms of the pattern in which 
stimulation is applied, some studies (e.g. Stevens et al., 2002; Wake et al., 2011) use a 
continuous form of stimulation, while others use an intermittent pattern in which short periods 
of repeated stimulation (i.e. one hour) alternate with rest periods (i.e. 23 hours) (e.g. Lee et al., 
2016; Malone et al., 2013; Yang et al., 2012). In most studies (Ishibashi et al., 2006; Malone 
et al., 2013; Yang et al., 2012), the cessation of stimulation more-or-less corresponds to the 
end-point analysis of myelination. In most cases this is approximately 14 days, although one 
study (Stevens et al., 2002) considered shorter-term changes, over just two-to-three days. In 
summary, despite the variability in the precise details of their stimulation protocols, these 
studies employing a “general” myelin plasticity paradigm (i.e. Figure 1.8A) demonstrate an 
increase in myelin production in response to stimulation of neurons across co-cultures, relative 
to that of unstimulated control cultures.  
 
Studies also differ with respect to how they detect myelin plasticity. Although some co-culture 
studies have demonstrated effects of neuronal activity on OPC proliferation over the short term 
(e.g. Stevens et al., 2002), other studies find no effect on proliferation (Malone et al., 2013). 
Most co-culture studies of myelin plasticity have, however, focused on myelin production. 
Depending on the model, it has been demonstrated that heightened neuronal activity enhances 
the proportion of oligodendrocytes which are engaged in myelination (e.g. Stevens et al., 2002), 
or that it enhances the number of myelin segments (e.g. Ishibashi et al., 2006; Yang et al., 
2012). Consistent with this, inhibiting neuronal activity decreases the proportion of 
oligodendrocytes engaged in myelination (Lundgaard et al., 2013). The present study 
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investigates myelin plasticity by measuring myelin segment production in response to 
heightened neuronal activity. 
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Figure 4.1 Summary of stimulation parameters used in previous in vitro studies of activity-dependent myelination. 
A. Schematic illustrating the main steps and relevant parameters in in vitro activity-dependent myelination studies, where (a) refers to 

the time after co-culture commencement at which stimulation begins, (b) refers to the time at which stimulation stops (which in most 
studies corresponds to the time of fixation), and the interval (a)-(b) indicates the pattern in which stimulation is applied between its 
commencement and cessation, and may be either continuous or intermittent (i.e. periods of stimulation broken up by periods of rest).   

B. Summary of published studies of activity-dependent myelination, including details regarding: the reference, form of stimulation and 
type of culture; the time after co-culture commencement at which stimulation begins (a); the pattern in which stimulation is applied 
between its commencement and cessation (a-b); the time at which stimulation stops (which is also the end of the experiment) (b); and 
the outcome. (Note: ** indicates experiments in which neurons were stimulated days prior to the addition of OPCs; ESTIM indicates 
electrical stimulation with electrodes in the culture media; OSTIM indicates optogenetic stimulation; § indicates that the temporal 
parameters as described were ambiguous). 
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The studies described thus far in Section 4.1 (and summarised in Figure 4.1) have applied a 

“general” myelin plasticity paradigm, whereby increasing neuronal activity across a population 

of neurons causes oligodendroglia on average to exhibit enhanced maturation and/or 

myelination. Schematically, this phenomenon of “general” myelin plasticity is presented in 

Figure 1.8A. Figure 1.8B depicts the related, but distinct phenomenon of “axon-specific” 

myelin plasticity, which has emerged from the observation that, when given the choice between 

axons with differing levels of activity, oligodendrocytes preferentially myelinate those with 

greater activity. Demonstrating axon-specific myelin plasticity was possible because of 

techniques that allow i) the activity of individual axons to be manipulated; ii) active axons to 

be labelled; and iii) myelin along individual axons to be quantified. This phenomenon was first 

demonstrated by Hines et al. (2015), who prevented activity-dependent vesicle release from a 

subset of zebrafish neurons and demonstrated that they were less likely to be myelinated than 

nearby axons in which activity-dependent vesicular release was intact. Furthermore, the 

sheathes that did form on “silenced” axons tended to be shorter than sheathes on control axons. 

Recently, the lab associated with this thesis developed an in vivo mammalian model of myelin 

plasticity using mice expressing hM3Dq DREADD in a restricted population of cortical 

neurons (Mitew et al., 2018). With this model, Mitew et al. (2018) showed that delivering CNO 

to these mice to stimulate activity in hM3Dq-expressing neurons had no effect on the total 

number of myelin sheaths, but that stimulated axons were more likely to be myelinated than 

control axons, and that myelin was thicker on stimulated axons. Furthermore, by inducing 

expression of membrane-targeted GFP in oligodendrocytes during the stimulation period, 

Mitew et al. (2018) revealed that myelin sheathes of newly generated oligodendrocytes were 

preferentially targeted to stimulated axons. Axon-specific myelin plasticity has also been 

demonstrated with in vitro co-cultures. Wake et al. (2015) inhibited activity-dependent vesicle 

release from a subset of neurons within OPC-DRG co-cultures, then delivered direct electrical 

stimulation and observed a reduction in the number and length of myelin segments forming on 

the “silenced” axons. The literature to date, taken together, thus suggests that stimulating 

neuronal activity induces a generalised increase in oligodendrogenesis and myelination, and 

that new myelin is preferentially targeted to axons with higher levels of activity.  

 
Experimental aims of this chapter 
This chapter investigated whether the model developed in Chapter 3 can be used to study 

myelin plasticity. Specifically, two questions were addressed: 

1.  Does optogenetically stimulating activity in a broad population of neurons across entire 

cultures enhance myelin production (i.e. general myelin plasticity)?  

2. Does optogenetically stimulating activity in a subset of neurons within a culture 

increase the proportion of myelin segments that form on these axons (i.e. axon-specific 

myelin plasticity)? 
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4.2. Results 

4.2.1. Experiments to induce general myelin plasticity: myelination is not enhanced       
by stimulating activity across co-cultures 

To measure general myelin plasticity, photostimulated ChR2-expressing cultures were 

compared to control cultures with respect to myelin segment density. One of the main 

challenges in quantifying myelin in co-cultures is that myelin segment density is highly 

variable across different regions of coverslips. One way to deal with the heterogeneity is to 

sample from across the coverslip, so that the extent of the variability across the coverslip is 

represented in the sample. For the present set of experiments, myelin segment density was 

quantified in at least 30 fields of view (FOVs) from across each coverslip. Images were 

acquired by using the microscope imaging software (Zeiss Zen 2, Carl Zeiss, Göttingen, 

Germany) to select a grid-like array of non-overlapping, evenly spaced FOVs across the entire 

coverslip (Figure 4.2A). As shown in Figure 4.2B, some areas of high axon density have few 

myelin segments, despite the presence of MBP+ oligodendrocytes (Figure 4.2Bi-ii), whereas 

some regions with abundant neuronal cell bodies have abundant myelin segments (Figure 

4.2Biii). FOVs with sparser axons tend to have fewer myelin segments (Figure 4.2Biv), 

whereas some regions of high axon density have abundant myelin segments (Figure 4.2Bv-vi). 
In each FOV, the number of myelin segments that were at least 50 µm long were counted, and 

then expressed as the number of segments/mm2, as an indicator of myelin segment density.   
 

In the initial attempt to induce general myelin plasticity in OPC-DRG co-cultures, 

photostimulation was delivered from day one of co-culture, for an hour per day, with 25 msec 

light pulses delivered at 10 Hz for 0.5 s every 2 s, for six days, before fixing at day seven 

(Figure 4.3A). This intermittent stimulation pattern was employed based on reasoning that 

neuron derived activity-dependent signals would be sent to oligodendroglia of various stages 

of lineage progression, which should maximise the chance of inducing an activity-dependent 

effect. To control for activity-independent effects of the optogenetic system (that is, ChR2-

EYFP expression and light exposure), the seven-day co-culture experiment was carried out 

with four conditions: ChR2-EYFPphotostim, ChR2-EYFPunstim, Uninfectedphotostim and 

Uninfectedunstim.  

 

Example images of the seven-day co-cultures are show in Figure 4.3B. In terms of the density 

of MBP+ segments, there was no significant difference between the four conditions (Figure 

4.3C) (F(3,8)=3.01, p=0.0944). There was a trend towards a negative effect of light, suggesting 

the potential of mild phototoxicity, which is a risk that has recently been documented in the 

literature (Stockley et al., 2017). It was thus decided that subsequent experiments would be 

carried out by replacing the uninfected condition with a light-exposed EYFP-only expressing 

condition, to ensure that any light-induced pro-myelinating effect could be detected, 

independent of the effects of light itself.  

 

In the second attempt to induce general myelin plasticity in OPC-DRG co-cultures, 

photostimulation was delivered from day five of co-culture, for an hour per day, with 25 msec 

light pulses delivered at 10 Hz for 0.5 s every 2 s, for seven days, before fixing at day 13 (Figure 
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4.4A). This pattern was selected to be consistent with other studies (Ishibashi et al., 2006; Wake 

et al., 2011, 2015), which begin stimulating several days after commencement of co-culture, in 

order to send activity-dependent signals to oligodendroglia undergoing differentiation and 

beginning to myelinate. The later end-point was chosen because it is used in many studies of 

myelinating co-cultures, including those in studies of myelin plasticity (Malone et al., 2013; 

Wake et al., 2012, 2015; Yang et al., 2012). In the 13-day experiments, four co-culture 

conditions were compared – DRG neurons expressing either ChR2-EYFP or EYFP constructs, 

each with and without photostimulation – to control for the effects of both light and viral 

overexpression. 

 

Figure 4.4B and C show representative images of co-cultures from one experiment (carried out 

as per Figure 4.4A) for three of the four conditions: EYFPphotostim, ChR2-EYFPphotostim, and 

ChR2-EYFPunstim. Qualitatively, EYFPphotostim cultures demonstrate high-quality myelin: the 

MBP segments are abundant, long and defined. It is thus clear that light exposure itself does 

not have an overtly detrimental effect on myelination or oligodendrocytes. In contrast, the 

myelin segments in the ChR2-EYFP-expressing conditions tended to be much less well 

developed, irrespective of photostimulation. Although in the ChR2-EYFP-expressing 

conditions there are many differentiated, MBP+ cells (best appreciated from the enlarged 

images in Figure 4.4C), they are less mature than in the EYFPphotostim condition, and produce 

fewer myelin segments. This suggests that ChR2-EYFP expression may have a negative effect 

on myelination, independent of light stimulation.  

 

The 13-day co-culture experiment was repeated independently three times. Figure 4.5Ai-iii 
present the results of each independent experiment, with four coverslips analysed per condition 

in each experiment. Contrary to expectations, none of the experiments showed evidence for an 

activity-dependent increase in myelination, and instead showed a trend towards a negative 

effect of ChR2-EYFP expression on myelination. The data from these three independent 

experiments is compiled in Figure 4.5B. The average myelin segment density for each 

condition in each experiment was expressed as fold change in MBP segment density relative 

to the EYFPunstim control condition in that experiment. There was an overall significant effect 

of condition on myelination (F(3,8)=5.97, p=0.0194), and Tukey’s post hoc pairwise 

comparisons revealed a significant difference between only the EYFPphotostim and ChR2-

EYFPphotostim conditions, confirming a negative effect of ChR2-EYFP expression on 

myelination. It is notable that a similar trend was not apparent in the ChR2-EYFP expressing 

co-culture at seven days (Figure 4.3). 
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Figure 4.2 Quantification approach for assessing general myelin plasticity. 
A. A single coverslip of a two-week myelinating co-culture was imaged for myelin density quantification by sampling a grid-like array of 

45, evenly spaced, 624.7x501.22 µm fields of view (FOV), selected with the microscope imaging software, falling within the area of a 
coverslip as manually delineated by the experimenter. Note that this array shows only the MBP myelin stain. Roman numerals 
correspond to the FOVs that are shown in larger, higher resolution images in (B). Scalebar indicates 500 µm. 

B. FOVs i-vi from A, showing DRG neuronal expression of Synapsin-EYFP, MBP (myelin) and neurofilament (neurons). This sample of FOVs 
illustrates the heterogeneity of myelin distribution across a single coverslip, and thus FOVs. For example, i and ii exhibit high axon 
density and numerous differentiated MBP+ oligodendrocytes but few myelin segments, while v and vi exhibit similar a similar axon 
density to i and ii, but have abundant myelin segments. Myelin segments can form amongst clusters of neuronal cell bodies, as shown 
in iii. FOV iv shows a region of sparse axons and sparse myelin segments. Scalebar indicates 50 µm. 
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4.2.2. Experiments to induce axon-specific myelin plasticity: myelin segments do not 
preferentially form on highly active axons 

The experiments in Section 4.2.1 suggest that optogenetically stimulating a broad population 
of neurons across a co-culture does not increase myelin segment production. However, it 
remains possible that when given the choice, myelin segments preferentially form on axons 
that are more highly active relative to those which are less active, without influencing the total 
amount of myelin produced in the culture. To address this question, an experiment was 
designed in which OPC-DRG co-cultures in which approximately equivalent proportions of 
the DRG neurons expressed either ChR2-EYFP or mCherry (prepared according to Figure 
3.12) were photostimulated for an hour a day for seven days at 10 Hz every 2 s for 0.5 s, 
beginning at day five of co-culture. Co-cultures were then fixed and stained at day 14 of co-
culture. Evidence for axon-specific myelin plasticity would comprise of a greater proportion 
of total myelin segments forming on ChR2-EYFP+ axons after photostimulation relative to the 
unstimulated control condition.  
 
Before proceeding with the axon-specific myelin plasticity quantification, myelin in these 
cultures was qualitatively inspected. This initial qualitative inspection was considered 
important because, as discussed in Section 4.2.1, there was evidence suggesting that 
myelination is impeded when neurons across the culture express ChR2. As shown in Figure 
4.6, irrespective of photostimulation, many oligodendrocytes had differentiated and were 
myelinating axons. Qualitatively, these cultures appeared more similar to the EYFPphotostim 
control cultures in Figure 4.4B or indeed the unmanipulated cultures in Figure 3.3 than to either 
the ChR2-EYFPphotostim or the ChR2-EYFPunstim cultures shown in Figure 4.4B. This suggests 
that the detrimental impact on myelination of neuronal overexpression of ChR2-EYFP is not 
apparent when only a subset of neurons express it. The overall myelin density produced in 
these cultures was only qualitatively and not quantitatively characterised, so it cannot be 
unequivocally confirmed that myelin segment production increases when only a subset of total 
neurons within a culture ChR2-EYFP, relative to when all neurons within a culture express it. 
This parameter was not formally quantified because the primary purpose of this initial, 
qualitative inspection was to check whether these cultures appeared suitable for proceeding 
with the axon-specific myelin plasticity assay.  
 
To quantify axon-specific myelin plasticity, coverslips were imaged by manually selecting 
fields of view (FOV) that contained sharply defined myelin segments that could be relatively 
easily individuated. Unfocused light was excluded from acquired images by using ApoTome 
optical sectioning, which facilitated assigning individual myelin segments to individual axons. 
To aid in the classification of myelinated axon segments as either mCherry+ or ChR2-EYFP+, 
a semi-automated analysis was developed. The raw images were processed in FIJI with a 
custom script that segmented pixels from the mCherry or ChR2-EYFP channels that co-
localised with signal from the MBP channel. Figure 4.7 illustrates the effect of processing 
images in this way. Figure 4.7Ai shows an example of a co-culture used to study axon-specific 
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myelin plasticity and Figure 4.7Aii shows the same FOV after processing to segment the pixels 
from the mCherry and ChR2-EYFP channels which colocalised with MBP signal. For each 
FOV processed in this way, myelin segments were classified as ensheathing ChR2-EYFP+ 

axons or mCherry+ axons, or as ensheathing an unclassifiable axon. Figure 4.7B-D show 
enlarged regions of interest from Figure 4.7A, to demonstrate how image segmentation 
facilitated identification of segments myelinating either ChR2-EYFP+ axons (Figure 4.7B) or 
mCherry+ axons (Figure 4.7C). An example of a segment which is likely myelinating an 
uninfected (or very weakly expressing) axon is shown also in Figure 4.7C. An example of a 
segment which is myelinating an axon which is unclassifiable is shown in Figure 4.7D. Such 
“unclassifiable” segments colocalise with signal from both the mCherry and ChR2-EYFP 
channels and cannot be segmented unambiguously by the image processing script, nor can they 
be confidently assigned visually. This scenario could arise if the neuron co-expresses both 
constructs (although, as described in Section 3.2.5 and shown in Figure 3.12C-D, this affected 
only a small proportion of neurons), or if the axons are too close together to individuate. In 
summary, the total number of myelin segments was divided into “classifiable” and 
“unclassifiable” populations, and the “classifiable” population was further divided into a 
population which ensheathed mCherry+ axons and a population which ensheathed ChR2-
EYFP+ axons. 



 184 

 
Figure 4.3 Investigating general myelin plasticity in a seven-day co-culture. 

A. The temporal protocol used for the seven-day co-culture experiment examining 

activity-dependent myelination. 
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B. The results of the seven-day co-culture experiment treated according to (A). Co-

cultures were fixed and stained for MBP, GFP and neurofilament. In this experiment, 

there were four conditions: uninfected cells with and without photostimulation 

(Uninfectedphotostim and Uninfectedunstim), and ChR2-EYFP expressing conditions with 

and without photostimulation (ChR2-EYFPphotostim and ChR2-EYFPunstim). Scalebar 

represents 50 µm. 

C. Quantification of myelin in each condition from one experiment. MBP segments 

with a minimum length of 50 µm were counted in at least 30 fields of view per 

coverslip; three coverslips were counted per condition, and expressed as number of 

MBP segments per mm2. A one-way ANOVA failed to detect a difference between 

the conditions (Uninfectedunstim =19.56±7.64; Uninfectedphotostim=12.45±2.97; ChR2-

EYFPunstim=20.17±1.65; ChR2-EYFPphotostim=12.61±1.39 (all expressed as mean MBP+ 

segments/mm2±SD); F(3, 8)=3.01, p=0.0944). 
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Figure 4.4 Investigating general myelin plasticity in 13-day co-cultures: qualitative 
inspection suggests neuronal expression of ChR2 impedes myelination. 

A. The temporal protocol used for the 13-day co-cultures examining activity-

dependent myelination. 
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B. Representative images from an experiment run according to the protocol in (A), 

fixed and stained for MBP. Three conditions are shown: photostimulated EYFP-

expressing (EYFPphotostim) cells; unstimulated ChR2-EYFP expressing (ChR2-

EYFPunstim) cells; and photostimulated ChR2-EYFP expressing (ChR2-EYFPphotostim) 

cells. Yellow boxes represent areas enlarged in (C). Note that qualitatively, the 

myelin in the ChR2-EYFP expressing conditions appears less well developed than 

the EYFP control, with fewer myelin segments, despite the presence of 

differentiated, MBP+ oligodendrocytes. Scalebar represents 50 µm. 

C. Enlarged images of the boxed regions in (B). Scalebar represents 20 µm. 
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Figure 4.5 Investigating general myelin plasticity in 13-day co-cultures: quantification 
indicates myelination is not enhanced by optogenetically stimulated neurons. 

A. The results of three (i.-iii.) independent experiments, carried out as per Figure 4.4A, 

for the four conditions: EYFP-expressing cells with and without photostimulation 

(EYFPphotostim and EYFPunstim); and ChR2-EYFP expressing cells with and without 

photostimulation (ChR2-EYFPphotostim and ChR2-EYFPunstim). Cultures were fixed and 

stained for MBP. MBP segments with a minimum length of 50 µm were counted 

across 30-40 fields of view per coverslip, and expressed as number of 

segments/mm2. Four coverslips were quantified per experiment per condition. 

Graphs display means and standard deviations for each condition.  

B. A summary of the results from each of the experiments shown in (A), with the 
average for each condition for each experiment expressed as fold change relative 

i ii iii

B

A

ChR2photostim
ChR2-EYFPunstimEYFPphotostim

ChR2-EYFPphotostimEYFPphotostimEYFPunstim ChR2-EYFPunstim ChR2-EYFPphotostimEYFPphotostimEYFPunstim ChR2-EYFPunstim ChR2-EYFPphotostimEYFPphotostimEYFPunstim

ChR2-EYFPunstim ChR2-EYFPphotostimEYFPphotostimEYFPunstim
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to the EYFPunstim control condition for that experiment. The conditions 
(EYFPphotostim=1.14±0.24; ChR2-EYFPunstim=0.64±0.08; ChR2-EYFPphotostim=0.45±0.04-
fold change in MBP+ segments/mm2 relative to EYFPunstim) were compared with a 
one-way ANOVA, which showed a significant effect of condition on fold-change in 
MBP segment density (F(3,8)=5.97, p=0.0194). Tukey’s post-hoc pairwise 
comparisons revealed a significant difference only between the EYFPphotostim and 
ChR2-EYFPphotostim conditions. This suggests a negative effect of ChR2-EYFP 
expression on myelin segment production. Descriptive statistics and graph show 
means and SEMs.  
*p<0.05; **p<0.01 
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Figure 4.6 Robust myelination of co-cultures in which approximately equal proportions of DRG neurons express either ChR2-EYFP or 
mCherry. 
In 14-day co-cultures prepared with DRG neurons of which roughly equal proportions expressed either ChR2-EYFP or mCherry (each 

fluorophore was stained), myelin segments were well-formed (sharp and delineated), and abundant. This was irrespective of whether 

the co-cultures had been photostimulated (Photostim.; one hour per day for seven days at 10 Hz every 2 s for 0.5 s, beginning at day 

five of co-culture) or not (Unstim.). The myelin in these co-cultures contrasts with the sparse myelin produced in co-cultures in which 

all DRG neurons expressed ChR2-EYFP. Scalebar represents 50 µm. 
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Figure 4.7 Investigating axon specific myelin plasticity: image processing to extract 
axonal signal colocalising with myelin signal facilitates classification of individual 
myelin segments as forming on either mCherry+ or ChR2-EYFP+ axons. 

A. Images of co-cultures containing DRG neurons of which approximately equal 
proportions expressed either mCherry or ChR2-EYFP. Cultures were stained for 
mCherry and GFP (i.). Images were processed to extract any signal from either 
the mCherry or the EYFP channel which was co-localised with signal from the 
MBP channel (ii.). This form of analysis facilitated the quantification of the 
specificity of myelin plasticity. Boxes b.-d. indicate the regions of interest 
shown enlarged in B-D. Scalebar represents 50 µm.  

B. Enlarged view of the region in box b. of Figure 4.7A, with arrow heads pointing 
to a myelin segment ensheathing a ChR2-EYFP+ axon, with the final panel 
(“Axons coloc. MBP”) illustrating that the image processing script facilitates 
classification of the segment, compared to relying on the unprocessed 
mCherry and ChR2-EYFP channels alone.  
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C. Enlarged view of the region in box c. of Figure 4.7A. The arrow head indicates 
a myelin segment ensheathing an mCherry+ axon. The arrow indicates a myelin 
segment which appears to be ensheathing an axon which lacks either mCherry 
or ChR2-EYPF signal, which could occur if the neuron was uninfected by either 
construct, or if it expresses a construct very weakly. For quantification, such 
segments were categorised as “unclassifiable”. 

D. Enlarged view of the region in box d. of Figure 4.7A. The arrow indicates a 
myelin segment which appears to be ensheathing an axon emitting signal from 
both the mCherry and the ChR2-EYFP channels, either because the neuron was 
infected by both constructs, or because of the challenge that the high density 
of the axons presents to image analysis and signal extraction. For 
quantification, such segments were categorised as “unclassifiable”. 

In B-D, scalebar represents 10 µm. 
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Two replicate experiments were carried out, with three coverslips quantified per 
experiment for each condition (i.e. Photostim. and Unstim.). For the final analysis, each 
of the six coverslips was treated as a unit of analysis. Means and SEMs were calculated 
for the parameters of interest, and significance was tested with unpaired, two-tailed t-tests 
as follows. An approximately equivalent number of FOVs per coverslip were quantified 
across both conditions (Photostim.=26.50±2.60 FOVs; Unstim.=27.00±2.56 FOVs; 
t(10)=0.14, p=0.8937) (Figure 4.8A), indicating that an equivalent area of the coverslip 
was sampled. An approximately equivalent total number of myelin segments was 
considered across each coverslip in each condition (Photostim.= 520.67±59.30 total 
myelin segments; Unstim.= 495.50±73.94 total myelin segments; t(10)=0.26, p=0.7960) 
(Figure 4.8B). Of the total number of myelin segments, an approximately equivalent 
proportion were unambiguously classifiable as myelinating either an mCherry+ or a 
ChR2-EYFP+ axon (Photostim.=0.46±0.01 classifiable; Unstim.=0.49±0.03 classifiable; 
t(10)=0.90, p=0.3868) (Figure 4.8C). With respect to the classifiable MBP+ segments 
that formed on ChR2-EYFP+ axons, there was an approximately equivalent proportion in 
both conditions (Photostim.=0.49±0.04 classifiable segments on ChR2-EYFP+ axons; 
Unstim.=0.43±0.09 classifiable segments on ChR2-EYFP+ axons; t(10)=0.65, p=0.5284) 
(Figure 4.8D). In the absence of an increase in the proportion of MBP+ segments 
myelinating ChR2-EYFP+ axons in the photostimulated condition, these results are 
inconsistent with the hypothesis of axon-specific myelin plasticity, and indicate that this 
model system is unsuitable for studying the phenomenon.  
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Figure 4.8 Investigating axon specific myelin plasticity: myelin segments do not 
preferentially form on active relative to control axons.  
Quantification of four different parameters from a total of six coverslips for each 
condition (photostim. and unstim.), from two independent experiments. Filled and 
unfilled data points represent the coverslips from the two independent experiments. 
Descriptive statistics are all presented as mean±SEM, and conditions were compared 
with unpaired, two-tailed t-tests. 

A. The total number of fields of view (FOVs) assessed for each coverslip was not 
significantly different between conditions (Photostim.=26.50±2.60 FOVs; 
Unstim.=27.00±2.56 FOVs; t(10)=0.14, p=0.8937). 

B. The total number of myelin segments per coverslip did not significantly differ 
between conditions (Photostim.=520.67±59.30 total myelin segments; 
Unstim.=495.50±73.94 total myelin segments; t(10)=0.26, p=0.7960). 

C. The proportion of total myelin segments per coverslip that could be 
confidently assigned as forming on either an mCherry+ or a ChR2-EYFP+ axon 
(i.e. “classifiable” segments) did not significantly differ between conditions 
(Photostim.=0.46±0.01 classifiable; Unstim.=0.49±0.03 classifiable; t(10)=0.90, 
p=0.3868). 

D. The proportion of “classifiable” myelin segments that formed on ChR2-EYFP+ 
axons did not significantly differ between conditions (Photostim.=0.49±0.04 
classifiable segments on ChR2-EYFP+ axons; Unstim.=0.43±0.09 classifiable 
segments on ChR2-EYFP+ axons; t(10)=0.65, p=0.5284). 
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4.3. Discussion 

The aim of the experiments presented in this chapter was to induce myelin plasticity 
optogenetically in the OPC-DRG co-culture system developed in Chapter 3. Achieving 
this aim would confirm that the model is appropriate to apply to subsequent experiments 
investigating the molecular mechanisms of myelin plasticity, including the 
oligodendroglial transcriptional mechanisms. The experiments in this chapter aimed to 
induce two distinct forms of myelin plasticity. The first approach attempted to induce 
“general” myelin plasticity, by optogenetically stimulating a broad population of neurons 
across a culture, then measuring myelin segment density across the culture to determine 
whether it increased relative to control cultures (i.e. according to the paradigm presented 
in Figure 1.8A). Contrary to expectations, this treatment did not induce an increase in 
myelin segment density. The second approach attempted to determine whether, in spite 
of the absence of an effect of activity on total myelin production, stimulating activity in 
a subset of neurons preferentially directed myelin to form on them (i.e. axon-specific 
myelin plasticity, as shown in Figure 1.8B). Contrary to expectations, this treatment did 
not significantly increase the proportion of myelin segments that formed on active axons. 
Thus, the model system developed in Chapter 3 is unsuitable for investigating myelin 
plasticity.  
 
These results were unexpected because there are, to date, at least 10 published studies 
demonstrating “general” myelin plasticity in vitro (see Table 1.2), and several studies 
demonstrating axon-specific myelin plasticity (either in vitro or in vivo), in which, when 
given the choice, oligodendrocytes preferentially myelinate axons with higher relative to 
lower levels of activity (Hines et al., 2015; Mitew et al., 2018; Wake et al., 2015). Given 
the unexpected results, it is important to consider which features of the present model are 
inappropriate for inducing and/or detecting myelin plasticity. Broadly, the reasons for the 
inability to induce myelin plasticity could relate to either or both the cell culture 
parameters and the optogenetic system.    
 
Cell culture parameters 
To study myelin plasticity in OPC-DRG co-cultures, a fundamental requirement is that 
the model system produces myelin. The OPC-DRG co-culture system developed in the 
present study is broadly similar to those used in the literature (e.g. Wang et al., 2007). 
Furthermore, by experimenting with the media composition, standard culture conditions 
were modified to improve myelin production, and its qualitative appearance – as indicated 
by abundant, long, sharply delineated segments along axons (see Figure 3.3). As 
described in Chapter 3, in the vast majority of published studies using in vitro myelinating 
co-cultures, including studies of myelin plasticity, DRG neurons and/or co-cultures are 
grown in serum-containing media (e.g. Ishibashi et al., 2006; Lee et al., 2016; Malone et 
al., 2013; Yang et al., 2012). However, as reported in Chapter 3, it was observed that 
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myelination is enhanced when DRG neurons are initially grown as mono-cultures in 
defined, serum-free media. Quantitatively, it is difficult to directly compare the amount 
of myelin production in the present study to that of published studies. This is because 
different studies use different myelin quantification techniques and cell seeding numbers. 
Qualitatively, the myelin produced by the protocol developed in the present study was 
comparable, if not superior, to that shown in the literature. In spite of this robust 
myelination under baseline conditions, the absence of evidence for an increase in myelin 
production after optogenetically-induced neuronal activity indicate that robust 
myelination is an insufficient property of a co-culture system for enabling induction of 
myelin plasticity. It is therefore important to consider what parameters of the otherwise 
well-myelinating co-culture system might account for the inability to support the 
induction of myelin plasticity. Two hypothetical ways in which the cell culture conditions 
might have been inappropriate for inducing myelin plasticity are as follows.  
 
Firstly, it could be hypothesised that the serum-free culture conditions produced myelin 
of such abundance that a ceiling effect was reached, beyond which no additional myelin 
could be generated, even in response to heightened neuronal activity. This hypothetical 
ceiling effect could occur if under basal (or control) conditions, all OPCs differentiated 
and/or if all oligodendrocytes produced the maximum possible myelin sheathes. These 
possibilities were not formally quantified because, for two main reasons, it was 
considered unlikely that a myelination ceiling effect prevented induction of an 
optogenetic activity-dependent increase in myelination. First, as demonstrated 
qualitatively in Figure 4.4 and quantitatively in Figure 4.5, expressing ChR2-EYFP in 
neurons broadly across the culture reduced the myelin segment density relative to the 
EYFP condition. It was thus reasoned that even if myelin segment production had 
plateaued in the EYFP control conditions, the reduction in myelin segment production by 
merely expressing ChR2 means that any potential ceiling effect would have been 
abrogated. In other words, the unexpected ChR2-EYFP associated decrease in 
myelination should have created the opportunity for a photostimulation-dependent 
increase in myelin production in ChR2-EYFP cultures relative to that in unstimulated 
ChR2-EYFP cultures. Second, given that many putative OPCs (i.e. Olig2+, MBP- cells, 
see Figure 3.3) remain in cultures under basal co-culture conditions after two weeks in 
vitro, it was reasoned that there likely remains an opportunity for myelin production to 
be enhanced through increased OPC differentiation. In summary, for these two reasons, 
it is unlikely that a plateau in myelin production underlies the inability to induce or detect 
an activity-dependent increase in myelination in the general myelin plasticity assays.  
 
Secondly, it could be hypothesised that the culture conditions lacked a component that is 
necessary for “switching” the myelination program from a basal to an activity-dependent 
mode. The rationale for this hypothesis is as follows. The culture media used in the 
present study differed from that used in many published studies of myelin plasticity. As 
described in Chapter 3, in the vast majority of published studies using in vitro myelinating 
co-cultures, including studies of myelin plasticity, DRG neurons and/or co-cultures are 
grown in serum-containing media (e.g. Ishibashi et al., 2006; Lee et al., 2016; Malone et 
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al., 2013; Yang et al., 2012). However, as reported in Chapter 3, it was observed that 
myelination is enhanced when DRG neurons are initially grown as mono-cultures in 
defined, serum-free media, and so this media was used in all myelin plasticity assays in 
Chapter 4. It is possible that, in the context of heightened neuronal activity, a factor 
present in serum mediates the induction of an increase in myelin sheath production. 
Indeed, using defined, serum-free media like that used in the present study, Lundgaard et 
al. (2013) found that neuronal activity had no effect on myelination unless neuregulin (or 
BDNF) was added to the media. Lundgaard et al. (2013) thus proposed that this factor 
“switches” myelination from an activity-independent to an activity-dependent mode. In 
light of this finding, it is possible that published studies observed an activity-dependent 
increase in myelination because a factor in the serum (such as BDNF or neuregulin) 
enabled a switch to an activity-dependent mode of myelination. To test this possibility, 
the experiments reported in this chapter could be repeated in serum-containing media, or 
in the presence of either BDNF or neuregulin. Even if high ChR2 expression impedes 
myelination (as discussed further below), it is possible that a four-condition experiment 
– comparing ChR2photostim cultures in the presence and absence of neuregulin, and 
ChR2unstim cultures in the presence and absence of neuregulin – might reveal a neuregulin-
mediated switch to a plastic mode of myelination, which would be evidenced by an 
increase in myelin segment density in the ChR2photostim+neuregulin condition, relative to 
the other three conditions (i.e. ChR2unstim control, ChR2unstim+neuregulin, and 
ChR2photostim control).  
 
Optogenetics as a tool to induce myelin plasticity  
In the present study, optogenetic stimulation was employed in an attempt to induce myelin 
plasticity. This technique contrasts with the vast majority of published studies which, as 
demonstrated in Table 1.2, apply electrical field stimulation to OPC-DRG co-cultures to 
induce myelin plasticity. There is, however, one published study that reports successfully 
inducing myelin plasticity in vitro with optogenetic stimulation (Lee et al., 2016). Most 
studies of myelin plasticity in vitro, whether electrically or optogenetically stimulating 
the cultures, stimulate with common temporal parameters (10 Hz for 0.5 s every 2 s). 
There is some divergence between studies in the higher-order temporal features, which 
range from a single application to repeated, daily applications (summarised in Figure 4.1). 
The temporal features of the optogenetic model employed here are therefore consistent 
with those used in the literature. It is, however, possible that the temporal stimulation 
parameters of the present model differed from those in other models in some nuanced 
ways. Hypothetically, there are at least three ways in which the optogenetic system may 
have been incompatible with inducing myelin plasticity: activity levels may have been 
inappropriate; phototoxicity may have been introduced; or ChR2-EYFP may have been 
toxic. Each of these possibilities will now be discussed.  
 
Activity level 
One hypothesis is that optogenetic stimulation did not induce myelin plasticity because 
the level of stimulation was insufficient. This is unlikely to be the explanation for the 
failure to induce myelin plasticity in the present study. The experiments reported in 
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Chapter 3 (Figure 3.9) revealed that the ChR2 construct is highly expressed in individual 
neurons, and in most neurons across the culture. The electrophysiological recordings 
showed that the optogenetic system employed here induces action potential firing, 
including at frequencies reportedly necessary for myelin plasticity, and even when 
photostimulated with the collimated light without focusing it through an objective. 
Although the intensity of the light delivered in this way was below that used in many 
optogenetics studies (including the myelin plasticity study of Lee et al. (2016)), the 
neurons in the present study responded to it (Figure 3.10), and other researchers have 
found that light intensities comparable to that used in the present study are suitable for 
optogenetically stimulating DRG neurons (e.g. Ji et al., 2012). Furthermore, to address 
initial concerns that the light intensity delivered by the collimated light without an 
objective may be insufficient for activating ChR2, a post-photostimulation c-Fos 
immunoassay was carried out under the exact culture conditions of the myelin plasticity 
assays. This experiment confirmed that c-Fos expression – which is routinely as a 
surrogate marker for action potential firing (Morgan & Curran, 1991) – was induced by 
optogenetic stimulation (Figure 3.11). Based on these experiments, it is likely that the 
optogenetic system in this study stimulated activity to a level that is employed to induce 
myelin plasticity in other systems. 
 
Phototoxicity  
A second hypothesis is that optogenetic stimulation did not induce myelin plasticity 
because this form of stimulation induced dysmyelinating phototoxicity. This is unlikely 
to be the explanation for the failure to induce myelin plasticity in the present study. If it 
were an explanatory factor, then it would be expected that the photostimulated cultures 
would fare worse than the unstimulated cultures. However, this was the case neither in 
the 7-day (Figure 4.3) nor in the 13-day (Figure 4.4 and Figure 4.5) assays, and in neither 
the EYFP-expressing condition nor in the ChR2-expressing condition. Some researchers 
have demonstrated phototoxic effects of 470 nm photostimulation on viability of cultured 
cortical neurons and oligodendroglia, which is due to photoreactive media components 
(Stockley et al., 2017). However, in the present study the appearance of the co-cultures 
did not seem linked to light. Although a formal cell viability assay was not carried out to 
assess phototoxicity, this was deemed unnecessary based on the appearance of the 
cultures. Indeed, the only overt qualitative and quantitative effect of the optogenetic 
system appeared related to overexpression of ChR2 itself, rather than photostimulation.  
 
There are two ways in which the present study differed from that of Stockley et al. (2017), 
which could explain the different results with respect to phototoxicity. One is the light 
intensity. It is possible that phototoxicity affects viability only beyond a certain light 
intensity threshold. Stockley et al. (2017) identified phototoxicity in cultured cortical 
neurons stimulated with 1 mW/mm2. The present study delivered much lower light 
intensity (0.207 mW/mm2). Another major point of difference between the present study 
and that of Stockley et al. (2017) is with respect to the temporal parameters of light 
delivery. The present study delivered 25 msec pulses at 10 Hz for 0.5 s every 2 s for an 
hour per day for seven days. Thus, there were two levels of intermittency: each 0.5 msec 
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burst was separated from the next by 1.5 s, and each hour of stimulation was separated 
from the next by around 24 hours. Bursts delivered for 0.5 s every 2 s amounts to 30 
bursts per minute, or 1800 bursts in an hour. Within a single burst, 5 pulses were delivered 
(i.e. 10 Hz for 0.5 s), and at a pulse length of 0.025 s, the total illumination time during a 
single burst was 0.125 s. Thus, 1800 bursts/hour*0.125 s/burst=225 s/hour that the light 
illuminated cells. With Stockley et al.’s (2017) continuous paradigm, during one hour, 
the light illuminated cells for a summed total of 18 s (0.005 s/pulse*1 pulse s*3600 s). 
Clearly then, the summed illumination period over an hour in the present study (225 
s/hour) was much greater than the summed illumination period over an hour in Stockley 
et al. (2017) (18 s/hour). The different cellular outcomes may therefore be because of the 
different light intensities, as discussed previously. Alternatively, the different outcomes 
may have been because Stockley et al. (2017) delivered this stimulation for 20 
consecutive hours (i.e. a total of 360 s illumination time). Although the present study 
repeated the stimulation for 7 days (i.e. a total of 1575 s illumination time), each hour 
was separated from the next by around 24 hours, and half the media was replaced every 
two days. It is possible that with the intermittent stimulation and the media replenishment 
throughout the culture period, photoconverted toxic metabolites did not accumulate to 
levels sufficient to exert a noticeable effect on cell viability in the present study. In any 
case, it is unlikely that phototoxic factors inhibited the induction of myelin plasticity.  
 
ChR2-induced myelin toxicity 
A third hypothesis is that optogenetic stimulation did not induce myelin plasticity because 
ChR2 is toxic to neurons or myelination. Given the pattern of results presented in Figure 
4.5, this is the most likely explanation for the failure to induce myelin plasticity in the 
present study. This raises the question of whether ChR2 impedes myelination, or whether 
it impedes both myelination and myelin plasticity. At least in theory, these two 
possibilities can be distinguished. ChR2 may impede myelination in general, lowering 
the basal propensity to myelinate, but leave the myelination program amenable to respond 
plastically to suitable stimuli. If this were the case, then it would be expected that there 
would be a higher level of myelination in the ChR2photostim condition relative to the 
ChR2unstim condition, however this was not observed. Alternatively, ChR2 overexpression 
may impede myelination to such a great extent that it also impedes the plasticity program. 
If this were the case, then it would be expected that there would be a reduction in 
myelination in the ChR2 condition irrespective of photostimulation, which was indeed 
the case. Thus, the results suggest that ChR2 overexpression inhibits both myelination 
and myelin plasticity. There are two broad categories of mechanisms by which ChR2 
overexpression could impede myelination and myelin plasticity, one relating to ChR2’s 
mechanism of action and the other relating to a more generic membrane protein toxicity 
mechanism.  
 
ChR2-induced myelin toxicity – photostimulation-dependent mechanism 
The most obvious way in which ChR2 could be toxic is related to its mechanism of action. 
As described Section 3.1, ChR2 is a light-gated channel which is permeable to, amongst 
other cations, H+, Na+, and Ca2+ (Beppu et al., 2014; Nagel et al., 2003). It is thus 
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conceivable that, if ChR2 expression or activity were great enough, photostimulation 
could lead to toxicity via Ca2+ overload or acidification. However, as described above, 
the apparently inhibitory effect of ChR2-EYFP expression on myelination was 
independent of photostimulation, suggesting that activity-dependent Ca2+ or H+ overload 
in neurons was not the cause of the failure to induce myelin plasticity. The combined 
results of the 13-day co-culture experiments (Figure 4.5) indicate a trend towards lower 
myelin densities in ChR2-expressing cultures, independent of photostimulation. This was 
qualitatively apparent in the immunostained cultures (Figure 4.4), and is partially 
supported by the quantification. Post-hoc pairwise comparisons revealed a significant 
difference between the ChR2photostim and the EYFPphotostim cultures, which indicates an 
effect on myelin segment density of the construct but not of photostimulation. Although 
the post-hoc pairwise comparison between the ChR2unstim condition and the EYFPphotostim 
condition was not statistically significant, there is a clear trend towards a negative effect 
of ChR2-EYFP expression on the density of myelin segments produced. When inspecting 
the immunostained cultures, the most overt effect was the apparent stunting of 
oligodendrocyte maturation to the myelinating stage and the production of myelin 
segments.  
 
ChR2-induced myelin toxicity – protein overload 
If ChR2-mediated reduction of myelination is not related to the mechanisms of ChR2 
function, the other possibility is that mere overexpression of ChR2 impedes myelination. 
A perpetual challenge in experimental biology is contending with detrimental effects on 
cell physiology of protein overexpression, which can result from aberrant interactions, 
pathway modulation, and resource overload (Moriya, 2015). Importantly though, the 
results indicate that the trend to a reduction in myelination in the presence of ChR2-EYFP 
expression is not attributable to protein overexpression resulting from AAV2 transduction 
per se, because the myelin in the EYFP-expressing control conditions resembled that of 
uninfected cultures (i.e. Figure 3.3), at least based on a qualitative inspection of the 
immunostained cultures. This suggests the effect is specific to overexpression of the 
ChR2-EYFP fusion protein. Indeed, overexpression of membrane proteins often has more 
deleterious consequences for cells than overexpression of cytosolic proteins (Wagner et 
al., 2007). Furthermore, several studies have found subtle abnormalities resulting from 
ChR2 expression. Miyashita et al. (2013) noted that ChR2 overexpression in 
somatosensory cortex, delivered via in utero electroporation, led to axonal abnormalities 
such as swellings and varicosities, which increased with age. More recently, subtle 
neurological differences have been detected in a ChR2-expressing mouse line (Wu et al., 
2017). The mechanisms by which ChR2 overexpression can compromise cell health are 
not well understood but could at least partially be by altering membrane properties. For 
example, ChR2 overexpression in HEK293 cells can increase membrane capacitance, 
which in turn is likely the result of an increase in the size or number of microvilli 
(Zimmerman et al., 2008). Given that ChR2 is widely used in vitro and in vivo, it is clear 
that ChR2 is not inherently toxic to cells. Indeed, given the pervasiveness of its use, it has 
undergone extensive characterisation, and many studies claim that it does not adversely 
affect neuronal health. For example, Boyden et al. (2005) report that viral overexpression 
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of ChR2 in hippocampal slice culture does not lead to detectable changes in health over 
a week of culture. Thus, given the abundance of studies that successfully use optogenetics 
without adverse side effects, the negative effects on myelination of ChR2 expression are 
likely to be due to the level of expression rather than expression per se. Evidence from 
this and other studies indicate that the levels of ChR2 expression are likely to blame. For 
example, Miyashita et al. (2013) considered the effects of virally delivering the construct 
and found similar effects (albeit to a lesser extent than with in utero electroporation) 
occurred only when the stronger of two tested promoters drove ChR2 expression. In 
primary cultures of cardiac myocytes, a recent study showed that when the multiplicity 
of infection (MOI) was low, the transduction efficiency and the level of expression were 
low, and the cells were unresponsive to photostimulation (Li et al., 2017). Increasing the 
MOI produced high, homogenous expression, but was associated with abnormal cell 
morphology, membrane blebbing, and protein aggregation, independent of 
photostimulation (Li et al., 2017). Similar to the present study, Li et al. (2017) found no 
such effects with comparable levels of lentiviral-mediated delivery of EYFP, suggesting 
that the effect is because of ChR2 overexpression, rather than the viral infection. 
 
The literature outlined above suggests that in at least some cases, ChR2 overexpression 
negatively affects cell health. The negative impact of ChR2 expression on myelination – 
as illustrated in Figure 4.4 and quantified in Figure 4.5B – might be attributable to the 
level of ChR2 expression. To test the hypothesis that the level of ChR2 expression (rather 
than ChR2 per se) is responsible for the apparently ChR2-mediated dysmyelination, 
additional experiments could be carried out using a concentration gradient of AAV2-
Synapsin-ChR2-EYFP to identify a viral titre that is compatible with myelination. This 
approach may require a greater light intensity, which in turn would require control 
experiments to ensure that phototoxicity is not induced. Another way to test this 
hypothesis would be to establish cultures of DRG neurons isolated from ChR2 transgenic 
rats, such as those used by Ji et al. (2012). These would likely have more appropriately 
regulated ChR2 expression levels, and could potentially be more compatible with in vitro 
myelination. A final point worth noting regarding the hypothesis that ChR2 
overexpression impedes myelination is that the one published study that induced myelin 
plasticity in vitro with optogenetics (Lee et al., 2016) drove ChR2 expression with the 
CaMKIIa promoter. Although a ChR2 construct with the CaMKIIa promoter was tested 
for expression in DRG neurons in the present study (Figure 3.9), expression was much 
lower than achieved by the synapsin promoter. The construct with the synapsin promoter 
was therefore selected for electrophysiological validation and myelin plasticity assays 
because it was reasoned that higher ChR2-EYFP expression would more likely permit 
stimulus-locked firing, and in as many neurons as possible.  
 
In summary, the results of the general myelin plasticity assays suggest that ChR2 
overexpression impeded myelination, an observation which immediately raises questions 
regarding the underlying mechanism. Although this cannot be unequivocally answered 
by the present experiments, the observations emerging from the axon-specific myelin 
plasticity assays offer some insight into a potential mechanistic basis of this effect, and 
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also offer some potential approaches for re-designing an in vitro optogenetic system with 
which to study myelin plasticity. These insights are discussed below, after considering 
the results of the axon-specific myelin plasticity assays.  
 
Axon-specificity myelin plasticity assays suggest that ChR2-induced myelin toxicity is 
likely mediated by a paracrine mechanism 
Despite the inability of the optogenetically stimulated in vitro co-culture model system to 
support an activity-dependent general increase in myelin production, the system was 
nevertheless modified in an attempt to establish a model system for studying the axon-
specificity of myelin plasticity. By establishing cultures in which roughly equal 
proportions of the DRG neurons within a culture expressed either ChR2-EYFP or an 
mCherry control construct, axon-specific myelin plasticity was investigated by assessing 
whether photostimulating such cultures increased the proportion of myelin segments 
forming on the ChR2-EYFP (i.e. active) axons, relative to that in unstimulated control 
cultures. The results indicated that between the photostimulated and unstimulated 
conditions, there was no difference in the proportion of myelin segments that ensheathed 
ChR2-EYFP axons (Figure 4.8D). This is at odds with the literature indicating that when 
given the choice, myelin sheathes are preferentially targeted to axons which are more 
highly active relative to nearby, but less active or silent axons which – whether in 
mammalian, zebrafish, or in vitro systems (Hines et al., 2015; Mitew et al., 2018; Wake 
et al., 2015).  
 
The reason for these inconsistent results is unclear. As discussed previously, it may be 
that the serum-free media conditions used in the present study – and which therefore 
contrast with the serum containing media in Wake et al.’s (2015) in vitro axon-specific 
myelin plasticity assay – result in the inadvertent omission of a factor which is necessary 
to “switch” the myelination program from an activity-independent to an activity-
dependent mode. Alternatively, it may be that although the proportion of myelin sheathes 
on active relative to control axons was equivalent, another, unquantified myelin 
parameter – such as myelin sheath length or myelin thickness – was affected by activity. 
Indeed, in other systems in which axon-specific myelin plasticity has been demonstrated, 
it is not only that myelin preferentially forms of more highly active axons, but also that 
these myelin segments axons are thicker (Mitew et al., 2018) and longer (Hines et al., 
2015; Wake et al., 2015).  
 
Despite failing to show evidence for axon-specific myelin plasticity, the results of these 
assays do offer some additional insights into the potential mechanisms underlying the 
pattern of results in the general myelin plasticity assays discussed in the previous section. 
These observations also inform some potential approaches for re-designing the 
optogenetic co-culture system to investigate general myelin plasticity. There are two 
important observations to highlight, and hypotheses that could be tested.  
 
First, the results of the axon-specific myelin plasticity assays suggest that the ChR2-
dependent reduction in myelin in the general myelin plasticity assays likely operates via 
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a paracrine rather than a contact-dependent mechanism. In Figure 4.8D, if one ignores 
the photostimulation dimension, it is notable that approximately equivalent proportions 
of myelin segments form on ChR2-EFYP-expressing and mCherry-expressing axons. 
This suggests that the reduction in myelination in the cultures in which all DRG neurons 
expressed ChR2-EYFP is unlikely to result from axon cell surface repulsion factors. If 
the ChR2-EYFP-mediated reduction in myelin segment production in the general myelin 
plasticity assays was due to a contact-dependent effect, then it would be expected that in 
cultures in which half the axons do not express it, myelin segments would form 
preferentially on those axons rather than on ChR2-EYFP-expressing axons. Given this 
was not observed, it is more likely that the ChR2-dependent reduction in myelin observed 
in the general myelin plasticity assays was due to a paracrine mechanism, whereby high 
ChR2-EYFP overexpression altered the media composition, perhaps by secreting factors 
that impede myelination or depleting factors that either enable or enhance myelination. 
Such factors would presumably increase with the proportion of neurons within a culture 
that express ChR2-EFYP. One way to unequivocally confirm this hypothesis would be to 
examine the consequences of culturing control (i.e. uninfected or EYFP-expressing) 
cultures with media conditioned by cultures in which all DRG neurons expressed ChR2-
EYFP. If a paracrine effect of ChR2-EYFP overexpression were responsible, then media 
conditioned by cells expressing it should reduce myelin segment production in control 
cultures.    
 
Second, qualitative observations of the cultures developed for the axon-specific myelin 
plasticity assays – whether photostimulated or not – suggest that myelin production is not 
as impeded in these cultures as it is in cultures in which all neurons express ChR2-EYFP. 
This suggests that a more appropriate model system with which to investigate general 
myelin plasticity (i.e. an activity-dependent increase in myelin segment density across a 
culture) might be with a model system in which only a subset of total DRG neurons 
express ChR2-EYFP. The rationale for this, and some potential approaches for 
determining whether such a system would be more suitable, are as follows.  
 
In the presence of axons of which 50% express ChR2-EYFP (Figure 4.6), myelin appears 
qualitatively more similar to that in basal co-cultures (Figure 3.3) than to cultures in 
which all DRG neurons express it (Figure 4.4). As shown in Figure 4.4C, when the broad 
population of DRG neurons across a culture express ChR2-EYFP, oligodendrocytes 
appear stunted at a pre-myelinating stage, producing few myelin segments (which is 
quantitatively verified in Figure 4.5). Qualitatively, this contrasts with the appearance of 
myelin in cultures in which only 50% of DRG neurons express ChR2-EYFP, in which 
oligodendrocytes are differentiated and form abundant, delineated myelin segments 
(Figure 4.6 and Figure 4.7A). In the axon-specific myelin plasticity assays, the overall 
myelin segment density across the culture was not quantified. Thus, a direct quantitative 
comparison can be made between the myelin production in cultures prepared for the 
general and axon-specific myelin plasticity assays. Furthermore, with the available data, 
this comparison is not suitable and indeed not possible, for two main reasons.  
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First, myelin production in the cultures prepared for the general and axon-specific myelin 
plasticity assays cannot be directly compared because the DRG neurons for these two 
assays were prepared differently. For the former experiments, DRG neurons were directly 
seeded onto coated coverslips, whereas in the latter, DRG neurons were initially pre-
plated on uncoated surfaces for a day and then were lifted and re-plated on coated surfaces 
(as per Figure 3.12A). The plating protocol is likely to affect the density of neurites, and 
therefore potentially the distribution of myelin across the cultures. To investigate the 
effect on myelin production of ChR2-EYFP when different proportions of neurons within 
a culture express it, a modified version of the pre-plating and re-plating DRG neuron 
protocol (Figure 3.12A) could be developed, such that in one conditional all re-plated 
neurons were virally transduced with the ChR2-EYFP construct, and in the other only 
50% were.  
 
Second, the microscope images for the general and axon-specific myelin plasticity assays 
were sampled from across the coverslip with different techniques. To contend with the 
heterogeneous distribution of myelin segment density across the coverslip, for the general 
myelin plasticity assays, the entire coverslip was sampled using a grid-like approach for 
image acquisition (Figure 4.2). In contrast, for the axon-specific plasticity assays, images 
were acquired by deliberately selecting regions with myelin segments that could be 
relatively easily delineated and assigned to specific axons. This sampling technique, 
while appropriate for quantifying axon-specific myelin plasticity, is unsuitable for 
determining the overall density of myelin segment production.  
 
In summary, observations of the qualitative features of the co-cultures developed for the 
axon-specific myelin plasticity assays offer some insight into approaches for developing 
a model system with which to investigate general myelin plasticity, and which might 
overcome the limitations of the general myelin plasticity model developed in this thesis. 
An experiment could be designed in which DRG neurons are pre-plated and virally 
transduced with either a ChR2-EYFP or control construct, then lifted and re-plated to 
produce DRG cultures in which either all neurons expressed ChR2-EYFP or in which 
there is a mix of ChR2-EYFP expressing and control neurons. Images of co-cultures 
subsequently established in these two neuronal contexts could then be acquired by 
randomly selecting fields of view across the coverslip. If myelin production were shown 
to be greater when only 50% of the neurons expressed ChR2-EYFP, then this culture 
protocol might provide a better basis from which to subsequently study optogenetically-
induced general myelin plasticity.  
 
Summary 
This chapter presented a series of experiments that aimed to optogenetically induce two 
distinct forms of myelin plasticity: general and axon-specific myelin plasticity. Contrary 
to the hypothesis of general myelin plasticity, photostimulating co-cultures in which the 
entire population of neurons expressed ChR2 did not increase the density of myelin 
segments. The most overt and surprising effect was a negative impact of ChR2 
overexpression on myelination, independent of photostimulation. Although the absence 
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of difference between the photostimulated and control ChR2-expressing cultures suggest 
it impedes myelin plasticity, additional experiments could investigate whether including 
a critical switch-like factor – such as neuregulin or BDNF – enables a switch to a plastic 
mode of myelination. Contrary to the hypothesis of axon-specific myelin plasticity, 
photostimulating co-cultures in which only a subset of neurons expressed ChR2 did not 
increase the proportion of myelin segments that formed on them relative to that in forming 
on ChR2-EYFP-expressing neurons in unstimulated cultures. Notably, the myelin in 
these cultures for the axon-specific myelin plasticity assays appeared markedly more 
mature than that in cultures for the general myelin plasticity assays. This suggests that the 
negative impact on myelination in the general myelin plasticity assays is related to the 
level of ChR2 expression across the cultures and that, mechanistically, it may be related 
to ChR2-mediated paracrine effects, rather than contact-dependent signals. Resolving 
these possibilities will require further experimentation, including examining the effects 
of reducing ChR2 expression in general myelin plasticity assay paradigms, and 
investigating the effect on control cultures of media conditioned by ChR2-expressing 
DRG neurons.  
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5. Chapter 5: Pharmacogenetic stimulation of cortical neurons 
in P14-P21 CaMKIIa-hM3Dq transgenic mice does not 
stimulate myelin plasticity 

 

5.1. Introduction 

Studying myelin plasticity with in vivo models offers the distinct advantage over in vitro 
systems of being more biologically relevant. In vivo models contain all neural cell types 
at biological ratios and with biological interconnectivity. These factors could be 
particularly important for studying the molecular transduction mechanisms of myelin 
plasticity (i.e. Figure 1.7B). At least one study has demonstrated that myelin plasticity is 
transduced by the astrocyte-derived factor LIF (Ishibashi et al., 2006). Thus, successfully 
developing a model of myelin plasticity, and identifying the molecular transduction 
mechanisms that mediate it, may critically depend on the complement of other cell types 
in the system.  
 
Myelin plasticity has been demonstrated in a range of different in vivo model systems. As 
summarised in Table 1.1, the oligodendroglial lineage and myelination are sensitive to 
sensory perturbations (Demerens et al., 1996; Etxeberria et al., 2016; Mangin et al., 
2012); social and environmental enrichment or deprivation (Liu et al., 2012; Makinodan 
et al., 2012); and exercise and motor learning (McKenzie et al., 2014; Simon et al., 2011; 
Xiao et al., 2016). The oligodendroglial lineage undergoes specification, proliferation, 
differentiation, maturation and modification over the lifespan (e.g. Young et al., 2013) 
and, depending on the model, one or more of these stages of lineage progression have 
been demonstrated to be sensitive to environmental perturbations. These studies 
employing relatively natural manipulations to induce myelin plasticity are complemented 
by studies employing techniques to more directly manipulate neuronal activity, such as 
via electrical (Li et al., 2010; Nagy et al., 2017), optogenetic (Gibson et al., 2014; 
Venkatesh et al., 2015), or pharmacogenetic (Mitew et al., 2018) techniques. These 
models have demonstrated myelin plasticity both during developmental and adult 
myelination, although the magnitude and time course of plasticity depend on the 
developmental time point. The consensus is that younger animals show greater and more 
rapid plastic changes (e.g. Gibson et al., 2014; Liu et al., 2012; Mitew et al., 2018). 
Furthermore, some models have demonstrated that some nuanced aspects of myelin 
plasticity may be subject to a critical period (e.g. Makinodan et al., 2012).   
 
One underexplored aspect of myelin plasticity concerns the molecular transduction 
mechanisms that mediate the phenomenon (i.e. Figure 1.7B). Most research of 
transduction mechanisms has employed in vitro models of dissociated cell cultures or 
cortical slice cultures, and have focused on the role of activity-dependent neuronal signals 
such as glutamate (Lundgaard et al., 2013; Wake et al., 2011) and ATP (Ishibashi et al., 
2006; Stevens et al., 2002). Some in vivo studies of myelin plasticity have employed 
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relatively blunt approaches to studying transduction mechanisms. For example, inhibiting 
activity-dependent vesicle release in general (Hines et al., 2015; Koudelka et al., 2016) 
or glutamatergic vesicle release in particular (Etxeberria et al., 2016) impede lineage 
progression. With respect to understanding the molecular transduction mechanisms, each 
of these approaches has limitations. Inhibiting vesicle release in general raises questions 
about the identity of vesicular molecules responsible for the effect on myelination. 
Inhibiting glutamatergic signalling in particular introduces the potentially confounding 
factor of inducing aberrant axonal physiology secondary to perturbed glutamatergic 
signalling. It is therefore unclear whether the myelin perturbation in this model is due to 
the absence of purported pro-myelinating glutamatergic signalling to oligodendroglia, or 
due to aberrant axonal physiology. Other molecular candidates include neuregulin and 
BDNF. Neuregulin has been identified as an important signal for myelin plasticity in the 
prefrontal cortex in response to social activity-dependent myelin plasticity (Makinodan 
et al., 2012). There is also evidence that BDNF may play a role in mediating the effect 
(Venkatesh et al., 2015).  
 
Although in these studies most of the effort to uncover molecular transduction 
mechanisms of myelin plasticity have focused on extracellular mechanisms, a 
complementary approach – and one which has been adopted to a far lesser extent – is to 
consider the oligodendroglial-intrinsic signal transduction mechanisms. It is known that 
in response to glutamate, oligodendroglia can depolarise and undergo Ca2+ influx (Gallo 
et al., 1996; Yunan et al., 1998); can undergo immediate early gene upregulation (Pende 
et al., 1994); and at least in vitro, can undergo changes in Fyn kinase activity (Wake et 
al., 2011). Furthermore, it has recently been shown that light exposure induces changes 
in oligodendroglial gene expression in vivo (Hrvatin et al., 2018). However, there is no 
detailed understanding of the molecular mechanisms within oligodendroglia that mediate 
myelin plasticity. A key step towards addressing this gap would be undertaking an 
unbiased transcriptomic analysis of oligodendroglia actively undergoing myelin 
plasticity. This approach would provide valuable insight into the signalling and metabolic 
pathways implicated in mediating the plastic response.  
 
The broad aim of this thesis was to identify the oligodendroglial transcriptional responses 
that are associated with myelin plasticity. Addressing this aim requires a model system 
in which neurons can be stimulated to fire action potentials which results in myelin 
plasticity, and from which oligodendroglia can be isolated for transcriptomic analysis. 
Developing such a model requires a series of technical and biological considerations, 
including a suitable tool with which to stimulate action potential firing; an appropriate 
stimulus delivery protocol to induce measurable myelin plasticity; and a technique with 
which to isolate oligodendroglia of various stages of lineage progression at suitable yield 
and purity for transcriptomic analysis. Each of these considerations is now discussed 
individually.  
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5.2. In vivo model design and experimental considerations 

Identifying an appropriate tool to stimulate myelin plasticity 
As discussed above and summarised in Table 1.1, a variety of models for stimulating 
action potential firing in vivo have been used to induce myelin plasticity. For the present 
study, model development was guided by the lab’s success with the hM3Dq DREADD 
pharmacogenetic system to induce myelin plasticity, as indicated by pharmacogenetically 
induced increases in proliferation, differentiation and myelination (Mitew et al., 2018).  
 
The basic biology of the hM3Dq DREADD pharmacogenetic system was described in 
Chapter 3, where it was explored as a tool to induce action potential firing in cultured 
neurons in an attempt to establish an in vitro model of myelin plasticity. Although, as the 
results of Chapter 3 demonstrate, this pharmacogenetic system failed to induce levels of 
activity that are reportedly necessary for myelin plasticity in vitro, the lab had 
demonstrated the utility of the tool for an in vivo model (Mitew et al., 2018). Mitew et 
al.’s model virally delivered hM3Dq to a restricted population of cortical neurons through 
stereotactic injection. A single intraperitoneal injection of CNO induced a robust c-Fos 
response within 90 minutes, and direct recording from hM3Dq+ neurons in slice cultures 
demonstrated CNO-induced depolarisation and increased action potential firing (Mitew 
et al. (2018); see Figure 3.7B in this thesis for an example image from Mitew et al.’s slice 
culture recording). Mitew et al. (2018) induced myelin plasticity in these mice by treating 
them from P19 with seven daily doses of 1 mg/kg CNO and EdU (to label proliferating 
cells) (Figure 5.1A). This treatment stimulated oligodendroglial lineage progression, as 
indicated by an increase in the densities of OPCs, proliferating (EdU+) OPCs, 
oligodendrocytes and newly generated (EdU+) oligodendrocytes. This treatment also 
stimulated myelination, with a tendency for thicker myelination of axons which had 
undergone increased activity, and a tendency for new myelin segments to form 
preferentially on stimulated axons. A similar pattern of results was seen when mice were 
treated with CNO for seven days beginning at P56. In these older mice, the effect was 
detected only if there was a seven-day interval between cessation of CNO treatment and 
histological assessment, which is likely because of the slower cell cycle time in adults 
(Hill et al., 2014). Sparse hM3Dq expression was well-suited to the histological analyses 
that the lab had been concerned with (Mitew et al., 2018), but was likely to be too spatially 
restricted to result in widespread transcriptional changes in the oligodendrocyte lineage 
throughout the brain, which was the intended application of the model being developed 
in the present study. Therefore, for the present study a transgenic approach was adopted, 
based on a mouse line developed by Alexander et al. (2009), to induce activity in a wider 
population of cortical neurons. 
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Figure 5.1 Comparison of pharmacogenetic stimulation protocols for inducing 
myelin plasticity in the lab’s published model and in the model developed in the 
present study. 

A. Schematic of the lab’s published pharmacogenetic stimulation protocol to 
induce myelin plasticity (Mitew et al., 2018). With this protocol, mice in which 
a subset of somatosensory cortical neurons expressed the hM3Dq DREADD 
receptor (delivered virally via stereotactic injection) exhibited enhanced OPC 
proliferation and differentiation, and enhanced myelination specifically of 
pharmacogenetically stimulated axons.    

B. Schematic of the stimulation protocol and assessment time-points used in the 
present study with CaMKIIa-tTA+;TRE-HA-hM3Dq+ transgenic mice, which 
expressed the hM3Dq receptor in CaMKIIa+ neurons throughout the brain. The 
model was intended to be applied to studying the question of oligodendroglial 
transcriptional responses to myelin plasticity, therefore some cohorts of mice 
(i.) were treated daily for seven days and inspected histologically to determine 
whether this protocol induced myelin plasticity as indicated by enhanced 
oligodendroglial lineage progression; other cohorts (ii.) were treated daily for 
only two days and then oligodendroglia were isolated for transcriptomic 
analysis. 
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Alexander et al.’s (2009) transgenic mouse line was created by crossing two mouse lines: 
the TRE-HA-hM3Dq line (created by Alexander et al. (2009)), and the CaMKIIa-tTA 
line (Mayford et al., 1996). The TRE-HA-hM3Dq transgenic line contains a Tet Response 
Element (TRE) upstream of the hM3Dq gene and operates via the Tet-off system, such 
that hM3Dq expression is repressed by doxycycline. The CaMKIIa-tTA transgenic line 
expresses the tetracycline transactivator (tTA) in CaMKIIa-expressing neurons, which 
primarily comprise projection neurons throughout the cortex and hippocampus (Mayford 
et al., 1996). Alexander et al.’s (2009) resulting TRE-HA-hM3Dq x CaMKIIa-tTA 
double transgenic mouse line (hereafter referred to as CaMKIIa-HA-hM3Dq mice) 
express hM3Dq in CaMKIIa-expressing neurons which, as expected based on Mayford 
et al.’s (1996) characterisation, is strongest throughout the cortex and hippocampus 
(Alexander et al., 2009). In the cortex, hM3Dq expression is strongest throughout the 
apical dendrites (Alexander et al., 2009). In the hippocampus, expression is strongest 
throughout the CA1 region, and is particularly strong in the apical and basal processes of 
pyramidal neurons (Alexander et al., 2009).  
 
In developing this hM3Dq DREADD transgenic mouse model, Alexander et al. (2009) 
report that single transgenic CaMKIIa-tTA mice are, for the most part, behaviourally 
normal. It should be noted, however, that at least one close analysis has identified subtle 
abnormalities in this line, such as reduced locomotion (McKinney et al., 2008). Alexander 
et al. (2009) report that TRE-HA-hM3Dq single transgenic animals are indistinguishable 
from CaMKIIa-HA-hM3Dq double transgenic animals in terms of size, morphology, gait, 
and with respect to a range of behavioural parameters including reflex responses, balance, 
grip strength, and pre-pulse inhibition of startle responses, and in terms of performance 
on the accelerating rotarod, the Morris water maze, and the elevated plus maze. Compared 
to the single transgenic animals, the double transgenic animals exhibit mildly but 
significantly reduced spontaneous locomotor activity in the open field test (Alexander et 
al., 2009).   
 
In CaMKIIa-HA-hM3Dq double transgenic mice, Alexander et al. (2009) showed that a 
single CNO injection affected locomotion in dose-dependent manner: 0.1 mg/kg CNO 
induces a trend towards an increase in spontaneous locomotion, and 0.3 mg/kg CNO 
induces a significant increase in spontaneous locomotor activity. The magnitude of the 
effect increased in a time-dependent manner after the injection, and persisted even nine 
hours after the injection (Alexander et al., 2009). These CNO-induced behavioural 
changes in CaMKIIa-HA-hM3Dq mice were accompanied by neurophysiological 
changes. CNO injections at doses of 0.1-0.3 mg/kg induced widespread cortical and 
hippocampal activity, as indicated by implanted multi-electrode arrays. This was seen 
within five-to-ten minutes after CNO injection, and peaked 45-50 minutes after injection. 
The CNO-induced increase in activity persisted for about nine hours, which was 
consistent with the time course of the locomotor effects. Importantly, when these animals 
were treated with a second CNO injection 24 hours after the first, the response mirrored 
the initial response, indicating that sensitivity to CNO is constant over this time course 
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(Alexander et al., 2009). Alexander et al. (2009) also showed that CNO at doses of 0.5 
mg/kg induced mild seizures in some CaMKIIa-HA-hM3Dq mice, and that doses of 1 
mg/kg induce severe seizures. Thus, for the present study, doses of 0.3 mg/kg of CNO 
were used.  
 
In spite of these protracted physiological and behavioural effects, the pharmacokinetics 
of CNO appear to be much more transient. For example, a single dose of CNO peaks in 
concentration in rat plasma around 30 minutes after (a 5 mg/kg) injection, and steadily 
but rapidly diminishes to negligible levels after three hours (MacLaren et al., 2016). This 
pattern is similar in mice, in which plasma levels of CNO peak 15 minutes after (a 1 
mg/kg) injection, and then steadily decline to reach baseline after about two hours 
(Guettier et al., 2009). These dose-effect and pharmacokinetic parameters informed the 
design of the present study. 
 
Although one of the key features of the hM3Dq DREADD system is the biological 
inertness of CNO in the absence of the hM3Dq receptor (Alexander et al., 2009; 
Armbruster et al., 2007), there is emerging evidence that CNO may have some off-target 
effects independent of hM3Dq expression due to back-metabolism to clozapine 
(MacLaren et al., 2016). This necessitates the inclusion of a control condition in which 
CNO is administered. Because single transgenic CaMKIIa-tTA mice have been reported 
to display some abnormalities, such as reduced basal locomotion (McKinney et al., 2008), 
and in light of the potential side-effects of CNO (MacLaren et al., 2016), CaMKIIa-
tTA+/TRE-HA-hM3Dq- single transgenic mice treated with CNO were used as controls 
unless otherwise specified. 
 
Isolating oligodendroglia from brains with immunopanning 
In developing an in vivo model of myelin plasticity to investigate oligodendroglial 
transcriptomic changes, it was essential that oligodendroglia of various stages of lineage 
progression could be acutely isolated from brains with suitable yield and purity for 
transcriptomic analysis. Although purifying OPCs with immunopanning is a routine 
technique (and indeed was the method used to purify OPCs for the co-culture experiments 
described throughout Chapter 3 and 4), the yield is optimal with animals of around P7, 
and this is the age at which most studies purify these cells for culturing (Chan et al., 2004). 
The viability, purity and yield of oligodendroglia isolated in this way become increasingly 
compromised with animals beyond around P16 (Emery & Dugas, 2013). This upper 
recommended age limit is the age at which oligodendroglia are present at the full range 
of stages of lineage progression (Zhang et al., 2014), and is the age at which animals have 
been used for transcriptomic analysis of oligodendroglia (Cahoy et al., 2008; Zhang et 
al., 2014). This limitation guided model development in the present study.  
 
Temporal considerations  
In developing an in vivo model of myelin plasticity for oligodendroglial transcriptomic 
analysis, it is a prerequisite that the model demonstrates evidence of myelin plasticity, so 
that transcriptional changes can potentially be causally linked to the phenomenon. 
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Consequently, it was necessary to determine a CNO dosing protocol that induces suitable 
action potential firing for inducing myelin plasticity. As noted above, developing such a 
protocol was guided by the temporal constraints imposed by the immunopanning 
technique. The lab’s pharmacogenetic model of myelin plasticity detected 
oligodendroglial lineage progression at P26 as a result of administering seven daily doses 
of 1 mg/kg CNO from P19 to mice expressing hM3Dq in a restricted population of 
cortical neurons (Figure 5.1A; Table 5.1). Thus, this protocol could not be directly applied 
to the present study, because the temporal constraints imposed by the immunopanning 
protocol require that the inducing stimulus be applied earlier.  
 
The multi-day dosing protocol (i.e. seven days) is probably essential for enabling the 
induction and/or detection of oligodendroglial lineage changes at the histological level. 
In Chapter 4, when the temporal parameters for the in vitro assays were being designed, 
a series of seven published studies exploiting OPC-DRG co-culture models of myelin 
plasticity were compared in terms of the temporal parameters used for the inducing 
stimulus (Figure 4.1). This level of systematisation is not possible for the corresponding 
in vivo literature which, as described in Chapter 1 and summarised in Figure 1.7, is very 
diverse in terms of the nature of the inducing stimulus and the age. There are however 
several other studies which have directly stimulated neurons to induce oligodendroglial 
lineage changes or myelin plasticity, which are summarised in Table 5.1. 



 213 

Table 5.1 Summary of temporal parameters employed in in vivo studies of myelin plasticity 

 

Paper 

Form of stimulation, 
region 

a a-b pattern 

(frequency) 
b b-c c Outcome 

Mitew et al. (2018) 

hM3Dq DREADD, 

cortex 

P19 
1 injection/day 

(N/A) 

P26 

(+7d) 
1 d P26 

Proliferation, differentiation, 

myelination 

P60 
1 injection/day 

(N/A) 

P67 

(+7d) 
7 d P74 

Proliferation, differentiation, 

myelination 

Gibson et al. (2014) 

Optogenetics, cortex 

P35 

30 mins 

20 Hz, 30 s every 2 

min 

P35 

(+0d) 
3 h P35 Proliferation 

30 mins/day 

20 Hz, 30 s every 2 

min 

P41 

(+7d) 

4 weeks 

P72 
Proliferation, differentiation, 

myelination 

P84 

30 mins/day 

20 Hz, 30 s every 2 

min 

P90 

(+7d) P118 
Proliferation, differentiation, 

myelination 
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Paper 

Form of stimulation, 
region 

a a-b pattern 

(frequency) 
b b-c c Outcome 

Li et al. (2010) 

Electrical 

stimulation, 

corticospinal tract 

Adults 

6 h/day 

333 Hz, 45 msec 

every 2 s 

+10 d 1 d Adults Proliferation, differentiation 

Nagy et al. (2017) 

Implanted electrodes 

Corpus callosum 

Adults 

3 h 

5 Hz, 20 pulses, 

every 5 mins 

+3 h 7 d 

Adults 

Increased density of newly 

differentiated cells 

No effect on total OPCs or mature 

OL density 

Increased production of newly 

generated oligodendrocytes 

3 h 

25 Hz, 20 pulses, 

every 5 mins 

+3 h  
Increased OPC proliferation 

Increased production of newly 

generated oligodendrocytes 

3 h 

300 Hz, 20 pulses, 

every 5 mins 

+3 h  
Increased OPC proliferation 

Increased production of newly 

generated oligodendrocytes 
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Paper 

Form of stimulation, 
region 

a a-b pattern 

(frequency) 
b b-c c Outcome 

The present study 

hM3Dq DREADD, 

cortex  

P14 
1 injection/day 

(N/A) 
P20 1 d P21  
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Consistent with the lab’s pharmacogenetic model of myelin plasticity, other in vivo myelin 
plasticity models (Gibson et al., 2014; Li et al., 2010) employ multi-day stimulation protocols. 
However, Gibson et al. (2014) show that within three hours of a single 30-minute optogenetic 
stimulation period, proliferative responses can be detected. Additionally, Nagy et al. (2017) 
induced adaptive oligodendroglial changes after a single three-hour electrical stimulation 
period, with intervals of either three or seven days until immunohistochemical analysis. The 
parameters of the studies listed in Table 5.1 indicate various durations between cessation of 
stimulation and immunohistochemical assessment of myelin plasticity. Mitew et al. (2018) 
argue that this interval is related to animal age, demonstrating that it is necessary to leave an 
interval of a week between cessation and analysis in the older (~P60) but not the younger 
(~P19) cohort. No such interval was present in Li et al.’s (2010) protocol with adult mice. In 
contrast, Gibson et al.’s (2014) protocol included a four-week interval to detect differentiative 
changes, although measurable proliferative changes were present within three hours of a single 
stimulation period. The reasons for these differences are unclear, but could be related to the 
animal age, CNS region, and type of stimulus. Finally, there is considerable variation with 
respect to the frequency used. While Li et al. (2010) used very high frequency stimulation, 
Gibson et al. (2014) demonstrated effects with relatively low frequency stimulation (20 Hz). 
Recently, Nagy et al. (2017) showed that the precise oligodendroglial effects of stimulation 
may depend on the frequency, at least over the short-term, acute period.   
 
Based on these considerations together, for the present study, seven daily injections of CNO 
were delivered commencing at P14, and histological analysis was conducted at P21 (Figure 
5.1Bi). It is known from studies of basic oligodendroglial biology that OPCs divide in the 
cortex and corpus callosum at P21 of which, by P29, approximately 48% differentiate in the 
cortex and approximately 73% differentiate in the corpus callosum (Hill et al., 2014). This 
proportion is higher in younger animals. It is thus clear that, within the age range considered 
in the present study and in the lab’s previous work (Mitew et al., 2018), it is theoretically 
possible to detect an increase in oligodendroglia that have undergone proliferation and then 
differentiation between the start and the end of the treatment. If the protocol depicted in Figure 
5.1Bi were shown to induce myelin plasticity at the histological level, then the system could 
be applied to studying the oligodendroglial transcriptional responses. To address this aim, the 
protocol depicted in Figure 5.1Bii could be performed, whereby after only two days of 
pharmacogenetic stimulation, oligodendroglia could be isolated for transcriptional analysis. 
This would reveal the early transcriptional responses activated in oligodendroglia which may 
contribute to myelin plasticity observed histologically several days later.  
 
Experimental aims of this chapter 
The aim of the study presented in this chapter was to develop an in vivo, transgenic CaMKIIa-
hM3Dq mouse model with which to study myelin plasticity and the associated oligodendroglial 
transcriptional responses. Experiments were carried out to determine whether CNO induces 
activity in these animals, whether oligodendroglia of various stages of lineage progression can 
be isolated from their brains via immunopanning, and whether pharmacogenetic stimulation 
enhances oligodendroglial lineage progression.  
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5.3. Results 

5.3.1. CNO induces neuronal activity in CaMKIIa-HA-hM3Dq transgenic mice 
CaMKIIa-tTa and TRE-HA-hM3Dq single transgenic mice were purchased and bred to 
produce CaMKIIa-tTAWt/Tg/TRE-HA-hM3DqWt/Tg mice (hereafter referred to as CaMKIIa-
HA-hM3Dq mice). In agreement with Alexander et al. (2009), immunohistochemically 
staining cortical sections of adult (eight week old) CaMKIIa-HA-hM3Dq mice for HA 
confirmed that the construct is expressed throughout the cortex and hippocampus, as shown in 
Figure 5.2, through a rostrocaudal expanse covering approximately Bregma -0.18 mm to -1.955 
mm. Furthermore, Figure 5.2 demonstrates that expression patterns of HA-hM3Dq in this 
mouse line are broadly consistent with the expression patterns of the endogenous CaMKIIa as 
revealed by expression sections from the Allen Brain Atlas.  
 
To confirm that CNO induced neuronal activity, CaMKIIa-HA-hM3Dq mice were treated at 
P14 with a single intraperitoneal injection of CNO (either 0.1 mg/kg (n=1) or 0.3 mg/kg (n=2)), 
or of the vehicle (saline, n=1), then sacrificed two hours later for immunohistochemical 
analysis. Neither dose induced overt seizure-like behaviour, in agreement with Alexander et al. 
(2009). To confirm that CNO treatment induced neuronal activity, c-Fos expression levels were 
examined in HA-hM3Dq+ neurons in cortical regions where, as shown in Figure 5.3A, HA-
hM3Dq is highly expressed. As can be qualitatively appreciated in Figure 5.3, a single dose of 
0.3 mg/kg CNO was sufficient to induce a striking increase in c-Fos fluorescence intensity in 
HA-hM3Dq-expressing neurons, compared to the saline vehicle (Figure 5.3A). For 
quantification, regions of interest were manually drawn around the nuclei (approximately 120 
per animal) of HA-hM3Dq+ neurons, then superimposed on the c-Fos channel so that the 
average pixel intensity of c-Fos in these regions of interest could be measured. The results are 
plotted in Figure 5.3B. A one way ANOVA confirmed a significant effect of treatment on c-
Fos intensity (F(2, 477)=73.34, p<0.0001)), and Tukey’s post-hoc pairwise comparisons 
revealed a significant difference between all possible treatment pairs. Thus, consistent with the 
findings of Alexander et al. (2009), the CaMKIIa-HA-hM3Dq mice respond to a single dose 
of 0.3 mg/kg CNO with increased c-Fos expression and thus most likely with increased 
neuronal activity, and without overt seizure activity. 
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Figure 5.2 HA-hM3Dq is expressed throughout the cortex and hippocampus of CaMKIIa-
hM3Dq mice. 
Anti-HA stained cortical sections from three positions along the rostrocaudal axis from 
CaMKIIa-HA-hM3Dq double transgenic adult (eight week) mice. Scalebar is 500 µm. Each 
image is shown alongside an image of a comparable rostrocaudal level showing expression 
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patterns of the endogenous CaMKIIa gene in P56 C57BL/6J mice in the Allen Brain Atlas 
(http://mouse.brain-map.org/). These images indicate that, in agreement with Alexander 
et al.’s (2009) characterisation of the CaMKIIa-HA-hM3Dq double transgenic line, HA-
hM3Dq is expressed throughout the cortex and hippocampus, including across the 
rostrocaudal region spanning approximately (A) Bregma -0.18 mm (coronal level 56) to (B) 
-1.355 mm (coronal level 68) to (C) Bregma -1.955 mm (coronal level 74). 
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Figure 5.3 CNO induces activity-responsive immediate early gene expression in hM3Dq-
expressing cortical neurons of CaMKIIa-HA-hM3Dq mice. 

A. Example images of three CaMKIIa-HA-hM3Dq animals, treated at P14 with a single 
dose of either saline, 0.1 mg/kg or 0.3 mg/kg CNO, and fixed two hours later. Brain 
sections were stained for c-Fos and HA-hM3Dq (i.e. with anti-HA to label HA-
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hM3Dq), confirming that c-Fos was quantified in regions in which hM3Dq is highly 
expressed. Scalebar in top panels is 100 µm. Boxed areas in top panel are shown 
enlarged in bottom panel, and with HA-hM3Dq and c-Fos channels separated. 
Arrowheads in bottom panel indicate examples of HA-hM3Dq+ neurons with clear 
c-Fos expression. Scalebar in bottom panel is 50 µm. 

B. Nuclear c-Fos intensity analysis of HA-hM3Dq-expressing neurons in CaMKIIa-HA-
hM3Dq mice treated with a single dose of either saline (n=1), 0.1 mg/kg CNO (n=1), 
or 0.3 mg/kg CNO (n=2). Nuclei of HA-hM3Dq+ cells (~120/animal) were manually 
delineated in FIJI, and these regions of interest (ROIs) were laid over the c-Fos 
channel, and the average pixel intensity in these ROIs in the c-Fos channel was 
measured (in arbitrary fluorescence units). The average intensity for each cell was 
the unit of analysis in each condition. The measurements for the two HA-hM3Dq-
expressing mice treated with 0.3 mg/kg CNO were pooled. A one-way ANOVA 
revealed a significant difference between the groups (saline=3674.29±292.85; 0.1 
mg/kg CNO=4583.97±1160.99; 0.3 mg/kg CNO 5876.91±2224.82; F(2, 477)=73.34, 
p<0.0001). Descriptive statistics are presented as mean±SD. ***p<0.01; 
****p<0.0001 
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5.3.2. Oligodendroglia of various lineage stages can be isolated from P15 brains 
To confirm that purified populations of cells could be isolated with sufficient purity for 
transcriptomic studies, two immunopanning experiments were carried out with P15 mice. The 
sequence of panning plates is shown in Figure 5.4, and is based on the technique of Zhang et 
al. (2014). This sequence of panning plates is designed to allow purification of OPCs, mature 
oligodendrocytes and immature oligodendrocytes. Cells bound to plates were lysed and the 
RNA purified for gene expression analysis with qPCR cell-type specific probes (Figure 5.4). 
The cell type specific probes were chosen based on those used by Zhang et al. (2014), and 
included Cd68 as the microglial marker, Aldh1l1 as the astrocyte maker, Stmn2 and Snap25 as 
the neuronal markers, Pdgfrα as the OPC marker, Enpp6 as the immature oligodendrocyte 
marker (Xiao et al., 2016), and Mog as the mature oligodendrocyte marker. Zhang et al. (2014) 
validated their immunopanning approach to producing enriched fractions of the various cell 
types for RNAseq transcriptomics, and found that it produced fractions of OPCs and 
oligodendrocytes that were enriched by about six-fold relative to the total dissociated cell 
population (i.e. see Figure 6B of Zhang et al., 2014).  
 

 
Figure 5.5 shows the results of two independent experiments, with two brains pooled per 
condition per experiment. The results indicate that the oligodendroglial fractions (i.e. OPCs, 
oligodendrocytes and immature oligodendrocytes) were not contaminated appreciably with 
microglia or macrophages (indicated by the low levels of Cd68 transcripts; Figure 5.5A) or 
astrocytes (indicated by low levels of Aldh1l1 transcripts; Figure 5.5B).  
 
In addition to being relatively free of macrophage and astroglial contamination, the 
oligodendrocyte and immature oligodendrocyte fractions were also relatively free of neuronal 
contamination (indicated by the low levels of Stmn2 and Snap25; Figure 5.5C-D). The OPC 
fraction, however, was contaminated by some neurons. These results indicate that although 

 

Figure 5.4 Immunopanning to isolate oligodendroglia for transcriptional analysis: 
panning strategy. 
The cell suspension from dissociated brains was added to a series of panning plates coated 
with the following antibodies: BSL-1 (to deplete endothelial cells); anti-macrophage (to 
deplete macrophages and microglia); anti-PDGFRα (to bind OPCs); A2B5 (to bind residual 
OPCs; also binds other cells including neurons); anti-MOG (to bind mature 
oligodendrocytes; note that three sequential anti-MOG plates were used to deplete the 
abundant myelin present in brains of animals of this age); and anti-GalC (to bind immature 
oligodendrocytes (iOLs)). 
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oligodendrocytes and immature oligodendrocytes can be isolated with a high level of purity, 
OPCs are more challenging to isolate with high purity, and tend to be contaminated by neurons.  
 
The high enrichment of Mog transcripts specifically in the oligodendrocyte fraction (Figure 
5.5E, mean=10.36-fold enrichment over whole brain), and of Enpp6 transcripts (mean=12.82-
fold enrichment over whole brain) in the immature oligodendrocyte fraction (Figure 5.5F) 
indicate that as well as yielding pure immature oligodendrocyte and oligodendrocyte fractions, 
this panning strategy is also efficient at isolating the cell types of interest. These enrichment 
values of around 10-fold are comparable to those achieved by Zhang et al. (2014).  
 
The results indicate that although an enriched fraction of OPCs could be produced, the 
enrichment was considerably less than that achieved for the immature oligodendrocyte and 
mature oligodendrocyte fractions. Relative to whole brain, the OPC marker (Pdgfrα) on the 
anti-PDGFRα panning plate was enriched, on average, by around three-fold (Figure 5.5G). The 
inefficiency of the anti-PDGFRα panning plate at isolating OPCs is highlighted by the 
comparable enrichment of OPCs by the A2B5 panning plate (Figure 5.5G, mean=2.45). Zhang 
et al. (2014) achieved about a six-fold enrichment of OPCs using the same sequence of panning 
plates. Besides experimenter technique, a possible reason for this difference could be the 
different anti-PDGFRα antibodies used.  



 224 

 



 225 

Figure 5.5 Oligodendroglia of various stages of lineage progression can be isolated from P15 brains. 
 (A)-(G). The qPCR results from two independent immunopanning experiments to validate the method; the mean of the two experiments is 
indicated by the line between each pair of data points. The expression level for each cell fraction was quantified as fold change relative to 
whole brain. The following cell-type specific probes were used to verify that the panning plates could suitably purify the intended cell types: 
(A) Cd68 (macrophages); (B) Aldh1l1 (astrocytes); (C) Stmn2 (neurons); (D) Snap25 (neurons); (E) Mog (mature oligodendrocytes; (F) Enpp6 
(immature oligodendrocytes (iOLs)); (G) Pdgfrα (OPCs).  
 
(H)-(J) An additional experiment was carried out, identical in method to that used to produce (A)-(G), except that the cell suspension was pre-
incubated for 30 minutes in a 37°C incubator prior to addition to the panning plates, to enable antigens to be re-expressed at the cell surface. 
Note that the qPCR experiment was only carried out for RNA derived from whole brain, the OPC fraction, and the remaining cell fraction, and 
only to assess the relative expression of the OPC marker (Pdgfr!) (H); and the two neuronal markers, Snap25 (I) and Stmn2 (J). The data point 
from the pre-incubation experiment is presented in pink in (H)-(J), the other data-points are those from (C), (D) and (G). In (H)-(J), means and 
SD are presented.  
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Obtaining a pure OPC fraction from mice of this age is challenging for at least two reasons. 
Firstly, OPCs are present at lower numbers in these animals (compared to the early postnatal 
mice used for immunopanning isolation for cell culture). Secondly, it appears that the anti-
PDGFRα antibody has low binding affinity. During visual inspection of the anti-PDGFRα 
immunopanning dish, it was noted that many small cells with a morphology consistent with 
OPCs appeared to initially attach to the dish, but to subsequently detach when the plates were 
being rinsed, suggesting relatively poor binding affinity. This is particularly challenging 
because washing the panning plate thoroughly, prior to cell lysis, is necessary to remove 
unbound cells and failing to wash the panning plate sufficiently could account for the neuronal 
makers that appear in this fraction.  
 
A possible way to enhance binding to this low affinity anti-PDGFRα plate is to pre-incubate 
the cell suspension for 30 minutes in a 37°C incubator, to promote the re-insertion of antigens 
at the cell surface, which may have been degraded or internalised during enzymatic dissociation 
of the brain. The panning experiment was thus repeated with the addition of a pre-incubation 
step, immediately after re-suspending the dissociated cells in panning buffer, prior to addition 
to any panning plates. qPCR analysis of OPC and neuronal markers was performed on the OPC 
fraction (i.e. the cells bound to the anti-PDGFRα panning plate) and on the whole brain input 
and remaining cell fractions (Figure 5.5H-J). The results suggest that this strategy resulted in 
an enrichment of OPCs (as indicated by the abundance of Pdgfrα transcripts) that was within 
the range achievable even without the pre-incubation step (compare Figure 5.5H to Figure 
5.5G), and has only a minimal effect on reducing neuronal contamination of the OPC fraction 
(indicated by the Stmn2 and Snap25 probes in Figures 5.5I-J). In conclusion, these results 
indicate that immature oligodendrocytes and mature oligodendrocytes can be isolated from P15 
mouse brains, to produce cell fractions with a level of purity that is comparable to that which 
is reported in the literature using similar isolation protocols to analyse oligodendroglial 
transcriptomics (Zhang et al., 2014), and that enriched OPC fractions can also be produced, 
though they are contaminated to a greater extent than that reported in the literature.  
 

5.3.3. Pharmacogenetic stimulation of CaMKIIa-hM3Dq transgenic mice does not 
induce myelin plasticity at P21 in either the corpus callosum or cortex 

In order to test whether CNO treatment of the hM3Dq transgenic animals induced 
oligodendroglial lineage progression, CaMKIIa-tTA+;TRE-HA-hM3Dq- (Control) and 
CaMKIIa-tTA+;TRE-HA-hM3Dq+ (CaMKII-HA-hM3Dq) transgenic mice (n=7 per group, 
from four different litters) were treated with intraperitoneal injections of 0.3 mg/kg CNO and 
50 mg/kg EdU for 7 days commencing at P14 then sacrificed at P21, after which the brains 
were processed for immunohistochemistry, as per the protocol in Figure 5.1Bi. For 
quantification of the oligodendroglial lineage in the corpus callosum, images from the anterior 
midline of the corpus callosum were selected at approximately the level shown in Figure 5.6A 
(corresponding to approximately Bregma +0.94 as per the Allen Brain Atlas at 
http://mouse.brain-map.org). Although the rostrocaudal level presented in Figure 5.6A is more 
rostral than the expanse of cortex in which hM3Dq expression was examined in Figure 5.2, the 



 227 

expression pattern of the endogenous CaMKIIa gene as per the Allen Brain Atlas and as per 
the neuroanatomical characterisation of CaMKIIa promoter activity by both Odeh et al. (2011) 
and Wang et al. (2013) imply that HA-hM3Dq would be strongly expressed at the rostrocaudal 
level depicted in Figure 5.6A.  
 
Example images from each genotype in which oligodendroglia were quantified are presented 
in Figure 5.6B. EdU labels cells which had proliferated at some point between the onset of 
CNO/EdU treatment at P14 and the endpoint at P21; Olig2 labels all cells of the 
oligodendroglial lineage; and CC1 labels differentiated oligodendrocytes. Cells that are 
positive for both EdU and Olig2 indicate OPCs that have undergone division in the preceding 
seven days; cells that are positive for all three markers are oligodendrocytes that have 
undergone division and subsequent differentiation in the preceding seven days.  
 
The results of the quantification of these histological sections are presented in Figure 5.7. There 
were no significant differences between genotypes in the densities of EdU+ cells (Figure 5.7A), 
Olig2+ cells (Figure 5.7B), CC1+ cells (Figure 5.7C), EdU+CC1+ cells (Figure 5.7D), or 
EdU+Olig2+ cells (Figure 5.7E). Another way of quantifying oligodendroglial proliferation is 
to consider the proportion of total Olig2+ cells which are positive for the proliferative marker 
EdU. In both conditions, just under 30% of Olig2+ cells were positive for EdU, and there was 
no effect of the treatment (Figure 5.7F). Similarly, to quantify new oligodendrocyte generation, 
the proportion of total CC1+ cells positive for EdU were quantified, revealing no significant 
difference between the conditions, which in both cases was around 15% (Figure 5.7G). These 
results indicate that seven daily doses of 0.3mg/kg of CNO commencing at P14 does not induce 
detectable oligodendroglial lineage changes by P21 in the corpus callosum of CaMKIIa-HA-
hM3Dq mice.  
 
As previously discussed and demonstrated (in Figure 5.2 and Figure 5.3), HA-hM3Dq is highly 
expressed throughout the cortex of these animals. This is consistent with other studies in which 
the neuroanatomical distribution of CaMKIIa promoter activity has been studied in great detail, 
which reveal high CaMKIIa promoter activity throughout the cortex, particularly in projection 
neurons in layers II/III and VI (Odeh et al., 2011; Wang et al., 2013). Given its high expression 
in projection neurons in layer VI (Wang et al., 2013 and Figure 5.2), and given layer VI 
contains commissural projection neurons that traverse the corpus callosum (Molyneaux et al., 
2007), the oligodendroglial lineage was quantified in a region corresponding to approximately 
layer VI as shown in Figure 5.8A, at a rostrocaudal level corresponding to approximately 
Bregma +0.94. 
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Figure 5.6 Representative histological sections of medial corpus callosum quantified for CNO treated mice. 
A. Image from The Allen Brain Atlas (http://mouse.brain-map.org/) corresponding to the approximate level (coronal level 45, Bregma 

+0.945) of the brain used in quantification of the oligodendroglial lineage in this study. The black box indicates the medial corpus 
callosum, the region quantified in this figure. 

B. Representative images of the medial corpus callosum sections quantified for oligodendroglial lineage analysis, including one from a 
control (CaMKIIa-tTA+/TRE-HA-hM3Dq-; top panel) and one from a hM3Dq (CaMKIIa-tTA+/TRE-HA-hM3Dq+; bottom panel) mouse, 
treated according to the protocol in Figure 5.1Bi. Scalebar represents 100 µm. The yellow line delineates the region of interest, the 
area of which was measured in mm2 and within which oligodendroglia were counted. In the merged image, the yellow box within the 
corpus callosum is shown enlarged in (i) and (ii) (in which scale bar is 20 µm), for the control and experimental animal, respectively. 
Olig2 is a pan-oligodendroglial marker, CC1 is a differentiated oligodendrocyte marker, and EdU indicates cells that have divided at 
some point between the onset of EdU treatment (P14) and the end-point (P21). In (i), the yellow arrowhead indicates a triple-labelled 
oligodendrocyte which, within the seven days prior to the end-point, has been newly generated as a result of proliferation and which 
has also undergone differentiation into a mature, CC1+ oligodendrocyte. The red arrow head indicates an Olig2+EdU+ OPC which, within 
the seven days prior to the end-point, has been newly generated as a result of proliferation, but which has not yet undergone 
differentiation.  
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Figure 5.7 Pharmacogenetic stimulation in vivo does not stimulate oligodendroglial 
lineage progression in the medial corpus callosum. 
Cells were quantified in the medial corpus callosum (as demonstrated in Figure 5.6) of 

control (i.e. CaMKIIa-tTA+/TRE-HA-hM3Dq-) and hM3Dq (i.e. CaMKIIa-tTA+/TRE-HA-

hM3Dq+) mice at P21, after being treated with seven daily doses of 0.3 mg/kg CNO and 50 

mg/kg EdU commencing at P14 (i.e. as per the protocol presented in Figure 5.1Bi). For the 
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analysis of each cell type in (A)-(G), the two genotypes were compared with a two-tailed 

unpaired t-test.  

A. Quantification of EdU+ cell density; there was no significant difference between the 

two conditions (control=657.59±42.10 cells/mm2; hM3Dq =570.38±46.80 

cells/mm2; t(12)=1.38, p=0.1911).  

B. Quantification of Olig2+ cell density; there was no significant difference between 

the two conditions (control=1879.24±86.39 cells/mm2; hM3Dq=1714.63±61.17 

cells/mm2; t(12)=1.55, p=0.1459).  

C. Quantification of CC1+ cell density; there was no significant difference between the 

two conditions (control=1610.98±117.12 cells/mm2; hM3Dq=1444.19±41.69 

cells/mm2; t(12)=1.34, p=0.2046).  

D. Quantification of EdU+Olig2+ double positive cell density; there was no significant 

difference between the two conditions (control=549.23±36.62 cells/mm2; 

hM3Dq=460.20±35.98 cells/mm2; t(12)=1.73, p=0.1085). 

E. Quantification of EdU+CC1+ double positive cell density; there was no significant 

difference between the two conditions (control=276.65±105.90 cells/mm2; 

hM3Dq=195.73±88.19 cells/mm2; t(12)=1.55, p=0.1463).  

F. Quantification of the proportion of total Olig2+ cells that are EdU+Olig2+ double 

positive cells; there was no significant difference between the two conditions 

(control=0.29±0.01; hM3Dq=0.27±0.02; t(12)=1.07, p=0.3069).  

G. Quantification of the proportion of total CC1+ cells that are EdU+CC1+ double 

positive cells; there was no significant difference between the two conditions 

(control=0.16±0.01; hM3Dq=0.13±0.01; t(12)=1.76, p=0.1036). 

All data are all means ± SEM. n=7 per group.  
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Importantly, the work of Hill et al. (2014) indicates that within the age range and time-frame 
considered in the present study, OPCs can proliferate and differentiate in the cortex. 
Additionally, some researchers hypothesise that the intermittent, irregular myelination patterns 
of axons in the cortex may be evidence of a high degree of plasticity of oligodendroglia in this 
region, making it particularly amenable to myelin plasticity (Tomassy et al., 2014).  
 
An example of a triple-stained cortical section is shown in Figure 5.8B. The quantification of 
the oligodendroglial lineage is shown in Figure 5.9. Unpaired, two-tailed t-tests failed to detect 
significant differences between the CNO-treated CaMKIIa-HA-hM3Dq and control mice in 
terms of the density of EdU+ cells (Figure 5.9A), Olig2+ cells (Figure 5.9B), CC1+ cells (Figure 
5.9C), EdU+CC1+ double positive cells (Figure 5.9D) or EdU+Olig2+ double positive cells 
(Figure 5.9E). For both conditions, around 17% of Olig2+ cells were also EdU+ (Figure 5.9F), 
and around 5% of CC1+ cells were also EdU+ (Figure 5.9G).  
 
In summary, these results presented in Section 5.3.3 do not provide any evidence that 
experimentally stimulating action potential firing in CaMKIIa-HA-hM3Dq mice with the 
protocol employed in the present study causes oligodendroglial lineage dynamics to change. 
This model is therefore inappropriate to use to investigate the transcriptional changes 
associated with myelin plasticity.  
 
Although the histological analysis indicated the model developed here is unsuitable for 
studying the transcriptomic changes associated with myelin plasticity, experiments to purify 
oligodendroglia from CNO-treated CaMKIIa-HA-hM3Dq and control mice were carried out 
as per the protocol depicted in Figure 5.1Bii, concurrently with the histological tissue 
processing, prior to concluding that the model was inappropriate. When it became clear that 
the treatment did not induce activity-dependent lineage changes, it was decided that RNAseq 
experiments were not justified. Nevertheless, the RNA samples from these acutely panned 
brains was subject to qPCR for cell-type specific markers, and the results of these experiments 
are presented in Appendix 1. 
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Figure 5.8 Representative histological sections of cortical region quantified for CNO 
treated mice. 

A. Image from The Allen Brain Atlas (http://mouse.brain-map.org/) corresponding to 

the approximate level (coronal level 45, Bregma +0.94 mm) of the brain used in 

quantification of the oligodendroglial lineage in this study. The black box indicates 

the region of cortex quantified in this analysis.  

B. Representative image used for oligodendroglial lineage analysis after CNO/EdU 

treatment as per Figure 5.1Bi. In the large bottom panel, the yellow line demarcates 

the region of interest drawn to encompass layers IV-VI of the cortex, within which 

oligodendroglia were quantified. Scalebar in bottom image indicates 100 µm. The 

yellow box within the cortical ROI is shown enlarged in the image array along the 

top of the large image. Scalebar in the enlarged top panel indicates 50 µm.   
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Figure 5.9 Pharmacogenetic stimulation in vivo does not stimulate oligodendroglial 
lineage progression in the cortex. 
Cells were quantified in the cortex (as demonstrated in Figure 5.8) of control (i.e. CaMKIIa-

tTA+/TRE-HA-hM3Dq-) and hM3Dq (i.e. CaMKIIa-tTA+/TRE-HA-hM3Dq+) mice at P21, after 

being treated with seven daily doses of 0.3 mg/kg CNO and 50 mg/kg EdU commencing at 

P14 (i.e. as per the protocol presented in Figure 5.1Bi). For the analysis of each cell type in 

(A)-(G), the two genotypes were compared with a two-tailed unpaired t-test. 
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A. Quantification of EdU+ cell density; there was no significant difference between the 

two conditions (control=101.04±13.32 cells/mm2; hM3Dq=93.68±13.07 cells/mm2; 

t(12)=0.39, p=0.7003). 

B. Quantification of Olig2+ cell density; there was no significant difference between 

the two conditions (control=326.69±10.55 cells/mm2; hM3Dq=306.41±8.64 

cells/mm2; t(12)=1.49, p=0.1627). 

C. Quantification of CC1+ cell density; there was no significant difference between the 

two conditions (control=226.03±5.65 cells/mm2; hM3Dq=219.92±8.12 cells/mm2; 

t(12)=0.62, p=0.5486). 

D. Quantification of EdU+Olig2+ double positive cell density; there was no significant 

difference between the two conditions (control=56.88±3.36 cells/mm2; 

hM3Dq=57.18±4.71 cells/mm2; t(12)=0.05, p=0.9594). 

E. Quantification of EdU+CC1+ double positive cell density; there was no significant 

difference between the two conditions (control=10.08±1.29 cells/mm2; 

hM3Dq=9.47±1.77 cells/mm2; t(12)=0.28, p=0.7826).  

F. Quantification of the proportion of total Olig2+ cells that are EdU+Olig2+ double 

positive cells; there was no significant difference between the two conditions 

(control=0.17±0.01; hM3Dq=0.18±0.01; t(12)=0.73, p=0.4772).  

G. Quantification of the proportion of total CC1+ cells that are EdU+CC1+ double 

positive cells; there was no significant difference between the two conditions 

(control=0.04±0.01; hM3Dq=0.04±0.01; t(12)=0.12, p=0.9060). 

All data are all means ± SEM. n=7 per group. 
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5.4. Discussion 

A variety of different in vivo models have demonstrated that the oligodendroglial lineage and 
the myelin it produces can undergo plastic changes in response to a variety of stimuli, including 
social stimulation and deprivation, sensory perturbation, motor activity and learning, and direct 
manipulation of action potential firing. The mechanisms by which such stimuli are transduced 
to effect changes in oligodendroglia have not yet been full elucidated, and studies that have 
addressed this mechanistic question have largely focused on the role of neuronal 
neurotransmitters and their oligodendroglial receptors, rather than on the down-stream 
transcriptional changes induced within oligodendroglia in response to these signals. 
 
A notable recent exception was Hrvatin et al.’s (2018) demonstration that exposing animals to 
light induces changes to oligodendroglial gene expression (Hrvatin et al., 2018). This thesis 
aimed to address this gap in the literature by characterising the oligodendroglial transcriptional 
changes associated with, and which may therefore be causally linked to, myelin plasticity. 
Addressing this aim requires a suitable model system, in which activity can be experimentally 
induced and causes myelin plasticity, and from which oligodendroglia can be isolated for 
transcriptomic analysis. Chapter 5 presented a series of experiments to develop the techniques 
to produce such a model. Overall, the experiments showed that a transgenic hM3Dq DREADD 
pharmacogenetic mouse model (Alexander et al., 2009) was suitable for inducing neuronal 
activity, that oligodendrocytes could be isolated with acceptable levels of purity for 
transcriptomic analysis, but that myelin plasticity (as measured by oligodendroglial lineage 
dynamics) were not induced by the stimulation paradigm employed. It is thus concluded that 
the model is inappropriate for studying the transcriptional changes associated with myelin 
plasticity.  
 
The failure to detect oligodendroglial lineage changes with the pharmacogenetic model system 
was unexpected, because several similar models, from this and other labs, have demonstrated 
myelin plasticity. As demonstrated Table 5.1, several models have employed techniques in 
which neuronal activity is directly manipulated, either through implanted electrodes (Li et al., 
2010; Nagy et al., 2017), optogenetics (Gibson et al., 2014), or the hM3Dq DREADD 
pharmacogenetic system (Mitew et al., 2018). Each of these studies demonstrated myelin 
plasticity evidenced by stimulus-induced OPC proliferation, OPC differentiation, and 
myelination. It remains possible that in the present study, subtler changes to myelination were 
produced by the treatment, but verifying this would require additional analyses of myelin 
internode number, length, or thickness. 
 
As with any experiment that produces an unexpected negative result, it is important to consider 
the factors that could be responsible for the results. Three potential reasons will be discussed: 
the developmental time point; the temporal parameters of the stimulation paradigm; and the 
potentially confounding features of the hM3Dq DREADD pharmacogenetic system as a tool 
to induce neuronal activity. 
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Developmental time point 
One factor that could explain the unexpected results is the age of the animals. As noted in 
Section 5.1 (and summarised in Figure 1.7) models of myelin plasticity have demonstrated the 
phenomenon across a range of ages, from early development to adulthood, though some models 
suggest the degree of plasticity reduces with age (Gibson et al., 2014; Mitew et al., 2018). The 
lab’s previous work, which successfully used the hM3Dq DREADD system to induce myelin 
plasticity, used slightly older (P19-P26) animals than the present study (P14-P21). The absence 
of evidence for myelin plasticity in Section 5.3.3 could be because of a signal-to-noise problem. 
It is possible that in the context of higher oligodendrogliogenesis in younger animals (Hill et 
al., 2014; Young et al., 2013), it is more difficult to detect an activity-dependent increase in 
oligodendrogliogenesis or difficult to substantially increase oligodendrogenesis from an 
already high baseline developmental rate. Besides the age of the animals, the present study and 
that of Mitew et al. (2018) differ slightly with respect to the precise region of the corpus 
callosum quantified and with respect to the histological markers used for quantifying the 
oligodendroglial lineage. Mitew et al. (2018) histologically assess a region of the corpus 
callosum that is slightly more lateral than that in the present study. Mitew et al. (2018) labelled 
differentiated oligodendrocytes with ASPA, rather than with CC1 as used in the present study. 
This makes direct comparisons of oligodendroglial lineage dynamics difficult across the two 
studies. However, if taken at face value, the production of new oligodendrocytes is greater in 
the present study (i.e. 276.65±105.90 cells/mm2; see Figure 5.7E) than in Mitew et al. (2018 
approximately 90 cells/ mm2; see Figure 2F of that study). This pattern is consistent with what 
would be expected given the younger (P21) animals of the present study relative to those used 
in Mitew et al. (2018; P26).  
 
As discussed in Section 5.1, the present study used younger animals because the model was 
ultimately to be used for isolating, via immunopanning, oligodendroglia for transcriptional 
analysis. OPCs are difficult to isolate using this protocol on animals beyond P17. A partial 
solution to this problem would be to apply Mitew et al.’s (2018) treatment protocol and begin 
CNO dosing at P19 (Figure 5.1A) to the genetic model described here, to see whether 
oligodendroglial lineage changes could be detected at P26. If so, panning experiments could 
be carried out to isolate and transcriptionally characterise mature oligodendrocytes only, which 
can be isolated from adult mice. Alternatively, RNA-Seq could be performed on single nuclei 
which, while expensive and presenting bioinformatic challenges, would allow isolation of 
individual oligodendroglia of a range of stages from older animals. 
 
Temporal parameters of stimulation of neuronal activity 
A second factor that could explain the unexpected results relates to the temporal parameters of 
the stimulation paradigm. It is increasingly appreciated that the temporal properties of neuronal 
activity are important determinants of whether and how myelin plasticity is induced. The 
phenomenon has best been studied in vitro, where it has been shown, for example, that 
stimulation must occur at 10-20 Hz to induce myelin plasticity, and that 1 or 100 Hz are 
ineffective (Malone et al., 2013). Recently, it has been demonstrated in vivo that the frequency 
of direct electrical stimulation determines which oligodendroglial changes occur over the short 
term (Nagy et al., 2017). Nagy et al. (2017) demonstrate that, at least over the short term after 
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a single three-hour stimulation session, low frequency (5 Hz) stimulation tends to trigger 
differentiation, whereas higher frequency (25 Hz or 300 Hz) stimulation tends to trigger 
proliferation. These studies that report neuron firing frequency-dependent effects employ 
techniques which allow the stimulus to be delivered with temporal precision, and by extension 
have tight control over the temporal firing properties of the neurons. In contrast, by using the 
hM3Dq DREADD system, the present study was unable to tightly control the temporal firing 
properties of neurons.   
 
The present study delivered seven daily doses of 0.3 mg/kg CNO. Based on Alexander et al.’s 
(2009) characterisation of the same mouse line using implanted electrode arrays to measure 
local field potentials in the hippocampus, a single dose should have rapidly increased neuronal 
activity, which should have peaked within an hour and which should have declined thereafter, 
albeit remaining elevated relative to baseline for about nine hours. Alexander et al. (2009) 
demonstrate that this response repeats when a second dose is delivered 24 hours later. In the 
present study, c-Fos staining confirmed that the pharmacogenetic system increased neuronal 
activity relative to baseline two hours after a single CNO injection (Figure 5.3), but because 
direct electrical recordings were not carried out, the firing frequencies induced in the studies 
reported in this chapter are not known. Alexander et al. (2009) show with single cell recordings 
from CA1 pyramidal neurons in hippocampal slice culture that CNO treatment induced 
depolarisation of hM3Dq+ cells with some degree of variability, suggesting that the firing 
frequency induced in different cells will vary depending on the intrinsic properties of the cell. 
Based on these considerations, the absence of evidence for myelin plasticity in the model 
described in this chapter may be because the level of neuronal activity induced was either 
insufficient or excessive.  
 
Excessive activity 
The failure to induce myelin plasticity in the model described in this chapter may be because 
neurons were stimulated excessively. The present study employed the repeated, intermittent 
stimulation protocol developed by this lab, which found that seven daily doses of CNO induced 
oligodendroglial lineage progression (Mitew et al., 2018). Some (Gibson et al., 2014; Li et al., 
2010), though not all (Nagy et al., 2017), studies have employed similar, repeated, intermittent 
stimulation protocols to induce myelin plasticity in vivo (see Table 5.1) A key difference 
between the present study and all other published studies of myelin plasticity in response to 
direct neuronal stimulation is the number of neurons stimulated. The models in all the studies 
summarised in Table 5.1 involve stimulating a restricted population of neurons, either through 
positioning the light to stimulate a focal area of cortex in the case of optogenetics (Gibson et 
al., 2017), or through restricted hM3Dq expression in the case of the lab’s pharmacogenetic 
model (Mitew et al., 2018), or through placement of the microelectrode array in the case of 
direct electrical stimulation (Li et al., 2010; Nagy et al., 2017). In contrast, the transgenic 
CaMKIIa-hM3Dq pharmacogenetic model developed in Chapter 5 stimulated a much larger 
number and more widely dispersed population of neurons throughout the brain. The greater 
number of neurons affected in the present study may have caused excessive activity which may 
be incompatible with inducing myelin plasticity. This suggestion is not entirely without 
empirical basis. Using an optogenetic model, Gibson et al. (2014) photostimulated the cortex 
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unilaterally and showed an OPC proliferative effect. The effect was absent when bilateral 
photostimulation was delivered by placing the light more medially. Though Gibson et al.’s 
(2014) bilateral optogenetic stimulation experiment was intended as a pathological model of 
activity (i.e. it induced seizures), their results may also offer some insight into the different 
effects of stimulating a diffuse network versus a restricted population of cortical neurons within 
a non-pathological range. It is possible that the large population of neurons affected by CNO 
in the present model represents a sub-threshold seizure model. 
 
Insufficient activity 
The failure to induce myelin plasticity in the model described in this chapter may alternatively 
be because neurons were stimulated insufficiently. Two factors which may have led to 
insufficient activity are the dose of CNO and the potentially confounding effect of homeostatic 
depression of activity.  
 
The dose of CNO administered in the present study may not have stimulated action potential 
firing to a level sufficient for inducing myelin plasticity. For the present study, the CNO dose 
of 0.3 mg/kg was deliberately chosen because, based on our own observations and on 
Alexander et al.’s (2009) characterisation of the CaMKIIa-hM3Dq mouse line, it did not induce 
seizures. The lab’s published model of pharmacogenetically induced myelin plasticity 
administered 1mg/kg (Mitew et al., 2018) – a dose which Alexander et al. (2009) report induces 
seizures in the CaMKIIa-hM3Dq line. It is possible that Mitew et al. (2018) administered this 
dose without inducing seizures because of the small number of neurons that expressed hM3Dq 
in their model, with both the viral and electroporation methods used in that study achieving a 
relatively restricted expression of hM3Dq, and restriction to a single hemisphere. In light of 
these considerations, a possible explanation for the conflicting results of the present study and 
that of Mitew et al. (2018) is that myelin plasticity can be modelled by driving a small 
population of neurons to fire intensely (i.e. as per Mitew et al.’s model), but not by driving a 
large population of neurons to fire moderately (i.e. as per the present model).  
 
A second way in which neuronal activity may have been insufficient in the present model to 
induce myelin plasticity is if the repeated pharmacogenetic stimulation led to homeostatic 
depression of neuronal activity. Homeostatic regulation prevents neurons, and the circuits of 
which they are part, from becoming hyper- or hypoactive (Turrigiano & Nelson, 2004). 
Neuronal networks are continually adapting their activity in response to changes in internal 
and external stimuli. However, for the brain to function appropriately, it must balance these 
adaptive changes with homeostatic mechanisms, which tend to operate over longer time scales, 
and which ensure that various aspect of neuronal and network physiology do not deviate too 
far from an appropriate operating range (Gainey & Feldman, 2017). One well-studied 
neurophysiological parameter subject to homeostatic regulation in the cortex is firing rate 
which, over time, remains close to a constant set point. In contrast to adaptive Hebbian 
mechanisms such as LTP and LTD which occur within minutes of an appropriate stimulus, 
firing rate homeostasis operates more slowly, over hours to days (Gainey & Feldman, 2017). 
For example, after the onset of monocular deprivation in adult rats, there is a transient reduction 
in the mean firing rate of primary visual cortical neurons, which reaches a minimum after two 
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days, but then rebounds to baseline firing frequency over the next few days, despite continued 
monocular deprivation (Hengen et al., 2013). Similar phenomena occur in the barrel cortex 
after whisker trimming (Gainey & Feldman, 2017). Firing rate homeostasis in the cortex is 
largely mediated by synaptic scaling, in which the trafficking of AMPA receptor subunits to 
and from synapses is varied to regulate synaptic calcium concentrations, and in turn, synaptic 
output (Gainey & Feldman, 2017). Another homeostatic plasticity mechanism is modification 
to the intrinsic excitability of neurons. For example, prolonged monocular or binocular 
deprivation causes an increase in the intrinsic excitability of binocular pyramidal neurons in 
primary visual cortex (Gainey & Feldman, 2017). The afore mentioned examples demonstrate 
homeostatic regulation of neuronal activity in response to stimulus deprivation, however 
homeostatic regulation can also result from over stimulation. For example, Knott et al. (2002) 
demonstrated that continuous whisker stimulation for 24 hours reduces the mean number of 
spikes in the barrel cortex, which is likely mediated by an increase in inhibitory GABAergic 
synapses onto these neurons. 
 
With respect to the CaMKIIa-HA-hM3Dq mouse transgenic model and CNO dosing protocol 
used in the present study, it is possible that repeatedly stimulating a large number of neurons 
induced homeostatic mechanisms such as synaptic scaling and/or reduced intrinsic excitability 
such that the responsiveness of CaMKIIa+ (i.e. hM3Dq-expressing) neurons beyond the second 
or third dose of CNO was attenuated or inhibited. Thus, despite delivering seven doses of CNO, 
if homeostatic mechanisms came into play after the second or third dose, oligodendroglia may 
not have been exposed to sufficient neuronal activity to induce myelin plasticity. In other 
words, if there is a minimum number of stimulation periods necessary to induce myelin 
plasticity, and if homeostatic depression of neuronal activity is induced by repeated stimulation 
of widespread cortical activity, then myelin plasticity may not be induced in the present model. 
Measuring global cortical activity of the CaMKIIa-HA-hM3Dq mice in response to repeated 
doses of CNO over multiple days would provide some insight into whether, in response to 
repeated doses of CNO, neuronal activity is depressed, stimulated, or unaffected. 
 
Confounding effects of the hM3Dq DREADD system 
A third reason for the unexpected results could be if the hM3Dq DREADD system introduces 
confounding features into the model that impede induction or expression of myelin plasticity. 
As discussed in Chapter 3, one of the two crucial features of the hM3Dq pharmacogenetic 
system is that the hM3Dq receptor is biologically inert because it has no endogenous ligands. 
It is only when CNO is administered, enters the CNS (in the case of neuroscientific 
applications; Figure 5.10A), and binds hM3Dq receptors (Figure 5.10B), that neuronal activity 
is stimulated. The second crucial feature is that CNO is biologically inert (Figure 5.10C), 
except in the presence of hM3Dq (Armbruster et al., 2007). However, it has been known since 
before the creation of the DREADD system that CNO is back-metabolised to clozapine (Figure 
5.10D). This is true in humans and guinea-pigs (Jann et al., 1994), rats (Gomez et al., 2017; 
MacLaren et al., 2016; Manvich et al., 2018) and mice (Gomez et al., 2017; Manvich et al., 
2018). Clozapine appears in the plasma very shortly (i.e. within 30 minutes) after CNO 
administration, enters the brain (Figure 5.10E), and binds to many endogenous receptors, 
including dopaminergic, muscarinic, serotonergic and histaminergic receptors (Coward, 1992) 
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(Figure 5.10F). In rats, a single dose of 5 mg/kg CNO causes motor effects which are revealed 
with careful assessment, and these researchers questioned whether the effects were the result 
of CNO or the clozapine metabolite (MacLaren et al., 2016). Gomez et al. (2017) also identified 
two additional properties of CNO which warrant caution of its use. First, using radiolabeled 
drugs (CNO and clozapine) and PET imaging, Gomez et al. (2017) showed that not only does 
clozapine binds to hM3Dq receptors (Figure 5.10G), but also that CNO has negligible affinity 
for them. That is, the interaction shown in Figure 5.10B is much weaker than that shown in 
Figure 5.10G. Second, while it has long been known that clozapine crosses the blood-brain 
barrier (Bender et al., 1994) (Figure 5.10E), Gomez et al. (2017) showed that CNO does not 
(that is, the step illustrated in Figure 5.10A does not occur). These features of CNO – its 
inability to enter the brain, its low affinity for hM3Dq, and its rapid conversion to clozapine 
which both has access to the brain and affinity for hM3Dq – imply that any effect observed 
upon pharmacogenetic stimulation is likely the result of clozapine binding both to hM3Dq 
DREADD receptors and to endogenous receptors. This newly proposed mechanism of function 
does not necessarily render the pharmacogenetic system useless, but it does underscore the 
importance of including a control in which CNO is administered and may have implications 
for the external validity of any findings generated by the system. Importantly, in both the 
present study and in the lab’s published pharmacogenetic model of myelin plasticity (Mitew et 
al., 2018), control mice were treated with CNO, so the effects of the clozapine metabolite were 
controlled. In light of this new proposed mechanism of action, the dose of CNO administered 
by Mitew et al. (2018) may have allowed a concentration of clozapine to be generated to 
produce an oligodendroglial change, whereas the lower dose of CNO used in the present study 
may have generated insufficient clozapine to induce this effect.  

 
Figure 5.10 CNO and clozapine modes of action and the hM3Dq DREADD system. 
For CNS applications, the hM3Dq DREADD system was originally posited to function by CNO 
entering the CNS (A) and binding to the engineered receptor, hM3Dq (B), with negligible 
affinity (represented by the dashed line) for other receptors (C). However, it is also known 
that CNO is back-metabolised to clozapine, (D), and that clozapine enters (E) and binds 
many receptors in (F) the brain. It has also recently been shown that clozapine has stronger 
affinity for hM3Dq (G) than CNO does (B). Furthermore, it has been shown that CNO cannot 
enter the brain (i.e. (A) does not occur). Thus, the hM3Dq DREADD system is likely to 
function via the pathway DàEàG, F, rather than via the pathway AàB, as original 
proposed.  

 
 
Summary 
This chapter presented a series of experiments which together aimed to develop an in vivo 
model system of myelin plasticity which could be used to study the oligodendroglial 
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transcriptional responses that mediate the phenomenon. To address this aim, it was necessary 
to develop a model system in which neuronal activity could be stimulated widely throughout 
the cortex, to ensure the oligodendroglia could be isolated for transcriptomic analysis, and to 
ensure that pharmacogenetic stimulation induced myelin plasticity, as evidenced by stimulation 
of oligodendroglial lineage progression. The results indicate that the pharmacogenetic model 
– i.e. CNO treatment of CaMKIIa-HA-hM3Dq mice – induced neuronal activity as indicated 
by c-Fos immunostaining; that oligodendroglia could be isolated with sufficient purity and 
yield to permit transcriptomic analysis; but that pharmacogenetic model did not show evidence 
for stimulation of oligodendroglial lineage progression. The model is therefore inappropriate 
for investigating the transcriptional changes associated with myelin plasticity. The results are 
at odds with several published models of myelin plasticity, which indicate that optogenetic, 
pharmacogenetic, and direct electrical stimulation can induce enhanced proliferation and 
differentiation. The present study did not assess potential effects on myelination. Possible 
reasons for the unexpected results of the present study with respect to the literature include the 
developmental time point, the possibility that the system did not induce an appropriate amount 
of neuronal activity, and confounding effects of the hM3Dq DREADD pharmacogenetic 
system.  
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6. Chapter 6: Conclusion 
An animal’s environment and experience constantly modify its central nervous system (CNS), 
both in terms of function and structure. This plasticity of the CNS allows animals to adapt to 
the unique demands of their environment, and such changes causally underpin learning and 
memory. At the cellular level, CNS plasticity has been studied most extensively with respect 
to neurons and their synaptic interconnections, the strength of which changes in a use-
dependent manner. The best studied form of use-dependent synaptic change is long-term 
potentiation, in which specific patterns of high-frequency neuronal activity lead to an enduring 
increase in the efficiency of synaptic transmission. It is mediated by mechanisms including 
post-translational modifications of synaptic proteins, changes in gene expression, and post-
transcriptional changes, which ultimately lead to changes in the function and structure of 
existing synapses and the formation of new synaptic connections (Malenka & Bear, 2004; 
McClung & Nestler, 2007).  
 
Models of neuroplasticity have largely ignored the use-dependent changes to other CNS cell 
types – including the myelinating cells of the CNS, oligodendrocytes – although several studies 
beginning in the 1960s and 1970s observed changes in glial cells in response to changes in 
environmental experience (Bennett et al., 1964; Diamond et al., 1964, 1966). The idea that 
oligodendroglia undergo use-dependent changes is attractive for several reasons: the 
myelinating sheathes of these cells dramatically affect action potential conduction velocity and 
the precise timing of neuronal impulses (Seidl, 2014; Seidl et al., 2010); oligodendrocytes and 
the myelin they produce metabolically support neuronal function (Y. Lee et al. 2012; Nave & 
Trapp, 2008; Saab et al., 2016); and oligodendroglial lineage progression continues throughout 
life (Hill et al., 2018; Young et al., 2013). Based on this basic cell biology, the hypothesis of 
myelin plasticity posits that experience and thus neuronal-activity dependent modifications to 
oligodendrocytes and the myelin they produce will in turn exert profound effects on neuronal 
function and consequently on animal behaviour (Baraban et al., 2016; Bergles & Richardson, 
2016; Chang et al., 2016; Fields, 2005, 2008a,b, 2010, 2014; Fields et al., 2013; Gibson et al., 
2017; Kaller et al., 2017; Mount & Monje, 2017; Pajevic et al., 2014; Purger et al., 2016; Ullén, 
2009; Wang & Young, 2014; Zatorre et al., 2012). Consistent with this hypothesis, a number 
of in vivo and in vitro studies (summarised in Tables 1.1 and 1.2) have emerged over the past 
two decades indicating that experimentally increasing neuronal activity – pharmacologically, 
electrophysiologically, optogenetically, or pharmacogenetically – increases 
oligodendrogliogenesis and myelin production. More naturalistic stimulation, such as motor 
training, also increases oligodendrogliogenesis, and has been shown to be causally linked to 
experience-dependent improvements in performance (McKenzie et al., 2014; Xiao et al., 2016). 
Activity-dependent increases in myelination have been demonstrated to operate at the level of 
individual axons. That is, when given the choice between axons with differing levels of 
activity, myelin preferentially forms on active axons and tends to be thicker relative to that 
formed on less active axons (Mitew et al., 2018), or tends to form longer internodes on more 
active relative to less active axons (Etxeberria et al., 2016). Consistent with this, studies which 
reduce or inhibit neuronal activity – whether through sensory or social experience deprivation, 
pharmacological inhibition, or genetically-mediated silencing – have demonstrated effects on 
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oligodendroglia and the myelin they produce, although the nature of the effects depends on the 
precise model. These manipulations of neuronal activity are likely to induce these 
oligodendroglial changes via neurotransmitter-dependent mechanisms, which have been 
studied predominantly in vitro, and predominantly via candidate approaches (e.g. Etxeberria et 
al., 2016; Ishibashi et al., 2006; Stevens et al., 2002; Wake et al., 2011). The molecular 
pathways induced within oligodendroglia which mediate these changes have been explored to 
a much lesser extent. A recent exception is Hrvatin et al. (2018), who used a single-cell 
transcriptomic approach to identify changes in gene expression in the visual system in 
oligodendrocytes (as well as other CNS cell types) in response to visual light stimulation. It is 
this form of unbiased screening approach that is necessary for advancing our understanding of 
myelin plasticity to a mechanistic level, which has already been achieved in the domain of 
neuronal and synaptic plasticity. The broad aim of this thesis was to address this gap in our 
understanding of the mechanisms of myelin plasticity, by studying the transcriptional responses 
of oligodendroglia undergoing plastic changes.  
 

6.1. Establishing a model of myelin plasticity: which parameters of the models in 
the present study explain the failure to induce myelin plasticity?  

To address the broad aim of this thesis, experiments were carried out to establish a model 
system of myelin plasticity which could be used to identify oligodendroglial transcriptional 
responses. The experiments presented in Chapters 3-5 constitute an attempt to create a model 
of myelin plasticity by establishing the fundamental requirements of such a model. To create 
the model, it was necessary to develop a culture system a) that is capable of robust myelination 
under baseline conditions; b) from which oligodendroglia can be separated for transcriptomic 
analysis; c) in which neuronal activity can be stimulated to the levels reportedly compatible 
with induction of myelin plasticity; and d) in which myelin sheath production is enhanced in 
response to neuronal activity. 
 
The experiments in Chapter 3 demonstrated that in OPC-DRG co-cultures, basal myelination 
is enhanced by substituting traditional, serum-containing media for defined, serum-free media. 
It was then demonstrated that oligodendroglia of various stages of lineage progression can be 
isolated from co-culture using immunopanning, confirming that the system could be used to 
address transcriptomic responses. With regards to stimulating neuronal activity, the first 
approach was with the hM3Dq DREADD pharmacogenetic system, with the rationale for this 
choice being that the lab was concurrently using it in an in vivo model of myelin plasticity 
(which was subsequently published in Mitew et al. (2018)). For in vitro use, experiments 
presented in Chapter 3 describe how an hM3Dq construct was cloned into a lentiviral vector, 
which was packaged into viral particles that transduced cultured DRG neurons and led to 
hM3Dq expression. Unexpectedly, treating the hM3Dq-expressing DRG neurons with CNO 
failed to induce a sufficient increase in action potential firing. Although the reason for this is 
unclear, it is possible that DRG neurons – which have a low level of basal activity, do not form 
networks in vitro, and have phasic firing properties – are refractory to the type of activity 
induced by the hM3Dq pharmacogenetic system, which induces depolarisation in cells via a 
second messenger signalling cascade that culminates in attenuation of an ion current that 
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otherwise hyperpolarises the cell (Alexander et al., 2009). It is possible that the hM3Dq 
DREADD system is effective in neurons which form networks, and which have tonic firing 
properties. This could explain why it has been used successfully in vivo in cortical neurons 
(Alexander et al., 2009; Mitew et al., 2018). A second possible explanation for why the hM3Dq 
system did not drive robust activity in vitro is related to its mechanism of action. Recent 
evidence suggests that the hM3Dq pharmacogenetic system does not function as originally 
proposed by Armbruster et al. (2007) and Alexander et al. (2009). Several studies have 
demonstrated that CNO is back-metabolised to clozapine (Gomez et al., 2017; Manvich et al., 
2018). Furthermore, these studies have shown that relative to clozapine, CNO has very low 
affinity for hM3Dq receptors and minimal blood-brain barrier permeability. This suggests that 
the apparent effects of the hM3Dq system in vivo are attributable to clozapine binding to 
hM3Dq receptors as well as endogenous clozapine receptors. It is therefore possible that in the 
present study, the inability of the hM3Dq DREADD system to drive robust activity in vitro is 
because CNO was not adequately back-metabolised to clozapine compared to in vivo. This 
putative lack of conversion to clozapine may have been a consequence of the serum-free media 
conditions. In light of the failure of the hM3Dq system to drive sufficient activity, it was 
reasoned that a more direct approach (i.e. one that does not rely on pharmacology and second 
messenger signalling) to stimulating neuronal activity may be required, and thus an optogenetic 
approach was explored. DRG neurons expressed ChR2-EYFP and electrophysiological 
recording confirmed that photostimulation induced stimulus-locked firing, including at 
frequencies reportedly necessary for inducing myelin plasticity.  
 
With these three fundamental prerequisites of a model system being met, the OPC-DRG 
myelinating co-culture system was optogenetically stimulated according to the temporal 
parameters used in the literature to induce myelin plasticity. Daily optogenetic stimulation for 
seven days commencing at day five of co-culture did not induce an increase in myelination 
when inspected after two weeks of co-culture. This pattern of optogenetic stimulation 
resembles that employed by Lee et al. (2016), and the temporal parameters resemble those 
employed in the electrophysiological models of Yang et al. (2012) and Malone et al. (2013). 
The most likely reason for the different outcomes of this experiment compared to successful 
models of in vitro myelin plasticity is that ChR2-EYFP expression impeded myelination, in a 
manner that was independent of photostimulation. There is one published study reporting the 
successful optogenetic induction of myelin plasticity in OPC-DRG co-cultures (Lee et al., 
2016), so it is unlikely that ChR2-expression per se is incompatible with induction of myelin 
plasticity. It is more likely that the level of ChR2-EYFP expression achieved in the model 
reported in the present study impeded myelination. Notably, Lee et al.’s (2016) study induced 
ChR2 expression from the CaMKIIa promoter, which leads to much lower expression than 
from the synapsin promoter used in the present study. Unequivocal confirmation of the 
hypothesis that the level of ChR2-EYFP is responsible for the apparent reduction in 
myelination in the present study would require further experimentation. The levels of ChR2-
EYFP could be titrated down to see if myelin segment production returns to a level closer to 
that in control (i.e. ChR2-EYFP-free) cultures. If so, and if it were also electrophysiologically 
verified that action potential firing was induced in these neurons with lower ChR2-EYFP 
expression, then this system could be used to determine whether, from this baseline level, 
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optogenetic stimulation causes an increase in myelin segment production. If so, then this would 
constitute a model of myelin plasticity.  
 
Despite the inability of the system to serve as a model of general myelin plasticity, it was 
nevertheless modified in an attempt to establish a model of axon-specific myelin plasticity. 
That is, although total myelin production did not increase in response to a generalised increase 
in neuronal activity across the culture, it was reasoned that myelin segments may be 
preferentially targeted to highly active relative to less active axons, if given the choice. To this 
end, a model was developed in which approximately equal proportions of axons within a 
culture expressed either ChR2-EYFP or a control construct. Photostimulation did not affect the 
proportion of myelin segments that formed on active axons, which is inconsistent with what 
would be expected based on the findings of several studies of axon-specific myelin plasticity 
(e.g. Hines et al., 2015; Mitew et al., 2018; Wake et al., 2015). It is possible that other 
parameters of myelin – such as the length or thickness of myelin sheathes – were affected, but 
these were not quantified.  
 
Although not formally quantified, qualitative inspection of the co-cultures developed for the 
axon-specific myelin plasticity assays suggested that – irrespective of photostimulation – 
oligodendroglial lineage progression was more advanced in these cultures compared to the 
cultures prepared for the general myelin plasticity assays. That is, in the co-cultures in which 
only about half of the neurons within a culture expressed ChR2-EYFP, it appeared that more 
oligodendrocytes were at a myelinating stage, and that there were more myelin segments, 
compared to in the co-cultures prepared for the general myelin plasticity assays, in which the 
vast majority of neurons within a culture expressed ChR2-EYFP. Myelin segment density of 
co-cultures prepared for the axon-specific myelin plasticity assays was not quantified because 
these cultures were intended for quantification at the level of individual myelin segments with 
respect to the axons (i.e. ChR2-EYFP or control) that they myelinated. However, the qualitative 
observation that myelin segments seemed more abundant in these cultures compared to in the 
cultures for the general myelin plasticity assays suggests that, in pursuit of a culture system 
that supports general myelin plasticity, it may be worth assessing whether cultures in which 
only a subset of neurons express ChR2-EYFP are a more appropriate basis for a model of 
general myelin plasticity. This qualitative observation of the overall myelin production in these 
cultures in which only a subset of neurons expressed ChR2 is consistent with the hypothesis 
outlined above, that the reason myelin production is in general reduced when neurons across 
the entire culture expressed it is because of the high level of ChR2-EYFP expression in the 
cultures, rather than because of ChR2-EYFP expression per se. 
  
In light of the absence of evidence for both general and axon-specific myelin plasticity – a 
finding which is at odds with the literature – one hypothetical explanation is that a critical 
factor was missing from the media which enables a switch from an activity-independent mode 
of myelination to an activity-dependent mode. There is evidence for such a switch mechanism 
in the literature. Lundgaard et al. (2013) demonstrated that activity had no effect on the level 
of myelination in a culture unless either neuregulin or BDNF were present to “switch” the 
myelination program to an activity-dependent mode. The experiments reported in Chapter 4 
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could thus be repeated in the presence of such a putative “switch” molecule, which would 
confirm whether such a switch molecule is necessary to enable an activity-dependent mode of 
myelination, even from the low baseline of myelination that is achieved in the presence of high 
ChR2-EYFP overexpression.  
 
Given the inability to induce myelin plasticity in vitro, an in vivo approach was adopted. The 
lab had recently modelled myelin plasticity in vivo by expressing hM3Dq in a restricted subset 
of murine cortical neurons and administering CNO for seven days. In both juvenile and adult 
mice, this treatment induced an increase in oligodendrogliogenesis and myelination in the 
vicinity of the hM3Dq-expressing cortical neurons, with myelin being preferentially targeted 
to hM3Dq-expressing relative to nearby control axons (Mitew et al., 2018). Given the aim of 
the present thesis was to characterise the oligodendroglial transcriptional responses associated 
with myelin plasticity, it was reasoned that the lab’s established model of pharmacogenetically 
induced myelin plasticity would not be the most appropriate approach, given the small number 
of neurons in which activity was stimulated, and the likely restricted region in which plastic 
myelin responses would be induced. A transgenic mouse line was thus selected, which 
expressed hM3Dq in CaMKIIa neurons, and therefore widely throughout the cortex. This 
CaMKIIa-hM3Dq transgenic mouse line was well-characterised by Alexander et al. (2009), 
who showed that CNO treatment induces widespread cortical activity. As reported in Chapter 
5, CNO treatment of these mice induced an increase in cortical activity as indicated by an 
increase in c-Fos expression in hM3Dq-expressing cortical neurons. This confirms that, in our 
hands, CNO induced neuronal activity in this mouse line. Mitew et al.’s (2018) CNO dosing 
protocol to induce myelin plasticity was adapted and delivered to the CaMKIIa-HA-hM3Dq 
mouse line, but in contrast to expectations, it failed to stimulate oligodendroglial lineage 
progression. There are three key differences between the parameters of the model presented in 
Chapter 5 and that of Mitew et al. (2018), and these differences could account for the 
differences in results.  
 
The first difference is that the present study treated younger animals (P14-21) than Mitew et 
al. (2018) (P19-26). It is possible that the higher level of oligodendrogliogenesis that occurs in 
younger animals (Hill et al., 2014; Young et al., 2013) obscured the detection of an activity-
dependent increase in oligodendrogliogenesis in the present study. The present study used 
younger animals than those used by Mitew et al. (2018) because the present study intended to 
isolate oligodendroglia from these mice via immunopanning for transcriptomic analysis. 
Although immunopanning can be used to isolate oligodendrocytes from animals regardless of 
age, isolating OPCs via immunopanning is severely compromised with animals beyond P16 
(Emery & Dugas, 2013). Given this limitation of the immunopanning method, future studies 
could attempt to apply the hM3Dq transgenic model described in the present study to older 
animals (i.e. P19-P26) to determine whether an activity-dependent increase in 
oligodendrogliogenesis can be induced, and then use immunopanning to isolate 
oligodendrocytes (though not OPCs) to identify transcriptional changes. Alternatively, Mitew 
et al.’s (2018) model of myelin plasticity in response to stimulating a small subset of cortical 
neurons could be replicated, and oligodendroglia could be isolated from the manipulated region 
by using a single-cell approach such as that described by Hrvatin et al. (2018).  
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The second difference is that the present model stimulated activity in a much greater proportion 
of cortical neurons than Mitew et al. (2018). It is possible that widespread stimulation may be 
incompatible with induction of myelin plasticity. An observation of Gibson et al. (2014) 
supports this hypothesis. Gibson et al. (2014) successfully induced myelin plasticity by 
optogenetically stimulating a restricted population of cortical neurons unilaterally, but saw no 
such effect when optogenetic stimulation was delivered to a much larger population of neurons 
to induce seizures. It is possible that the present study – by pharmacogenetically inducing 
activity in a broad population of cortical neurons – induced sub-clinical seizure-like activity. 
Although the present model did not induce overt seizures like those reported by Gibson et al. 
(2014), it is possible that cortex-wide activation of neurons is in general incompatible with 
myelin plasticity, and that Gibson et al.’s (2014) failure to induce myelin plasticity with 
seizure-levels of activity could be explained not so much by seizures, but rather by the cortex-
wide stimulation of neuronal activity.  
 
The third difference is that the present model delivered a lower dose of CNO (0.3 mg/kg) than 
Mitew et al. (2018) (1 mg/kg). The dose of CNO used in the present study was the same as that 
used by Alexander et al. (2009), who developed and characterised the hM3Dq-DREADD 
mouse line used in the present study. Alexander et al. (2009) reported that higher doses of CNO 
induced seizures, and thus these high doses were inappropriate for the present study. It is likely 
Mitew et al. (2018) used higher CNO doses without inducing overt seizures because of the 
small number of neurons expressing hM3Dq in that model. It is possible that the lower dose 
used in the experiments reported in Chapter 5 drove insufficient activity for inducing 
oligodendroglial lineage progression. It may be that induction of myelin plasticity depends on 
high levels of activity of a small number of cortical neurons, rather than on widespread 
activation of cortical neurons. This would explain why the models of both Mitew et al. (2018) 
and Gibson et al. (2014) demonstrated myelin plasticity while the model developed in the 
present thesis did not.  
 

6.2. Myelin plasticity is biologically and experimentally complex 

A fundamental conclusion from the experiments presented in this thesis is that modelling 
myelin plasticity is complex. It cannot be induced merely by increasing the activity of neurons 
in a system. Rather, induction of myelin plasticity appears to depend on a number of 
parameters, some of which are better understood than others. Some of these factors include 
firing frequency, animal age, CNS region, and neuronal subtype.  
 
Firing frequency is one factor that affects the induction of myelin plasticity. It has been shown 
that stimulating cultured DRG neurons at 20 Hz induces an increase in myelin production, but 
that stimulation at neither 1 nor 100 Hz has such an effect (Malone et al., 2013). The importance 
of firing frequency for determining myelin plasticity has also been shown in vivo. For example, 
Gibson et al. (2014) showed that while 20 Hz optogenetic stimulation triggered 
oligodendroglial lineage progression and myelination, stimulation more medially to activate a 
broader population of neurons was without an effect. Nagy et al. (2017) showed that direct 
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electrical stimulation affects oligodendroglial lineage progression in different ways depending 
on the frequency of stimulation. Establishing a model of myelin plasticity thus requires 
consideration of firing frequency. 
 
Animal age is another factor that affects the induction of myelin plasticity, its magnitude, and 
the time course over which it occurs. Mitew et al. (2018) showed that pharmacogenetic 
stimulation caused heightened oligodendroglial lineage progression, but that the latency over 
which it occurred was greater in adults relative to juveniles, and the extent to which it occurred 
was reduced. Similarly, social isolation has been shown to affect myelination of juveniles to a 
greater extent than adult mice (Makinodan et al., 2012). These observations are consistent with 
the greater propensity for oligodendroglial lineage progression in juveniles relative to adults 
(Hill et al., 2014; Young et al., 2013). Establishing a model of myelin plasticity thus requires 
consideration of animal age.  
 
CNS region is another factor that may affect the induction of myelin plasticity. Gibson et al. 
(2014) demonstrate that although optogenetic stimulation of the cortex induces 
oligodendroglial lineage progression in the cortex and corpus callosum, no such effects are 
seen in the corticospinal tract, despite being part of the same pathway. This suggests that 
regional factors – whether intrinsic differences of oligodendroglia in different CNS regions, or 
local factors such as extracellular matrix differences between regions, or neuronal cell surface 
factors that differ across regions – affect the propensity of oligodendroglia to exhibit plastic 
changes in response to activity. Establishing a model of myelin plasticity thus requires 
consideration of the regions of the CNS in which activity is stimulated, and in which myelin 
and oligodendroglia are assessed.   
 
Neuronal subtype is another variable that affects myelin plasticity. Koudelka et al. (2016) 
showed that neuronal activity has different effects on myelination depending on the type of 
neuron. Silencing reticulospinal neurons inhibited their myelination developmentally – a 
finding that is consistent with the hypothesis of myelin plasticity. In contrast, silencing 
commissural primary ascending neurons was without effect on the extent to which they were 
developmentally myelinated. This suggests that they are myelinated via an activity-
independent myelination program. This finding adds a layer of complexity to myelin plasticity 
– it seems that not all axons rely on activity as a cue to enhance their myelination. 
 
The examples outlined above demonstrate that there are several factors known to influence 
myelin plasticity. There is also literature that reveals that there likely remain to be discovered 
more factors that affect myelin plasticity. This is indicated by studies which, despite employing 
relatively similar manipulations of neuronal activity, arrive at different conclusions with 
regards to myelin plasticity. For example, Colello et al. (1995) inhibited optic nerve activity 
with intraocular TTX injections for eight days from birth and found no effect on the number of 
myelinated axons. In contrast, Demerens et al. (1996) inhibited optic nerve activity with TTX 
at P4 and found a reduced myelin at P6. Perplexingly, monocular deprivation at P15 resulted 
in an increase in differentiation, had no effect on the number of axons myelinated or on myelin 
thickness, but reduced internode length (Etxeberria et al., 2016). Consideration of these three 
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studies together indicates that merely decreasing neuronal activity is not sufficient for 
inhibiting oligodendroglial lineage progression. Animal age, the method used to inhibit 
neuronal activity, and the way in which myelin is quantified all affect the conclusions that are 
drawn with regards to myelin plasticity.  
 
Another example of different results emerging from two similar model systems is provided by 
comparing the studies of Hines et al. (2015) and Mensch et al. (2015). Each of these studies 
presents an experiment in which drugs were delivered to zebrafish to stimulate neuronal 
activity: Hines et al. (2015) delivered veratradine and Mensch et al. (2015) delivered PTZ (to 
inhibit GABAergic inhibitory signalling and therefore result in disinhibition). Whereas PTZ 
increased the number of myelin sheathes produced per oligodendrocyte (Mensch et al., 2015), 
veratradine had no effect on the number of sheathes per zebrafish hemisegment (Hines et al., 
2015). These findings suggest that the approach to measuring myelination and/or to stimulating 
activity result in different conclusions about the effect of neuronal activity on myelination. 
 
In conclusion, this thesis attempted to build on the literature reporting myelin plasticity in 
response to heightened neuronal activity, and to begin to fill a gap in our understanding of the 
oligodendroglial mechanisms that mediate the phenomenon. Understanding the molecular 
transduction mechanisms mediating myelin plasticity will lead to a more complete 
understanding of neuroplasticity and oligodendroglial biology in general and could form the 
basis for novel treatments to enhance remyelination and/or neuronal recovery after CNS injury 
or neurological disease. Addressing this gap in our understanding of the mechanisms of myelin 
plasticity requires a model system with which to study the phenomenon, and the experiments 
in this thesis aimed to develop such a model. Despite successfully stimulating neuronal activity 
in both an in vivo and an in vitro system, these model systems did not show evidence of activity-
dependent oligodendroglial changes. Without evidence of myelin plasticity, these systems 
could not be used to address the broad aim of identifying the oligodendroglial transcriptional 
responses associated with myelin plasticity. Myelin plasticity is a complex phenomenon, and 
its induction depends on several factors, including the age of the animal, the temporal 
properties of neuronal activity, the neuronal type, and the region of the brain being studied. If 
oligodendroglia and they myelin they produce is altered in an activity-dependent manner with 
consequences neuronal function and behaviour, and if, as posited in a growing body of 
literature (Baraban et al., 2016; Bergles & Richardson, 2016; Chang et al., 2016; Fields, 2005; 
Fields 2008a; Fields 2008b; Fields, 2010; Fields, 2014; Fields et al., 2013; Gibson et al., 2017; 
Kaller et al., 2017; Mount & Monje, 2017; Pajevic et al., 2014; Purger et al., 2016; Ullén, 2009; 
Wang & Young, 2014; Zatorre et al., 2012) myelin plasticity is a component of the broader 
phenomenon of neuroplasticity, then it is perhaps unsurprising that there are numerous factors 
that control and modulate whether, when, where and the extent to which it occurs. The 
challenge for studying the oligodendroglial transcriptional responses that mechanistically 
mediate myelin plasticity is establishing a model system with the right combinations of these 
parameters that are compatible with the induction of the phenomenon. The models developed 
in the present thesis differed in several key ways from models in the literature which have 
successfully demonstrated myelin plasticity. In light of these differences, and in the interest of 
addressing the aim efficiently, the most promising approach will be to employ a model system 
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which has been demonstrated in the literature to be suitable for inducing myelin plasticity, and 
then establishing an approach for isolating oligodendroglia which is compatible with the 
model.  
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7. Appendix: Isolating RNA from oligodendroglia isolated from CNO-
treated P15 CamKIIa-HA-hM3Dq mice 

Although the immunohistochemical analysis presented in Chapter 5 did not show evidence that 
myelin plasticity could be induced in the CaMKIIa-HA-hM3Dq DREADD mice with the CNO 
dosing protocol depicted in Figure 5.1Bi, immunopanning experiments had been carried out 
according to Figure 5.1Bii before these results were known.  
 
As described in Section 5.1, based on the existing literature (Table 5.1), it was expected that 
myelin plasticity would be detected after a week of CNO treatment, according to the protocol 
shown in Figure 5.1Bi. If this were confirmed, then it was reasoned that to investigate the 
transcriptional changes in oligodendroglia that mediate this response, oligodendroglia could be 
purified from mouse brains at some point between beginning the stimulation treatment protocol 
(i.e. after P14), and prior to the end-point at which oligodendroglial lineage changes were 
detected histologically. This should allow detection of the transcriptional changes within 
oligodendroglia that are responsible for transducing the signals from neuronal activity into the 
lineage progression changes seen at the histological level. Accordingly, the CNO dosing 
protocol depicted in Figure 5.1Bii was devised. This protocol would result in mice receiving 
two doses of CNO, 24 hours apart, and oligodendroglia being isolated from the brains two 
hours after the second dose. Given that CNO peaks in the plasma ~30 minutes after 
administration, and that in this mouse line its effects are prolonged (up to ~9 hours) (Alexander 
et al., 2009), the treatment protocol shown in Figure 5.1Bii should result in two bursts of 
activity, the first lasting ~9 hours, and the second lasting about 1.5 hours, from shortly after the 
point of injection until the time of sacrifice two hours later.  
 
Four replicate experiments were carried out according to this protocol, with two animals per 
condition per experiment (i.e. CaMKIIa-HA-hM3Dq DREADD animals, and CaMKIIa-tTA 
control animals). Two hours after the second injection, animals were sacrificed, and their brains 
dissected, pooled for each genotype, dissociated and immunopanned using the sequence of 
immunopanning plates shown in Figure 5.4, to produce fractions of OPCs, immature 
oligodendrocytes, and mature oligodendrocytes, from which RNA was extracted. Though this 
RNA had been intended for RNASeq and subsequent transcriptomic analysis, it was not 
appropriate to proceed with this analysis because the immunohistochemical analyses (Section 
5.3.3) had failed to provide evidence that myelin plasticity could be induced with the model. 
However, qPCR was carried out on the cDNA prepared from the CNO-treated CaMKIIa-tTA 
control animals of this experiment, to assess the purity of the cell fractions. The fractions – 
OPCs, immature oligodendrocytes, mature oligodendrocytes, and whole brain – were assessed 
with five qPCR probes: Pdgfra (an OPC marker), Mog (a mature oligodendrocyte marker), 
Enpp6 (an immature oligodendrocyte marker), Stmn2 (a neuron marker), and Aldh1h1 (an 
astrocyte marker). The results are summarised in Appendix Figure 1.  
 
Means and SEMs were calculated for each cell fraction for each qPCR probe, and the 
enrichment of each transcript for each fraction was expressed as fold-change with respect to 
the whole brain (i.e. starting) fraction. As can be seen from Appendix Figure 1A, the 
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enrichment of OPCs was not particularly high, with a 1.43±0.54-fold enrichment over whole 
brain. These results are consistent with the results of the immunopanning technique-
development phase (Figure 5.5), and also confirm that OPCs do not contaminate the immature 
or mature oligodendrocyte fractions.  
 
The results with the Mog (Appendix Figure 1B) and Enpp6 (Appendix Figure 1C) probes are 
also consistent with the results from the immunopanning technique-development phase. The 
former was enriched 6.16±1.60-fold in the mature oligodendrocyte fraction, and the latter was 
enriched 7.38±1.10-fold in the immature oligodendrocyte fraction. This level of enrichment is 
comparable to the ~6-fold enrichment achieved by Zhang et al. (2014) for oligodendrocytes 
using a similar panning protocol, validated with qPCR (see Figure 6B of Zhang et al. (2014)).    
 
The results with the Stmn2 (Appendix Figure 1D) and Aldh1l1 (Appendix Figure 1E) indicate 
that the oligodendroglial fractions contained neither neuronal nor astroglial contaminants. 
 
These results suggest that this panning protocol produced enriched fractions of OPCs, 
immature oligodendrocytes, and mature oligodendrocytes, each of which was relatively free 
from contamination with neurons or astroglia. Based on these results, these fractions of 
immature and mature oligodendrocytes would likely have been suitable for RNAseq 
transcriptomic analysis of activity-dependent oligodendroglial lineage progression, had the 
histological analysis confirmed that such a phenomenon occurred in the hM3Dq DREADD 
transgenic model.   
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Appendix Figure 1. qPCR analysis of three different oligodendroglial fractions isolated 
from CNO-treated CaMKIIa-tTa mice. 
CaMKIIa-tTa control mice were treated according to Figure 5.1Bii, and two hours after the 

second injection at P15, were sacrificed and oligodendroglia were purified using the 

immunopanning strategy depicted in Figure 5.4. Cells adhering to the panning plates coated 

with antibodies against PDGFRa (i.e. OPCs), MOG (i.e. mature oligodendrocytes), and GalC 

(i.e. immature oligodendrocytes) were lysed, and the RNA was isolated and used to 
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synthesise cDNA, on which qPCR was performed using probes to detect the following 

transcripts: Pdgfra (an OPC marker), Mog (a mature oligodendrocyte marker), Enpp6 (an 

immature oligodendrocyte marker), Stmn2 (a neuron marker), and Aldh1h1 (an astrocyte 

marker). Four independent experiments were carried out, and in each experiment, two 

animals per genotype were pooled for the immunopanning protocol. The results are 

presented as means±SEM. The significance of the difference between fractions for each 

probe was assessed with a one-way ANOVA.  

A. Compared to the whole-brain, Pdgfra transcripts (i.e. an OPC marker) were enriched 

1.43±0.55-fold in the OPC fraction; 0.11±0.02-fold in the immature oligodendrocyte 

fraction; and 0.01±0.001-fold in the mature oligodendrocyte fraction. The 

difference across cell fractions achieved significance overall (F(3,9)=4.43, 

p=0.0356), and Tuckey’s post hoc comparisons confirmed a significant difference 

between the OPC and OL fraction, suggesting that the oligodendrocyte fraction 

contains minimal contamination by OPCs.  

B.  Compared to the whole-brain, Mog transcripts (i.e. a mature oligodendrocyte 

marker) was enriched 0.01±0.001-fold in the OPC fraction; 1.73±0.43-fold in the 

immature oligodendrocyte fraction; and 6.16±1.60-fold in the mature 

oligodendrocyte fraction. The difference across cell fractions achieved significance 

overall (F(3,9)=7.57, p=0.0078). Tuckey’s post hoc comparisons confirmed a 

significant difference between the OPC and OL fraction, and between the immature 

oligodendrocyte and oligodendrocyte fractions, suggesting that oligodendrocytes 

are suitably enriched in the fraction.  

C. Compared to the whole brain, Enpp6 transcripts (i.e. an immature oligodendrocyte 

marker) were enriched 0.05±0.01-fold in the OPC fraction; 7.38±1.10-fold in the 

immature oligodendrocyte fraction; and 2.54±0.61-fold in the mature 

oligodendrocyte fraction. The difference across cell fractions achieved significance 

overall (F(3,9)=18.29, p=0.0004. Tuckey’s post hoc comparisons confirmed a 

significant difference between the OPC and immature oligodendrocyte fractions, 

the immature and mature oligodendrocyte fractions, and the immature 

oligodendrocyte fraction and the whole brain. This suggests that the panning 

strategy effectively produces a fraction of enriched immature oligodendrocytes.  

D. Compared to the whole brain, Stmn2 transcripts (a neuron marker) were enriched 

0.25±0.08-fold in the OPC fraction; 0.02±0.01-fold in the immature oligodendrocyte 

fraction; and 0.03±0.01-fold in the mature oligodendrocyte fraction. The difference 

across cell fractions achieved significance overall (F(3,9)=37.06,p<0.0001. Tuckey’s 

post hoc comparisons confirmed a significant difference between all pairwise 

comparisons, except for the difference between the immature and mature 

oligodendrocyte fractions. This indicates that all oligodendroglial fractions were 

significantly depleted of neuronal transcripts relative to the whole brain.  

E. Compared to the whole brain, Aldh1l1 transcripts (an astrocyte marker) were 

enriched 0.06±0.02-fold in OPCs, 0.03±0.01-fold in the immature oligodendrocyte 



 257 

fraction; and 0.02±0.003-fold in the mature oligodendrocyte fraction. The 

difference across cell fractions achieved significance overall (F(3,9)=310, p<0.0001. 

Tuckey’s post hoc comparisons confirmed a significant difference between the 

whole brain and the OPC fraction, the immature oligodendrocyte fraction, and the 

oligodendrocyte fraction, indicating that these oligodendroglial fractions were 

significantly depleted of astrocytes. 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 
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