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Ágrip 

Fágriplur (e. oligodendrocytes) eru mikilvægar fylgifrumur (e. glia) í miðtaugakerfinu sem búa til 

taugaslíður (s.s. mýlisslíður) utan um taugasíma á taugafrumum. Mýlisslíður eykur hraða 

taugaboðefna og samhæfir taugaboð sem berast um miðtaugakerfið. Ef mýli er ónýtt getur það leitt til 

ýmissa sjúkdóma, líkt og MS sjúkdóms (e. Multiple Sclerosis). Á síðustu áratugum hefur komið í ljós 

að öflun þekkingar (e. learning acquisition), líkt og að læra nýja hreyfileikni, eykur myndun á mýlisslíðri 

og fágriplum. Með þennan fróðleik í veganesti, framkvæmdum við rannsókn sem reynir á hugræna 

getu (e. cognitive learning), til að afla frekari upplýsinga um gangverk mýlisslíðurs, til að skilja virkni 

náms og heilastarfsemi. 

Við framkvæmdum trial-unique nonmatching-to-location [TUNL] rannsókn á pdgfra-CreER:tau-

mGFP erfðabreyttum músum, til að kanna sérhæfingu fágripla úr forverafrumum (e. oligodendrocyte 

precursor cells) í mýlismyndandi fágriplur. Sýnt hefur verið fram á að TUNL verkefnið reynir á 

vinnsluminni og hugræna getu til að aðskilja mynstur. Vefjalitun fyrir GFP, Olig2, og EdU leiddi í ljós að 

hugrænt nám eykur fjölda GFP/Olig2 jákvæðra fruma í baklægum dreka (e. dorsal hippocampus) og 

miðlægum framheilaberki (e. medial prefrontal cortex). EdU litun leiddi einnig í ljós að frumuskipting 

forverafruma á sér fyrst og fremst stað í upphafi náms, og dregst úr henni er líður á námið. Þetta segir 

okkur að fágriplur skipta sér í byrjun námsferlis, áður en þær sérhæfast. 

Þrívíddarmiðuð innspýting á vírus (pAAV-hSyn-mCherry) var gerð í baklægan dreka og miðlægan 

framheilabörk, sem gerir okkur kleift að rekja byggingu taugasíma og mýlismyndun á þeim. Í ljós kom 

að mýsnar sem læra hafa meira mýlisslíður á taugasímum í miðlægum framheilaberki heldur en 

samanburðarhópar. Niðurstöður sýna einnig lengri mýlisbúta (e. internodes) á taugasíma eftir nám í 

baklægum dreka, og aukinn fjölda mýlisbúta eftir nám í miðlægum framheilaberki. Við bárum saman 

mismunandi byggingu fágripla, til að mynda fágriplu sem er að mýla nærliggjandi taugasíma, og 

fágriplu sem hefur ekki hafið mýlismyndun. Í ljós kom að mýlismyndandi fágriplur hafa flóknari 

byggingu og teygja griplur sínar fjær frumubol en þær sem hafa ekki hafið mýlismyndun. 

Að lokum notuðum við mýs þar sem gen fyrir mýlisslíðurs stjórnþætti (e. myelin regulatory factor 

[MyRF]) hafði verið slegið út vefjasértækt, en það gen er mikilvægt fyrir mýlismyndun, og 

rannsökuðum hæfni þeirra til að læra TUNL verkefnið. Niðurstöðurnar sýna að án MyRF, eiga mýsnar 

í erfiðleikum með að læra, og fágriplu-myndun verður talsvert minni. 
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Abstract 

Oligodendrocytes are important glial cells in the central nervous system, where they generate myelin 

sheath that coats the axons of nerve cells, resulting in faster neurotransmission and synchronisation of 

neuronal inputs. Improper myelination can lead to nerve death and damage to myelin is a large factor 

in numerous diseases, such as Multiple Sclerosis. Recent studies have found that learning acquisition, 

such as learning a new motor skill, increases myelination and oligodendrocyte generation. With this 

knowledge at hand, we performed an experiment on cognitive learning, to gain further information on 

the mechanisms of myelination. 

A trial-unique nonmatching-to-location task was performed on pdgfra-CreER:tau-mGFP transgenic 

mice, to assess oligodendrocyte differentiation. The task has been shown to rely on working memory 

and pattern separation in rodents. Tissue staining for GFP, Olig2, and EdU was performed for 

quantification of cells in the dorsal hippocampus [dHP] and the medial prefrontal cortex [mPFC]. 

Number of GFP/Olig2 positive cells revealed that cognitive learning increases oligodendrocyte 

differentiation, and number of GFP/Olig2/EdU positive cells show that oligodendrocyte proliferation 

takes place mainly in the beginning of the training period. 

Stereotaxic injections were made to the dHP and mPFC to allow for viral tracings of nerve fibers 

and whether they are being myelinated. We found an increased myelination of axonal tracts in the 

mPFC in response to learning. Results also show an increased internodal length in the dHP after 

learning, and a higher number of internodes in the mPFC. We compared different oligodendrocyte 

phenotype and found that a myelinating phenotype has a more complex structure and extends its 

processes further from the soma, than does a non-myelinating phenotype. 

We employed triple transgenic mice with a conditional knockout of myelin regulatory factor [MyRF] 

to take part in the trial-unique nonmatching-to-location task. Results show that without MyRF, the mice 

have difficulties learning and lack myelinating oligodendrocytes.  
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1 Introduction 

The central nervous system [CNS], comprising the brain and spine, is responsible for our ability to 

move, think, speak, and to understand and engage with the world around us. The brain is generally 

divided into four units, or lobes, each of which promotes specific functions carried out by cells. The 

gray matter of the brain and spine is mostly made up of cell bodies, while the white matter is made up 

of nerve fibers, insulated in myelin, giving it a white appearance. For a number of years, nerve cells 

(neurons) have been the primary focus of researchers, but state-of-the-art experiments have shed a 

light on the importance of non-neuronal cells in the CNS, known as glia. 

Glial cells are often referred to as support cells, as their most recognizable role is to provide 

protection and nutrients to neurons. One type of glia are oligodendrocytes [OLs]. Oligodendrocytes 

reside in the central nervous system, where they create myelin sheath that coats the axons of neurons 

and forms the so-called white matter of the brain. Their counterpart in the peripheral nervous system 

are Schwann cells. However, whilst Schwann cells can only myelinate one axon, oligodendrocytes 

generate numerous processes which can extend to, and myelinate, up to 50 axons in the surrounding 

area (Hildebrand et al., 1993). Myelin insulation results in faster neurotransmission and 

synchronization of neuronal inputs. Damaged or aberrant oligodendrocytes drastically impair normal 

brain function, as the transmission of neuronal signals suffers, which can lead to both mental (Hakak 

et al., 2001; Tkachev et al., 2003; Aston et al., 2005) and physical diseases (Prineas & Parratt, 2012; 

Niu et al., 2019). Thus, with a proper myelination network, transmission speed between neurons can 

be adjusted to promote healthy brain connectivity. 

The nature of myelin was believed to be relatively static, following a precise recipe of where, when, 

and how, and all changes to myelin were considered to be entirely the result of a pathological 

condition. However, in recent years, research have shown that myelin is plastic, capable of remodeling 

in the same way as neural circuit plasticity (Fields, 2010). This signifies, that healthy myelin changes 

can take place in the mature CNS, ultimately affecting action potential propagation. These alterations 

can be structural changes in myelinated axons, myelination of unmyelinated axons, changes in myelin 

thickness, or changes in internode length and frequency (Sampaio-Baptista et al., 2013; Pajevic et al., 

2014). In addition, onset of myelination appears to rely a great deal on the cell‘s surroundings, rather 

than relying on intrinsic factors (Stevens et al., 2002; Fields, 2008). With this knowledge at hand, 

studies that explore the mechanisms governing myelin generation and remodeling are important if to 

take remedial action of ameliorating white matter diseases that are due to damage to myelin. 
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1.1 OPCs: Development & Differeniation 

Oligodendrocyte precursor cells [OPCs] are self-renewing progenitor cells which can differentiate into 

myelinating oligodendrocytes. These precursor cells have a couple of distinct positional origins in the 

brain and spinal cord (Raff et al., 1983; Pringle & Richardson, 1993; Fogarty, 2005), but are equally 

distributed throughout the brain (ffrench-Constant & Raff, 1986). Before differentiating into 

oligodendrocytes, OPCs must undergo a strict program of proliferation and migration along the 

vasculature, through the developing CNS, away from their place of origin (Bradl & Lassmann, 2010; 

Tsai et al., 2016). In general, proliferation decreases after birth (Rosenberg, 2008), causing a drop in 

number of OPCs as they differentiate into oligodendrocytes. However, not all OPCs differentiate, as 

seen by their distribution all over the adult brain (Armstrong et al., 1992; Káradóttir, 2005). A finding by 

Dimou and colleagues (2008) shows that the majority of gray matter OPCs remain as precursors, 

while white matter OPCs are more inclined to differentiate.  

Previous studies have hinted that OPCs follow an intrinsic timer which would tell them when and 

where to proliferate and differentiate (Temple & Raff, 1986; Gao et al., 1997; Raff, 2006), but what 

precisely influences this decision is not yet fully understood. Most projection neurons are 

glutamatergic, and research have discovered that OPCs express glutamate receptors (AMPAs, 

NMDAs, and KARs) and receive glutamatergic input via action potentials of unmyelinated axons 

(Bergles et al., 2000; Káradóttir et al., 2005; Kukley et al., 2007; Gautier et al., 2015). These findings 

underpin a neuron-glia communication, a valuable information towards better understanding of the 

mechanisms and functions of myelination (Demerens et al., 1996; Wake et al., 2011). 

 

Figure 1.1. Oligodendrocyte lineage. The figure shows important transcription factors and proteins 
during each phase of oligodendrocyte maturation, from NPC to myelinating oligodendrocyte. 
Created with BioRender. 
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There are numerous genes associated with OPC regulation and development, many of which are 

depicted in figure 1.1, but which genes are transcribed depends on various stages in the 

oligodendrocyte lineage. For example, OPCs that originate during early development in the SVZ, are 

induced by the Sonic hedgehog [Shh] protein (Orentas et al., 1999), which has been shown to play an 

important role in the correct timing of OPC generation (Hashimoto et al., 2018) and differentiation into 

oligodendrocytes (Stolt et al., 2002). The transcription factors SoxE regulate Shh expression, and can 

either restrict or induce the progression of neural progenitor cells [NPCs] into the OL lineage (Pozniak 

et al., 2010; Wang et al., 2014). However, if Shh expression is deliberately muted in vitro, OL 

generation in and of itself is not affected, indicating an alternative pathway for OLs to emerge (Nery et 

al., 2001; Ortega et al., 2013). The transcription factor Olig2 is also important for the development of 

NPCs into OPCs, and is one of few markers that remain present throughout the oligodendrocyte 

lineage (Zhou & Anderson, 2002). With the deletion of Olig2 in OPCs in the neocortex and corpus 

callosum, OPC generation can be blocked, changing the cells‘ path, as they develop into astrocytes in 

lieu (Zhu et al., 2012). Once OPCs have been formed, NMDA receptors stimulate OPC migration to 

their destined place, and in vitro blocking of these receptors decreases migration by 90% (Wang et al., 

1996).  

The most distinctive marker for OPCs is PDGF- alpha receptor (Pringle & Richardson, 1993), 

which, when activated by PDGF (platelet-derived growth factor), stimulates cellular growth and 

proliferation (Calver et al., 1998). This mechanism could possibly work through neurons releasing 

acetylcholine on muscarinic receptors (M1, M3, and M4) located on OPCs, which would induce OPC 

proliferation by increasing PDGF-alpha receptor expression (de Angelis et al., 2012). The electrical 

activity of neighboring axons promotes increased PDGF mitogens, which influences the number of 

mature oligodendrocytes that develop in the region (Barres & Raff, 1993). By blocking the secretion of 

PDGF mitogens, OPC proliferation is drastically reduced (Rosenberg et al., 2008). Once OPCs have 

reached their assigned destination, AMPA receptors are activated to reduce OPC proliferation, as well 

as ceasing all growth induced by PDGF (Gallo et al., 1996; Yuan et al., 1998). However, since PDGF 

is able to travel farther from the axon than glutamate, it can act on the cells receptors before glutamate 

reaches the cell to stop the process. Accordingly, proliferation only decreases once the cell has 

arrived close enough to the axon to take up the glutamate it releases (Káradóttir & Attwell, 2007). 

OPCs also express the proteoglycan NG2. Although little is known about the mechanism of action, 

studies show that NG2 positive cells, such as OPCs, respond to neuronal input by increasing 

intracellular Ca2+ levels, which could be acting as a secondary messenger to induce differentiation 

(Sun et al., 2016). Interestingly, studies have shown that OPCs can differentiate in the absence of 

other cell types, which begs the question of an intrinsic timer (Gao et al., 1997). However, in neuron-

OPC co-cultures, the onset of differentiation seems to rely on OPC density; 2 million OPCs 

differentiate after 5 days, whilst 20,000 OPCs differentiate after 3 weeks. Thus, OPCs must proliferate 

until a certain quantity is reached in order to differentiate (Rosenberg et al., 2008). Yet another 

transcription factor involved in the transition of OPCs to OLs is the homeodomain transcription factor 

Nkx2-2 (Cai et al., 2010), which regulates differentiation by acting as a repressor (Zhang et al., 2020). 

When bound to the promoter of PDGFRA, Nkx2.2 inhibits the expression of PDGFRA, which stops 
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OPC proliferation, and initiates differentiation (Zhu et al., 2014). New oligodendrocytes that have yet to 

bind to an axon can be identified by the expression of CNPase, O4, O1, and protein proteolipid protein 

[PLP], which is also expressed during differentiation (Sommer & Schachner, 1981; Braun et al., 1988; 

Timsit et al., 1995). When oligodendrocytes reach their final stage of maturation, they lose their 

bipolarity and are best characterized by proteins such as myelin basic protein [MBP] (Linnington et al., 

1984), myelin associated glycoprotein [MAG] (Trapp, 1990), and the surface marker myelin-

oligodendrocyte glycoprotein [MOG] (Brunner et al., 1989).  

1.2 Myelin: Mechanisms & Morphology 

When comparing myelinated fibers, it is readily apparent that there is no one size fits all. Myelin 

sheath length and width can differ between axons, and the thickness of myelin seems to have a 

positive correlation with the axon caliber, in which increased layers of myelin lead to increased 

conduction velocity (Hursh, 1939; Friede, 1972; Waxman, 1980). 

Projection fibers are generally myelinated first, followed by commissural fibers, and lastly, the 

association fibers (Tilney & Casamajor, 1924; Yakovlev & Lecours, 1967; Gibson, 1970). Regional 

differences in myelination have also been reported, such as the time between onset of myelination to 

its finalization, ranging from fast completion, to protracted myelination, extending beyond late 

adolescence (Kaes, 1907; Miller et al., 2012). Additionally, oligodendrocytes appear to have a 

preference for axons with a diameter of 0.2 μm or higher (Simons & Trajkovic, 2006), hence, larger 

axons are prioritized, and smaller axons become myelinated last (Matthews & Duncan, 1971). 

Two distinct mechanisms of myelination are known today: one that is dependent on neuronal 

activity, and another that is independent of neuronal activity. Lee, S. and colleagues (2012) developed 

a culture system with electro-spun nanofibers instead of active neurons, to investigate oligodendrocyte 

behavior in the absence of neuron signaling. Their results indicated that OPCs and mature 

oligodendrocytes are responsive to the biophysical properties of fiber diameter, and are able to 

ensheath the fibers without any axonal activity (Abney et al., 1981; Zhang & Miller, 1996). 

Oligodendrocytes in the spinal cord generally produce longer sheaths than OLs in the cortex, and 

planting OPCs from corresponding regions into a neuron-free in vitro system, provides comparable 

results. This means, even in the absence of external influences, oligodendrocytes appear to show 

some intrinsic region-specific identity. Once the OPCs differentiated, they started to ensheath the inert 

fibers as they would have in vivo (Bechler et al., 2015). However, fiber diameter alone cannot explain 

how same size axons vary in myelin distribution, and why only some axons are myelinated while 

others are not (Tomassy et al., 2014). 

As the name suggests, myelin regulatory factor [MyRF] plays a crucial role in the regulation of 

myelination. It has been shown to mediate both OL differentiation and myelination in the CNS, by 

regulating gene expression associated with myelination (Bujalka et al., 2013). MyRF expression is 

also thought necessary to maintain myelin in the adult brain. By deleting MyRF, a downregulation of 

MAG, MBP, and MOG has been detected, indicating that without continuous expression of MyRF, the 

cells lose their capability to myelinate (Koenning et al., 2012). Knockout of MyRF in the developing 
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mouse prevents oligodendrocyte maturation, leading to death in the third postnatal week (Emery et al., 

2009). 

The growth factor Neuregulin [NRG] impacts myelination by activating ErbB receptors (receptor 

tyrosine kinases involved in cellular growth and survival) on OPCs, and myelination can be regulated 

by increasing or decreasing signaling between NRG and ErbB. Interestingly, ErbB or NRG knock-out 

has no adverse effects on myelination during development (Brinkmann et al., 2008), but impairs 

experience-dependent myelination (Makinodan et al., 2014). This means that NRG is not essential for 

myelination to take place, but once present, it switches oligodendrocytes from activity-independent 

myelination to activity-dependent; making them more sensitive to glutamate release of active neurons, 

which results in these axons being prioritized (Lundgaard et al., 2013). It has been shown that myelin 

growth is induced by cap-dependent translation, regulated by the Akt-mTOR signaling pathway 

(Fedder-Semmes & Appel, 2021). 

This activity-dependent mode has been demonstrated in a distinguished research by Gyllenstein 

and Malmfors (1963), in which they studied the optic nerves of dark-reared mice. The research 

addresses the importance of neuronal activity and shows that without neuronal input, as a 

consequence of decreased visual stimulation, myelination in the optic nerves is lacking compared to 

control mice. This is in concordance with other experiments in which data show that active axons 

become myelinated in preference of inactive axons (Hines et al., 2015; Wake et al., 2015; Mitew et al., 

2018). Myelin plays an important role in the developing young brain, as seen in a study by Makinodan 

and colleagues (2014), where newly weaned mice were isolated for two weeks, which lead to 

alterations in the prefrontal cortex along with irrecoverable changes to myelin. Presumably, by the lack 

of cognitive stimulation, neuronal activity is drastically reduced, leading to insufficient myelin formation, 

and the resulting behavioral and cognitive dysfunctions show the importance of myelination during this 

critical period in the developing brain. The social isolation that these mice suffered results in a 

shortage of ErbB3 receptors on oligodendrocytes and a decreased expression of neuregulin-1 

(Makinodan et al., 2014). Comparable results have been reached in studies of the human brain; 

children raised in institutions, where deprivation of basic needs is pervasive, display dysfunctions 

similar to those resulted by prefrontal cortex abnormalities. The deprivation causes white matter 

changes that cannot be alleviated, even if the children receive proper care afterwards (Chugani et al., 

2001; Pollak, 2010). Some studies have found that new OLs only have a short time frame where they 

are able to myelinate, and this could explain why these symptoms cannot be relieved (Watkins et al., 

2008; Czopka et al., 2013). Examples such as these display the importance of healthy myelinated 

neural circuitry, as without it learning capacity is severely compromised. These findings are compatible 

to studies of rodents that are raised in a particularly enriched environment, in which oligodendrocyte 

formation is 27-33% more in the visual cortex than in control animals (Sirevaag & Greenough, 1987), 

and an increased number of oligodendrocytes in the corpus callosum has also been reported (Briones 

et al., 1999). 
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1.3 Demyelination 

Disruptions to white matter can result from injuries to the central nervous system, such as spinal cord 

injury, in which OLs of the affected area undergo necrosis and apoptosis (Almad et al., 2011). The 

subsequent loss of oligodendrocytes leads to demyelination, since myelin is maintained by the 

oligodendrocyte (Funfschilling et al., 2012), which alters neuronal firing and compromises axonal 

function and associated neural circuits. As a response to this type of injury, the outstanding OPCs 

start to differentiate to make up for the loss of oligodendrocytes in the area, and go on to remyelinate 

the affected axons (Rosenberg et al., 2008; Duncan et al., 2009). Activation of Akt/mTOR/p70S6K 

pathway increases expression of myelin related proteins and contributes to regeneration after spinal 

cord injury (Ge et al., 2020). Unfortunately, conduction velocity cannot be fully restored since 

remyelination only generates thin sheaths (Blakemore, 1974) and in many chronic white matter 

diseases this remyelination eventually fails; the cause remains incompletely understood. Some have 

theorized that the remyelination results in chronic depletion of OPCs in the healthy white matter 

surrounding the injured area (Keirstead & Blakemore, 1999), but other studies show evidence to the 

contrary; they suggest a failure of differentiation, rather than a depletion of OPCs (Wolswijk, 1998). 

As previously discussed, OPCs respond to neuronal activity and receive instructions on cell growth 

from active neurons; Gautier and colleagues (2015) looked into the connection between demyelinated 

axons and the surrounding OPCs in a lesion, and found that in the event of demyelination, these same 

axons are responsible for instructing OPCs to differentiate and remyelinate. Research have also found 

that axons play a vital role in oligodendrocyte survival. With a demyelination model in adult mice, 

Ferent and colleagues (2013) noticed an upregulation of Shh proteins as a response to the lesion and 

an increase in OPCs after adenovirus-mediated transfer of Shh. 

Oligodendrocytes are exceptionally vulnerable to oxidative damage (Giacci et al., 2018), which is a 

common denominator in degenerative diseases, such as Multiple Sclerosis [MS]. Myelination requires 

a considerable amount of oxygen and ATP, which leaves oligodendrocytes vulnerable to toxic 

byproducts (McTigue & Tripathi, 2008), and their immense need for large amounts of iron can 

increase risk of free radical formation (Braughler et al., 1986; Connor & Menzies, 1996). The National 

MS Society (2020) estimates that 2.3 million people are living with MS, which means a new person is 

diagnosed every five minutes. The root cause of this inflammatory demyelinating disease remains 

unidentified, but researchers suspect multiple factors to be in play. The damaged myelin, and the 

failure to remyelinate, leads to neural degeneration due to the fact that axons rely on support from OLs 

for long-term survival. This support seems to be independent of the myelin sheath, and rather stems 

from metabolic support in the form of lactate. Since most of the axon is covered in myelin, access to 

extracellular glucose for energy is limited, and for that reason oligodendrocytes provide lactate via 

monocarboxylate transporter [MCT1] channels located on oligodendrocytes, which is then converted 

to pyruvate and used by the Kreb‘s cycle to make more ATP (Nave, 2010; Morrison et al., 2013). By 

blocking MCT1 transporters on oligodendrocytes, neurons become particularly vulnerable, and by 

further removing glucose from the extracellular matrix, very few neurons survive (Lee, Y. et al., 2012). 

Due to the fallibility of oligodendrocytes and the involvement of myelin in numerous diseases, 

studies on the mechanisms of myelination remain crucial in order to take preventative measures and 
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halt further progression of demyelinating diseases. Interestingly, OPCs isolated from aged rats, and 

placed in culture mimicking the cerebral environment of a newborn rat, start to assimilate young 

OPCs, both functionally and molecularly. This particular experiment by Segel and colleagues (2019) 

shows how the microenvironment stiffens with age, which causes decreased function in OPCs, as 

they rely on their environment for functional cues. This could mean that the failure to differentiate in 

white matter diseases isn‘t necessarily derived from the OPC itself, but rather a repercussion of the 

aging process. Further studies on the mechanism by which oligodendrocytes myelinate axons are 

necessary for innovative methods to enhance remyelination. 

1.4 Learning-Evoked Myelination 

Recent studies have shown that new myelin is formed in the adult brain as a result of learning, which 

may be a crucial step towards therapeutic solutions for demyelinating disorders. When rodents learn a 

novel motor skill, new myelin is formed in white matter regions associated with the task. This was 

shown by Sampaio-Baptista and colleagues (2013), who were the first to find experience-dependent 

changes in white matter as a response to a learning model that relies on the cerebral cortex. White 

matter changes following motor-skill acquisition have also been reported in humans, such as 

extensive piano practicing during childhood (Bengtsson et al., 2005), and learning to juggle also 

induces myelin changes in adults (Scholz, 2009). These experiments are a paragon of myelin 

plasticity as they clearly demonstrate that myelination is a dynamic process. However, the relationship 

between myelin and cognitive learning remains obscure, and seeing how myelin is associated with 

learning acquisition it would only be appropriate to further examine brain regions linked with learning, 

such as the medial prefrontal cortex [mPFC] (Duarte et al., 2005) and dorsal hippocampus [dHP] 

(Scoville & Milner, 1957; Forwood et al., 2004; Eichenbaum et al., 2007). 

A well-established experimental paradigm for working memory, is the trial-unique nonmatching-to-

location [TUNL] task, a touchscreen-system for rodents, which has been shown to rely on 

hippocampal function. The technique assesses cognitive abilities and spatial navigation through a 

memory task, in which the animal learns pattern separation (Kim et al., 2015). An important feature of 

the TUNL task is that it excludes motor skill activities (such as in the Morris water maze and on 

complex running wheels) and minimizes confounding motor mediating responses (Talpos et al., 2010). 

When performing the TUNL task, rats with lesions to the medial prefrontal cortex show significant 

impairment in working memory, while rats with hippocampal lesions are affected in both working 

memory and at pattern separation (McAllister et al., 2013). But how is myelin related to this cognitive 

learning process, if at all? As is known, neurogenesis can take place in the adult hippocampus after a 

period of learning (Gould et al., 1999), and within minutes of neuronal activity, MBP translation has 

been detected (Wake et al., 2011). In tune with these results, an increase in fractional anisotropy in 

white matter, following a working-memory task, has also been reported (Takeuchi et al., 2010). 

Regardless of numerous research on learning-evoked myelination, the mechanisms that govern such 

myelination are still poorly understood. Is myelin vital for the learning process or is it simply a 

byproduct of newfound knowledge? 
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2 Aims 

This MSc dissertation analyses the mechanisms of learning-evoked myelination and oligodendrocyte 

morphology, in the medial prefrontal cortex and the dorsal hippocampus. 

The research is done in cooperation with Káradóttir lab at Wellcome – Stem Cell Institute and 

Department of Veterinary Medicine at the University of Cambridge. By performing a trial-unique 

nonmatching-to-location experiment on transgenic mice, we are able to effectively assess the 

relationship between cognitive learning and oligodendrocyte generation. The scientific value of the 

experiment goes towards collective information within the scientific community on the mechanisms of 

myelination and future therapeutic solutions on white matter diseases. 

The project can be divided into the following aims: 

1. Evaluating whether cognitive learning evokes oligodendrocyte differentiation and 

myelination. 

2. Testing whether proliferation takes place in the beginning of learning acquisition or later 

on in the process. 

3. Tracing the axonal tracts of the dHP, mPFC, and connecting regions, to see if myelination 

of these tracts is prioritized. 

4. Analyzing the effect of MyRF knockout in mice, to see whether myelin is essential for 

learning to take place. 

For my dissertation, I travelled to Cambridge, UK, to run a TUNL experiment at the University of 

Biomedical Services. I received a Home Office PIL, category A license, which permitted me to handle 

mice and run a behavioral experiment with them. I then learned and proceeded to cut thin brain 

sections on a microtome; I did immunohistochemistry on the samples, imaged them on Leica SP8 

confocal microscopy, and analyzed the data. 

The first standard TUNL experiment was performed by Claudia Pama and Giulia Bonetto, along 

with viral injection, and the MyRF knockout experiment. I assisted with multiple data analysis from 

these experiments, performed viral tracings, and ran the new YOKED experiment. 
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3 Methods 

3.1 Animals 

All animals were randomly allocated into different experiments. 

To evaluate whether cognitive learning evokes OL differentiation, determining time of proliferation, 

and for viral tracings of association fibers, we employed 74 pdgfra-CreER:tau-mGFP mice to take part 

in the trial-unique nonmatching-to-location behavioral paradigm. 

Cre is an enzyme capable of catalyzing a recombination between two loxP sites. It can be placed 

behind tissue specific promoters (e.g. pdgfra), in which Cre is only expressed in specific cells or 

tissues (e.g. OPCs). With tamoxifen-dependent cyclic recombinase [CreER], new myelinating 

oligodendrocytes can be detected after tamoxifen administration, as is demonstrated in figure 3.1. This 

is because Cre recombinase activity excises the stop codon for mGFP (membrane bound green 

fluorescent protein), which induces expression of mGFP. However, only newly myelinating 

oligodendrocytes will express mGFP, as the Tau promoter is only active in differentiated 

oligodendrocytes. 

 

Figure 3.1. Tamoxifen induced recombination. Tamoxifen is administered after pretraining, which 
induces Cre-Lox recombination. Now all new myelinating oligodendrocytes, formed during 
the TUNL task, can be detected. Created with BioRender. 

 

To analyze whether myelin is essential for learning acquisition, we employed 23 pdgfra-

CreER:Myrffl/fl mice, in which the transcription factor MyRF has been deleted (see figure 3.2), and 12 

control mice. An animal with a floxed MyRF gene is expected to have significantly impaired working 

memory and as a result, be unable to learn while performing the trial-unique nonmatching-to-location 

behavioral paradigm. 

 

Figure 3.2. iCKO genotype. To analyse whether myelin is necessary for learning acquisiton, the two 
mouselines presented were used for the experiment. One of which has a floxed myrf gene. 
Created with BioRender. 
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3.2 Behavioral paradigm: TUNL 

The trial-unique nonmatching-to-location task involves an automated operant touchscreen-based 

system, which has been optimized for rodents, which assesses working memory and pattern 

separation. 

The operant chamber system is composed of a steel grid floor, a touchscreen, a reinforcement 

delivery apparatus, and a pair of  infra-red beams to detect movement near the touchscreen (screen 

beam) and near the reward apparatus (back beam). The touchscreen is covered with dark Perspex 

wall, with five unglazed response windows aligned horizontally. For data collection we used the ABET 

II software by Campden and Whisker Server Controller. 

The TUNL paradigm has three levels of separation [S3, S2, S1] which is depicted in figure 3.3. A 

trial entails the following: light appears in one of the five windows on the touchscreen, and disappears 

when the animal makes contact with it. After a short delay two lights appear, one in a new location, 

and one in the same location as before. The animal must now select the new light in order to get a 

reward. If it makes a mistake the chamber becomes illuminated along with a loud tone; if it selects the 

correct stimulus, the animal receives milkshake through a pump. If the animal selects the incorrect 

stimulus, it is given a chance at another try (correction trial) until it makes the correct choice. 

In S3 the distance between the two illuminated windows is the greatest (three windows apart) 

making it the easiest discrimination. S2 has two windows between stimuli, and S1 has only one 

window between the stimuli, making it the hardest discrimination. 

 

Figure 3.3. Operant chamber. The chamber has five windows where the stimuli can appear. The 
image on the right shows an example of a trial and the three levels of separation. 
Created with Adobe Illustrator and BioRender. 

Before commencing the TUNL stage, the animals enter a pretraining period in which they are being 

acquainted with the operating chambers and reward delivery magazine: 

Stage 1: Habituation. Aims: Habituation to the behavioral chamber and food reward. 

The animals go in the chamber for 30 minutes with all electronic components and TUNL mask 

turned on and 0.2 ml of YAZOO strawberry milkshake in the reward magazine. When the animal 

consumes the entire reward within a session, it is introduced to the second stage. 
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Stage 2: Initial touch. Aims: Training to associate stimuli on the screen with a reward. 

The animals go in the chamber for 60 minutes (or 30 trials) with all electronic components and 

TUNL mask turned on. Reward administration via pump is introduced. Stimulus is presented in 

one of the windows. If the animal does not touch it, offset occurs after 30 seconds and a reward is 

delivered, along with illumination of the reward magazine and a tone. A touch to the stimulus is 

rewarded with an immediate offset, a triple reward, illumination, and a tone. The animal must 

complete all trials within 60 minutes. 

Stage 3: Must touch. Aims: Training to touch stimuli on the screen for a reward. 

The animals go in the chamber for 60 minutes (or 30 trials) with all electronic components and 

TUNL mask turned on. A stimulus is presented and does not disappear unless touched by the 

animal. Once touched, stimulus disappears, and reward is delivered along with illumination and a 

tone. When the animal retrieves the reward, and crosses the back beam, a new trial begins. The 

animals must complete all trials within 60 minutes. 

Stage 4: Must initiate. Aims Training to initiate trials. 

The animals go in the chamber for 60 minutes (or 30 trials) with all electronic components and 

TUNL mask turned on. The session begins with a free reward and illumination of the reward 

magazine, indicating a new trial can be initiated by crossing the back beam. When the animal 

withdraws from the magazine and crosses the beam, stimulus is presented on the screen. 

Initiation is then required after each trial. The animals must complete all trials within 60 minutes. 

Stage 5: Punish incorrect. Aims: Punishment for incorrect responses. 

The animals go in the chamber for 60 minutes (or 30 trials) with all electronic components and 

TUNL mask turned on. Animals are discouraged from touching blank windows during stimulus 

presentation. A touch to a blank response window results in stimuli removal and a bright 

illumination of the entire chamber. Shortly, a new trial can be initiated. Criterion is reached when 

all trials are completed with at least 70% correct in two consecutive sessions. The animals must 

complete all trials within 60 minutes. 

After the end of the pretraining session, all groups receive Tamoxifen by oral gavage (300mg/Kg) for 

four days. Five days after tamoxifen administration, all animals are food restricted – given that they 

were at a healthy weight and had no ailments – to achieve optimal results during training. Food is 

removed from the cages and a fixed amount of pellet food provided daily after training. Mice are 

weighted before feeding, so pellet number can be accorded to keep weight loss within the range of 8-

12% below baseline. 

The TUNL protocol applied in this experiment was established by Tim Bussey and Lisa Saksida 

(Talpos et al., 2010; Oomen et al., 2013; and Barnard et al., 2021). 

For assessing learning-evoked myelination and oligodendrocyte differentiation, pdgfra-CreER:tau-

mGFP mice were assigned to three groups: 
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1. TUNL (experimental group): These mice perform the TUNL task and receive positive 

reinforcement when performing correctly and positive punishment when performing 

incorrectly. This group is expected to learn the task at hand. 

2. YOKED (control group): These mice perform the TUNL task, but each mouse is yoked to 

another mouse in the TUNL group and receives equal reinforcement and punishment as the 

TUNL mouse, in randomized order. As a result, the YOKED group is not expected to learn the 

task. 

3. HOME CAGE (control group): These mice do not perform the task and remain in their home 

cage throughout the experiment. The mice receive a fixed amount of reinforcement 

(milkshake), but no punishment. 

To begin, each TUNL mouse is paired with a YOKED mouse. On the first day of training, we only 

run the TUNL group, starting at S3. As of day two, we adjust reward probability for each YOKED 

mouse, so it corresponds to the TUNL mouse it has been paired with. This way, each YOKED mouse 

receives same amount of reward as its TUNL partner. When a TUNL mouse makes an error, it is given 

another chance to choose the correct stimulus, so correction trials must be accounted for when the 

YOKED mouse runs the day after. 

The mice go in the chamber for 45 minutes (or 18 trials), starting with S3. The TUNL mice continue 

to S2 if they score 70% or higher for two consecutive trials (i.e. days), and their YOKED counterpart 

follow the next day. The TUNL mice continue to S1 if they score 70% or higher for two consecutive 

trials, and their YOKED counterpart follow the next day. Each TUNL mouse must finish the 18 trials or 

else they time out and have to start on the same separation level the next day. After 25 trials per 

animal the TUNL task is concluded. 

For data analysis we can compare number of cells in the dHP and mPFC between groups to see 

whether cognitive learning evokes oligodendrocyte differentiation. We hypothesise that the TUNL 

group will have an increased number of newly differentiated oligodendrocytes, while the YOKED group 

and Home Cage should have relatively few. Additionally, we can compare oligodendrocyte 

phenotypes, and analyze ratio of myelinating oligodendrocytes vs. non-myelinating oligodendrocytes.  

3.3 Histology 

Brains were fixed using 4% PFA via intracardiac perfusion fixation, following blood removal by 

perfusion with PBS. 

Post fixation was 1 hour in 4% PFA, then brains were switched to PBS azide for storage at 4°C, 

until further sliced into 100 um coronal sections. Sections were blocked in 1 x PBS with 10% Goat 

Serum and 0.5% Triton X-100, for 2 hours on shaker at room temperature. For primary antibody, 

sections were incubated in chicken GFP (1:500), rabbit Olig2 (1:500), rat MBP (1:100), and PBS, left 

overnight on shaker, in cold room. After 3x20 minutes PBS wash, the sections were incubated in 

secondary antibody, containing Alexa fluor chicken 488 (1:500), Alexa fluor rabbit 568 (1:500), Alexa 

fluor rat 647 (1:500), and PBS, for 2 hours on shaker at room temperature. After 2x15 minute wash in 

PBS, sections were incubated in DAPI for 20 minutes, and then washed again 2x15 minutes in PBS. 
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3.4 Quantifying proliferation 

Half of the cohort received the proliferation labelling agent EdU during the first week of TUNL training, 

and the other half received EdU during the last week of training. 

EdU was dissolved in drinking water along with saccharin (0.2mg/ml EdU, 1g/L Na-saccharin). EdU 

is a thymidine analog that is taken up by cells and incorporated into newly synthesized DNA, enabling 

us to fate-map all newly proliferated OPCs. This way we can compare groups, and annotate whether 

proliferation happens predominantly in the first week, or in the last week of training. 

To be quantified as a newly proliferated oligodendrocyte, the cell must show EdU along with GFP 

and Olig2. In figure 3.4, three cells have been marked. The cell at the bottom shows GFP and Olig2, 

which are the markers for an oligodendrocyte. However, this oligodendrocyte differentiated without 

proliferating first. The cells at the top show GFP, Olig2 and EdU which means these cells have 

proliferated as OPCs, and then differentiated into myelinating oligodendrocytes. Only cells that show 

all three markers are to be quantified.  

 

Figure 3.4. GFP/Olig2/EdU positive cells. The figure depicts three cells. The cells at the top are 
GFP/Olig2/EdU positive, which means they proliferated and then differentiated. The cell at 
the bottom is only showing GFP and Olig2, which means it differentiated without proliferating 
first. In this manner we can quantify oligodendrocytes that have recently proliferated before 
differentiating into a mature oligodendrocyte.  
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3.5 Viral tracing 

Stereotaxic injection of pAAV-hSyn-mCherry [AAB8] into dHP and mPFC were done by Dr. Giulia 

Bonetto. The virus allows us to trace the axonal tracts of the regions and the GFP positive processes 

of a neighbouring oligodendrocyte. Figure 3.5 shows the coordinates for the dHP and mPFC relative 

to bregma. 

 

 

Figure 3.5. Stereotaxic injection. Virus is injected into the medial prefrontal cortex and dorsal 
hippocampus which allows for viral tracings of the axonal tracts of the regions. The 
coordinates are calculated distance from bregma. Created by Dr. Giulia Bonetto. 

Once recovered from procedure, the animals perform the TUNL task for optimal analysis of 

cognitive learning. The brain is then cut into 80-100 μm sagittal sections, stained, and imaged at 60 x 

magnification with Leica SP8 confocal microscope. Using Neurolucida 360 software, we can see in a 

3D environment whether overlapping of GFP and mCherry occurs, which will tell us whether these 

axonal tracts are being myelinated. This is demonstrated in figure 3.6. In addition to tracing the 

mCherry axons, we can trace various oligodendrocyte processes for morphological analysis, such as 

branch length, number of internodes, and sholl analysis.  

 

Figure 3.6. Neurolucida 3D environment. Confocal microscopy image of the medial prefrontal 
cortex, showing oligodendrocyte branches marked with GFP, and axons marked with 
mCherry. The arrows point to overlapping of GFP and mCherry, which means the 
oligodendrocyte is myelinating that axon, which belongs to the mPFC. 
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Sholl analysis has been around for numerous years, yet it has mainly been used as a measure for 

dendritic complexity of neurons. Here we will employ this technique on oligodendrocyte processes 

(see figure 3.7), to compare different OL structures of a myelinating oligodendrocyte, and an immature 

oligodendrocyte. Sholl analysis counts the number of branches at a fixed distance from the soma in 

concentric circles to reveal various branching patterns (Bird & Cuntz, 2019). 

 

 

Figure 3.7. Tracing for oligodendrocyte morphology. By tracing the GFP branches in Neurolucida 
360 software, we can analyze the structure of the oligodendrocyte by performing a sholl 
analysis, which reveals number of internodes, internodal length, and number of intersections. 
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3.6 MyRF Knockout – de novo myelination 

For analyzing the effects of MyRF knockout in mice we employed pdgfra-CreER:Myrffl/fl mice, and for 

control we used pdgfra-CreER:Myrffl/fl:tau-mGFP and pdgfra-CreER:tau-mGFP mice. 

The animals were assigned into two groups: 

1. MRF CKO (knockout group): These animals have a conditional knockout for MyRF 

transcription factor (pdgfra-CreER:Myrffl/fl). These animals should not be able to learn the task. 

2. MRF CON (control group): These control animals (Cre negative Myrffl/fl) are expected to learn 

the task in a normal way. 

The animals perform the TUNL task in the same manner as previous animals, with the exception of 

a YOKED group. Once finished, brains are cut, stained, and imaged as before, so we can compare 

number of GFP/Olig2 positive cells between the knockout group and the control group. In this way, we 

will be able to see whether myelin regulatory factor is necessary for oligodendrocyte myelination, and 

whether lack of myelination prevents learning. The schematic diagram in figure 3.8 compares normal 

oligodendrocyte development and the effect of a MyRF knockout on oligodendrocyte development. 

 

Figure 3.8. Deletion of the transcription factor Myrf. With a conditional knockout of MyRF, 
oligodendrocyte myelination is affected. The top line shows how oligodendrocyte myelination 
is affected and the bottom line shows normal development, from an OPC to a myelinating 
oligodendrocyte. Created with BioRender. 
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4 Results 

4.1 Learning-evoked differentiation 

The first TUNL experiment had a flawed methodology as the number of correction trials had not been 

adjusted for the YOKED group. 

In this experiment the IR beam crossings of the TUNL group were notably higher, on the account of 

the TUNL group performing more trials than the YOKED group. Due to this inconsistency in number of 

IR beam crossings between the experimental group and the control group, a new and improved TUNL 

experiment was constructed, with an adjusted number of correction trials for the YOKED group. The 

new paradigm was also reduced from 36 trials to 18 trials, due to the YOKED group performing fewer 

trials.  

 

Figure 4.1 Standard TUNL experiment: The flaws. TUNL group has a higher number of beam 
crossings, which brought us to run a new YOKED group, with same number of total trials. 
The new paradigm also has fewer trials, because the YOKED group didn‘t finish all the trials. 

 

Figure 4.2 Standard TUNL experiment: The results. Performance rate is higher in the TUNL group 
(19 mice) than in the YOKED group (16 mice). Number of GFP/Olig2+ cells is also higher in 
the TUNL group, than in the comparison groups. The increased number of cells in the TUNL 
group could be correlated to the learning process. 
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19 TUNL mice and 16 YOKED mice were used in the standard TUNL experiment, and the results 

are shown in figure 4.1 and 4.2. Performance rate of the TUNL group is higher compared to the 

YOKED group, as expected. The YOKED group isn‘t learning anything, which is why performance rate 

oscillates around 50%. Out of 19 TUNL mice, 15 reached S1 and four reached S2. In concordance 

with the YOKED animals not learning, the number of GFP/Olig2 positive cells is significantly lower 

than in the TUNL group. Data also show no pronounced difference between the YOKED animals and 

the Home Cage, which is consistant with the fact that neither groups learned. The motor cortex shows 

no difference between groups because the paradigm is exclusive to cognitive learning. 

Figure 4.3 shows how we quantify myelinating vs. non-myelinating oligodendrocytes. An immature 

oligodendrocyte that has yet to myelinate has a star-shaped figure, while a myelinating 

oligodendrocyte has a branch-like structure, as they have attached their processes to nerve fibers. 

 

Figure 4.3. Myelinating vs. non-myelinating phenotypes. Two oligodendrocytes are depicted in the 
figure. The branch-like structure indicates a myelinating oligodendrocyte (left), while the star-
shaped structure is not myelinating (right). 

Quantification of the myelinating vs non-myelinating phenotypes of 12 TUNL mice and 9 YOKED 

mice from the standard TUNL experiment is shown in figure 4.4. Results show more myelinating cells 

within the TUNL group than in the YOKED group, in both the dHP the mPFC, but only the mPFC of 

the TUNL group has higher ratio of the myelinating vs. non-myelinating phenotype. 

 

Figure 4.4 Myelinating vs non-myelinating cells in the dHP and mPFC. The results show a higher 
number of myelinating cells of the TUNL groups, compared to the YOKED groups. Only the 
mPFC of the TUNL group has a higher ratio of myelinating vs non-myelinating cells. 

 

 



  

30 

To correct for all errors, we ran a new improved TUNL task, and will refer to the old one as 

standard TUNL, and the new one as new YOKED. Performance rate of the new YOKED groups is 

shown in figure 4.5. We ran three new YOKED groups, with a total of 16 TUNL mice, 18 YOKED mice, 

and five Home Cage. Out of the 16 TUNL mice, only seven reached S1, two reached S2, and seven 

remained in S3. By excluding the animals that stayed in S3, and comparing the beam crossings of the 

mice that learned, we can see that beam crossings of the YOKED group and the TUNL group are the 

same, as opposed to the standard TUNL experiment. However, IR beam crossings of the mice that 

reached S1 and S2, versus the mice that stayed in S3 are significantly different: t(4) = 191, p = 

0.0009, with more beam crossings by the S3 mice. Performance rate of the TUNL group rises with 

each session, while the YOKED group barely exceeds 50%. 
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Figure 4.5. New YOKED experiment: The results. TUNL group has higher performance rate than 
the YOKED group. IR beam crossings are equal between groups. The animals that stayed in 
S3 have higher beam crossings than the animals that reached S1 and S2.  

Quantification of GFP/Olig2 positive cells are shown in figure 4.6. Imaging was done on all animals 

that reached S1 or S2 and their YOKED counterparts, along with Home Cage group. We excluded 

animals that stayed in S3 for cell quantification purposes. Surprisingly, only two animals in the first 

group were transgenic, meaning the other four had no mGFP, and were therefore not imaged. To 

reduce detection bias the quantification was done in a blinded manner. A Kruskal-Wallis test reports 

no significant difference between the groups in the dHP, H(8) = 1.315, p = 0.55 or between groups in 

the mPFC, H(8) = 1.421, p = 0.58. 



  

31 

 

Figure 4.6. New YOKED experiment: GFP/Olig2 positive cells. No significant difference in 
GFP/Olig2 positive cells can be found between the groups. 

Due to lack of animals that could be imaged, we excluded myelinating vs. non-myelinating analysis 

of the new YOKED experiment. 

4.2 Proliferation 

For EdU analysis, we quantified newly proliferated oligodendrocytes in the dorsal hippocampus and 

medial prefrontal cortex. Only cells expressing GFP, Olig2, and EdU were counted. 

Figure 4.7 shows that the first week of training has more newly proliferated oligodendrocytes, in 

both dorsal hippocampus and medial prefrontal cortex, than the last week of training. Data also 

indicate more proliferating activity in the dHP than in the mPFC. 

 

Figure 4.7 Proliferation in the dHP and mPFC. Calculated ratio of Edu positive cells to GFP and 
Olig2 positive cells indicates that proliferation is higher in the first week of training compared 
to the last week of training, in both the dorsal hippocampus and the medial prefrontal cortex. 
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4.3 Viral tracings 

We traced the oligodendrocyte internodes to compare internodal length and number of internodes of 

the three groups. 

Results are shown in figure 4.8 and 4.9. One-way ANOVA with post-hoc Tukey‘s HSD test reveals 

no difference in internodal length of the dHP between HC and YOKED, p = 0.98. However, Tukey‘s 

HSD found the internodal length in the dHP to be significantly different between HC and TUNL, p = 

0.04, and between TUNL and YOKED, p = 0.03. In the mPFC, Tukey‘s HSD test for multiple 

comparisons reveals a significant difference between HC and YOKED, p = 0.03, but no difference 

between HC and TUNL, p = 0.80, or TUNL and YOKED, p = 0.06. 

 

Figure 4.8. Internodal length. The TUNL group has longer internodes in the dorsal hippocampus 
than the YOKED group and Home Cage. 

                 

Figure 4.9. Number of internodes. The TUNL group has more internodes in the medial prefrontal 
cortex than the YOKED group and Home Cage. 
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When comparing number of internodes per group, Šídák's multiple comparisons test reveals no 

difference between groups of the dorsal hippocampus, all p > 0.9. Tukey‘s multiple comparison test 

reveals no difference between HC and YOKED of the medial prefrontal cortex, p = 0.9618. Tukey‘s 

test reveals significant difference between HC and TUNL, p = 0.03, and between TUNL and YOKED, p 

= 0.047, of the mPFC. 

A sholl analysis (see figure 4.10) was performed on 6 myelinating and 6 non-myelinating 

oligodendrocytes. The results indicate more intersections of the oligodendrocyte processes among the 

myelinating cells than of the non-myeliating cells. Intersection complexity peaks around 30 – 40 μm 

radius from the soma, and the myelinating phenotype extends its processes further from the soma (75 

μm) than the non-myelinating phenotype. 
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Figure 4.10. Sholl analysis: Results. The histogram shows higher number of intersection of the 
myelinating cells than the non-myelinating cells, and a peak in complexity at 30 - 40 μm 
radius from soma. The myelinating cells reach their processes as far as 75 μm from soma, 
while the non-myelinating cells reach around 50 μm from soma. 

Number of myelinating internodes on mCherry fibers is still being traced and analysed, but 

preliminary results from the mPFC are shown in figure 4.11. 

 

Figure 4.11. Number of GFP on mCherry. The TUNL group has the highest number of myelinating 
internodes on the mCherry fibers compared to HC and YOKED. 
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4.4 Learning-evoked myelination 

To analyse the effects of MyRF knockout, we imaged the dHP and mPFC, and quantified the 

number of GFP and Olig2 positive cells. The difference in number of cells are shown in figure 4.12. All 

animals who had a conditional knockout of MyRF have significantly fewer cells in both regions. 

Accordingly, performance rate measured on the last day of training is quite lower in the knockout 

group (M = 58.04%), than in the control group (M = 73.00%). Cell quantification in the motor cortex 

[mCrx] shows lack of cells among the iCKO (i.e. knockout) group, compared to the control group. 

Figure 4.12 also shows percentage of animals progressing from S1 into S2. The animals progress at 

similar pace until around 50-60%, where the iCKO fall behind. Percentage of animals progressing from 

S2 into S3 is shown on the right. After approximately 10 sessions the control groups learning rate 

picks up, while the iCKO continue to struggle learning. 
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Figure 4.12 MRF iCKO results. First graph shows performance rate on the last day of training, where 
the control group is performing a lot better than the iCKO group. Number of GFP/Olig2 
positive cells in the dHP, mPFC, and mCrx is also significantly higher in the control group 
than in the iCKO group. The control group progressed both from from S1 to S2, and from S2 
to S3 at a faster rate than the iCKO group. 

Neither the HC group nor the YOKED group should be learning and thus should not have 

increased oligodendrocyte differentiation. In theory, the same should then apply to the knockout 

group. Figure 4.13 compares number of GFP/Olig2 positive cells of these groups and we can see that 

the knockout group has in fact even fewer cells than both HC and YOKED. Number of cells in the 

motor cortex remains similar between groups, but is a lot less in the knockout group. 
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Figure 4.13 MRF iCKO results. Number of GFP/Olig2 positive cells in the dHP and mPFC is 
significantly higher in the control group than in the iCKO group. There is no difference in 
number of cells in the motor cortex between groups. 
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5 Discussion 

We aimed to establish a correlation between animals that learn (i.e. TUNL group) and an increased 

number of GFP/Olig2 positive cells, and were successful. The TUNL group in the standard TUNL 

experiment is learning at a faster rate than the YOKED group, and we can see the performance rate of 

the YOKED falters around 50%, which indicates their responses are based on fifty-fifty guessing. As a 

result, number of GFP/Olig2 positive cells are significantly higher within the TUNL group, compared to 

both YOKED and Home Cage. Additionally, the motor cortex shows no difference in cells between 

groups, since the task relies on cognitive performance, and with this information we can conclude that 

cognitive learning evokes oligodendrocyte differentiation. When we compared ratio of myelinating vs. 

non-myelinating phenotypes, we found that the TUNL group has more myelinating oligodendrocytes 

than the YOKED group, in both the mPFC and the dHP. This suggests that learning acquisition may 

lead to increased myelination. Only the TUNL group of the mPFC had a higher ratio of myelinating vs. 

non-myelinating phenotype, but this could be purely circumstantial. 

We ran into a few unforeseeable complications with the new YOKED experiment. The animals had 

trouble learning and quite a few were lacking mGFP, which caused us to lose a lot of data. There is a 

possible chance of health issues within the animal facility that could have interfered with this 

experiment. However, data from the new YOKED experiment show an equal number of IR beam 

crossings between the TUNL and YOKED groups, which is just as intended. Now the YOKED group is 

performing equal number of trials as the TUNL group. Beam crossing analysis of the animals that 

reached S1 and S2 versus the ones that stayed in S3, reveals more activity of the S3 animals. This is 

because the S3 animals had more correction trials, but it also means the failure to learn was probably 

not caused by a lack of motivation or problems with food restriction. We are already en route with 

another TUNL experiment, with the new improved paradigm, and all transgenic mice. 

Data from the EdU experiment suggest that in the beginning of a learning period, OPCs increase 

proliferation, and then differentiate, as opposed to OPCs differentiating immediately. This also tells us 

proliferation is predominant in the beginning of training, and decreases as the training goes on. The 

dorsal hippocampus also seems to have more activity in terms of proliferation, than the medial 

prefrontal cortex. This could perhaps be explained by the fact that the dHP is involved in both working 

memory and pattern separation, while the mPFC is mainly involved with working memory. 

Data from the viral tracings suggest that with learning acquisition, myelination increases on axons 

of the mPFC. Tracing of oligodendrocyte structure indicate longer internodes in the dHP of the TUNL 

group than in both HC and YOKED. Interestingly, there is no difference within the mPFC, except 

between HC and YOKED. There appear to be more internodes in the mPFC of the TUNL group than 

in the HC and YOKED, but all groups in the dHP have similar number of internodes. There is a 

possibility we need a much larger sample to gather meaningful information, or perhaps there is no 

significant connection between internodal length and number in relation to cognitive learning. There is 

also a possibility of another mechanism governing these mysterious internodes, which we have yet to 

discover. 
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The sholl analysis revealed more intersections of the myelinating phenotype compared to the non-

myelinating phenotype. These results are in concordance with the different structures of an 

oligodendrocyte. The less mature oligodendrocyte has a star-like shape, while the myelinating 

oligodendrocyte has multiple branch-like structure, going in different directions. This shape would most 

likely result in a high number of intersections. Additionally, we see that the myelinating phenotype 

reaches further from the soma than the non-myelinating type, up to 75 μm radius, as opposed to 50 

μm radius. Number of intersection peak at approximately 20 intersections, around 30 μm from the 

soma. Early data on number of myelinating internodes on the mCherry fibers within the mPFC show 

an increased number of myelinating internodes on mCherry within the TUNL group. This could mean 

that these tracts are being prioritized as a response to the learning process. 

We have established that cognitive learning evokes oligodendrocyte differentiation and myelination, 

but the question that remains is a matter of the chicken or the egg. Is myelination necessary for the 

animals to learn? Our data show, that without myelin regulatory factor, which excludes the possibility 

of myelination, learning acquisition is impaired. This is even further supported with our quantification of 

GFP/Olig2 positive cells in the knockout group and the control group, where the knockout group has 

significantly fewer cells, and the fact that there are even less GFP/Olig2 positive cells in the knockout 

group than in the HC and YOKED groups, suggests there is no myelin generation taking place. With 

these results we can conclude that myelination is instrumental for learning. 
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6 Conclusion 

We found that cognitive learning in rodents has a positive correlation with an increased number of 

myelinating oligodendrocytes in the dorsal hippocampus and the medial prefrontal cortex. 

Oligodendrocyte proliferation is greater in the beginning of a learning acquisition than in the last week 

of learning, and the dorsal hippocampus seems to have an increased proliferating activity as 

compared to the medial prefrontal cortex, most likely due to the nature of the learning task. Our data 

also show an increased internodal length in the dorsal hippocampus, and a higher number of 

internodes in the medial prefrontal cortex, following learning acquisition. However, additional studies 

and larger samples are required for further validation and functional understanding of these 

differences. Three-dimensional tracing of oligodendrocyte structures revealed that myelinating 

phenotypes have a more complex structure in terms of intersections and extend their processes 

further from the soma, as compared to the non-myelinating phenotypes. Quantification of myelinating 

internodes on the axonal tracts of the medial prefrontal cortex showed an increased myelination in the 

TUNL group, which tells us these tracts are being prioritized in cognitive learning. Lastly, myelinating 

oligodendrocytes are not only a product of cognitive learning, they are instrumental for learning 

acquisition to take place. Without myelin regulatory factor, rodents have impaired learning. 
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