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Abstract 

Myelin is a lipid-rich molecular bilayer that supports neuron function, stabilizes axons, 

helps synchronize neurotransmission, and remains plastic throughout life. The relationship 

between experience and adaptive myelination is best studied using animal models. Social 

isolation (SI) is a deprivation paradigm that elicits hypomyelination in the prefrontal cortex 

(PFC) and behaviour deficits including impaired sociability and increased anxiogenic behaviour. 

Implications of SI during the critical period of PFC development in mice was investigated with 

the goal of reproducing results of previous studies, exploring sex differences in vulnerability, 

and determining the ability of quantitative magnetic resonance imaging (MRI) to detect small 

differences in myelin in vivo.  

60 (28 males) C57BL/6J mice were weaned at postnatal day 21, and housed in SI or as 

social controls for two weeks. Behaviour tests were conducted for sociability and anxiogenic 

behaviour, and in 48 mice (24 males) MRI scans were performed in vivo on a small bore 7 tesla 

scanner. Magnetization transfer ratio (MTR) and MT saturation (MTsat) maps were calculated 

using three FLASH images at 200µm isotropic resolution to estimate brain myelin content. MT-

weighted images were used to detect local brain volume differences between groups using 

deformation based morphometry (DBM) analysis.  

SI of male mice led to increased anxiogenic behaviour (p=0.02) compared to social 

controls. There was no difference in male or female sociability, or in female anxiogenic 

behaviour. DBM analysis did not reveal local anatomical differences between groups. The lack 

of variation in MTsat suggests there was little to no SI-induced hypomyelination in the PFC after 

two weeks of SI. MTR was increased in isolated males compared to controls in the limbic stress 
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circuit (hippocampus and amygdala). There was no significant relationship between anxiogenic 

behaviour and MTR results.  

Postweaning SI produces a cascade of events that lead to altered synaptic plasticity and 

dendritic density in limbic areas. This likely accounts for the observed increase in male 

anxiogenic behaviour. Female mice are more resilient to SI, but preliminary data for an 

extended SI period of 4 weeks suggest that this may be a dose-dependent relationship. 

Previous studies show that a longer period of SI leads to a more pronounced myelin deficit and 

behavioural phenotype. A prolonged period of SI is required to evaluate the sensitivity of MRI 

to hypomyelination. 
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Résumé 

La myéline est une membrane constituée d’une bicouche riche en lipides qui soutient la 

fonction neuronale, stabilise les axones, aide à synchroniser la neurotransmission et demeure 

plastique tout au long de la vie. La relation entre l'expérience et la plasticité de la myéline peut 

être étudiée en utilisant des modèles animaux. L'isolement social (SI) est un paradigme de 

privation qui provoque l’hypo-myélinisation du cortex préfrontal (PFC) et des déficits de 

comportement, y compris la sociabilité altérée et un comportement anxiogène accru. Les 

implications de l'IS pendant la période critique du développement du PFC chez la souris ont été 

étudiées dans le but de reproduire les résultats d’études précédentes, d'explorer les différences 

de vulnérabilité entre les sexes, et de déterminer la capacité de l'imagerie par résonance 

magnétique (MRI) quantitative à détecter de petites différences de myéline in vivo. 

60 souris (28 mâles) C57BL/6J ont été sevrées à 21 jours après la naissance, et logées en 

IS ou comme contrôles sociaux pendant deux semaines. Des tests de comportement ont été 

effectués pour la sociabilité et le comportement anxiogène, et des scans MRI ont été réalisés in 

vivo chez 48 souris (24 mâles) sur un scanner 7 tesla. Des images quantitative du transfert de 

magnétization (MTR et MTsat) ont été calculées en utilisant trois images FLASH à une résolution 

de 200µm isotrope pour estimer le contenu de la myéline du cerveau. Les images pondérées 

MT ont été utilisées pour examiner les différences locales de volume cérébral entre les groupes 

à l'aide d'une analyse par morphométrie basée sur les déformations (DBM). 

Le SI des souris mâles entraîne une augmentation du comportement anxiogène (p = 

0,02) par rapport aux contrôles sociaux. Il n'y avait aucune différence dans la sociabilité mâle ou 

femelle, ou dans le comportement anxiogène des femelles. L'analyse DBM n'a pas révélé de 
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différences anatomiques locales entre les groupes. L'absence de différence entre les groupes 

dans MTsat suggère qu'il y a peu ou pas d'hypo-myélinisation induite par le SI. La MTR a 

augmenté chez les mâles isolés par rapport aux contrôles dans le circuit de stress limbique 

(hippocampe et amygdale). Il n'y avait pas de relation significative entre le comportement et les 

résultats de la MTR.  

Le SI après le sevrage produit une cascade d'événements qui conduisent à une 

altération de la plasticité synaptique et de la densité dendritique dans les zones limbiques. Cela 

explique probablement l'augmentation observée du comportement anxiogène des mâles. Les 

souris femelles sont plus résistantes à le SI, mais les données préliminaires pour une période SI 

de 4 semaines suggèrent que cela peut être une relation dose-dépendante. Des études 

antérieures montrent qu'une période plus longue de SI conduit à un déficit en myéline et à un 

phénotype comportemental plus prononcés. Une période prolongée de SI est nécessaire pour 

évaluer la sensibilité du MRI à l'hypo-myélinisation. 
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1. Introduction  

Myelin is a molecular bilayer composed of proteins and lipids, which stabilizes axons, 

facilitates neural communication via saltatory conduction, and supports neuron function and 

metabolism. It aids in the formation of stable networks during development, and remains 

plastic throughout the lifetime to adapt to an organism’s environment (Kandel, Schwartz, 

Jessell, Siegelbaum, & Hudspeth, 2013). The relationship between experience and adaptive 

myelination can be exploited to better understand the dynamics of myelination across a 

lifetime (Kaller, Lazari, Blanco-Duque, Sampaio-Baptista, & Johansen-Berg, 2017).  

Myelination impacts all brains, whether healthy or unhealthy. Hypomyelination has 

been reported in psychiatric disorders such as schizophrenia (SZ), Autism Spectrum Disorders 

(ASD), anxiety, and depression (Regenold et al., 2007). The underlying mechanisms of these 

disorders are not well understood, an issue that can lead to trial-and-error based treatment 

strategies. It is imperative that we continue to build on the foundation of myelin research with 

the hope of shedding light on the molecular mechanisms behind these disorders. To do so, 

animal models are needed to first establish causality in the relationship between myelination 

and experience in the brain. 

Social isolation (SI) is a form of deprivation paradigm used in mice to elicit 

hypomyelination in the prefrontal cortex (PFC). Recent studies have identified a critical period 

in the development of the mouse brain during which myelination of the PFC is sensitive to SI 

(Makinodan, Rosen, Ito, & Corfas, 2012). This hypomyelination is accompanied by a behavioural 

phenotype including altered sociability (Matthews et al., 2016; Okada et al., 2015; Pais et al., 

2019), and increased anxiogenic behaviour (Lander, Linder-Shacham, & Gaisler-Salomon, 2017; 
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Makinodan et al., 2012). Deficits in these PFC-dependent behaviours are comparable to the 

behavioural phenotypes seen in patients suffering from the psychiatric disorders listed above, 

and share a similar sexual dichotomy (Bangasser & Valentino, 2014). While research on SI in 

female rodents is limited, female mice tend to be more resilient to paradigms similar to SI than 

their male counterparts (Fone & Porkess, 2008; Hinton, Li, Allen, & Gourley, 2019; Pietropaolo, 

Singer, Feldon, & Yee, 2008).  

Myelin quantification requires a non-invasive imaging tool for use in vivo. Magnetic 

resonance imaging (MRI) offers the opportunity to acquire data at multiple timepoints, allowing 

for the longitudinal investigation of adaptive myelination. Magnetization transfer (MT) imaging 

can be used as an indirect measure of myelin content, and has been validated in rodent models 

of myelination (Helms, Dathe, Kallenberg, & Dechent, 2008; Poggi et al., 2016). The 

development of an imaging protocol for a whole-brain high-resolution MT saturation map will 

provide a unique tool for use in longitudinal studies and conditional knockout models of 

myelination. 

This project aims to address the lack of causality in the relationship between adaptive 

myelination and experience, while taking sex differences into account. A two-week SI paradigm 

is used to induce hypomyelination in the PFC of young adolescent mice. An MT imaging 

protocol sensitive enough to study myelination in mice in vivo is optimized and validated. This 

data, in combination with behaviour tests for sociability and anxiogenic behaviour, provide 

further evidence in support of the relationship between experience, myelination, and 

behaviour relative to sex in mice. 
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2. Literature Review 

2.1 Early Myelin Research 

The term myelin was coined during the mid-19th century by Rudolf Virchow, the “father 

of pathology” (Kettenmann & Ransom, 2013). The visual distinction between white and grey 

matter was first made by the anatomist Vesalius (Figure 1a) three hundred years earlier 

(Vesalius, 1543). Using magnifying lenses, scientists struggled to determine the structure and 

function of the mysterious “nerve marrow” surrounding “brain tubes.” The 1830’s brought the 

microscope revolution in Germany, allowing scientists to delve deeper (Lister, 1830). In 1839, 

Theodor Schwann published observations describing the neurilemma of Schwann cells in the 

peripheral nervous system (PNS), and the lack thereof on the myelin of the central nervous 

system (CNS) (Schwann, 1911).   

This investigation hit a dead end until the advent of the osmium stain (Schultze & 

Rudneff, 1865), a technique put to use by Ranvier in the 1870’s. In collaboration and 

competition, researchers sought to clarify the structure and development of the myelin sheath. 

Shortly before the First World War, Santiago Ramón y Cajal’s masterful use of precious metal 

impregnation staining sparked the false theory that myelin is secreted from the axon (Cajal, 

1912). Cajal’s pupil, Pío del Río-Hortega developed the silver carbonate staining method, 

through which he discovered oligodendroglia processes wrapping around myelin (Figure 1b), a 

finding that contradicted his mentor’s theory of axonal secretion (del Río-Hortega, 1921). He 

enlisted the help of Wilder Penfield, who later went on to found the Montreal Neurological 

Institute. Together, they endeavored to substantiate the role of oligodendrocytes (ODCs) in the 

formation and support of myelin (Penfield, 1924).  
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Figure 1: Historic images demonstrating the progression of myelin research 

a) Plate 608 from De Humani Corporis Fabrica showing a coronal section with distinction between grey 
and white matter (Vesalius, 1543) 
b) Illustration of a silver carbonate stain showing ODC processes coiled around myelin (Fig. 58, Hortega, 
1928) 
c) Electron micrograph showing the plasma membrane of an ODC process forming a myelin sheath 
around and axon (Fig. 7, R. P. Bunge, 1968) 

 
As novel techniques were developed and refined, they were used by researchers 

attempting to theorize myelin’s membrane architecture. Tools including light microscopy, X-ray 

diffraction, and electron microscopy eventually served to reveal myelin’s spiraled layers and g-

ratio (axon diameter/fiber diameter) tendencies. The advancement of fixation techniques 

allowed for the improved use of electron microscopy in the CNS (Boullerne, 2016). In 1962, 

Richard and Mary Bunge were able to demonstrate that CNS myelin is produced by ODCs 

(Figure 1c), and that these glial cells could myelinate multiple internodes on more than one 

axon (M. B. Bunge, Bunge, & Pappas, 1962). A decade later, William Norton developed a 

method for the purification of CNS myelin, finally allowing for the in-depth study of its 

biochemical composition (Norton & Poduslo, 1973). 

Throughout the history of myelin research, the advancement of knowledge has been 

limited by the tools and techniques available. New techniques are required to capture the 

A
. 

B
. 

C
. 
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dynamic nature of myelin, a process that remains poorly understood, yet is largely implicated in 

the functioning of both healthy and unhealthy nervous systems across the lifespan.  

2.2 Role of Myelin in the CNS 

Neurons are the basic information processing units in the nervous system. Simply put, 

their role is to receive input, process the information, and release output onto receiving cells. 

Neuronal function is supported in many ways by glial cells like ODCs. From providing structural 

stability and nutrients to waste removal, glial cells play a critical role in maintaining the 

homeostasis of each neuron (Fields et al., 2014). On a grand-scale, this allows networks in the 

nervous system to function in equilibrium, transmitting signals effectively and efficiently.  

Neurons communicate by transmitting electrical signals, called action potentials, from 

the initiation segment in the cell body, along the axon, to the terminal button. From here, the 

information is passed on to the next neuron through dendritic synapses as an electrical or 

chemical signal. The action potential may be propagated over lengths of 0.1 mm to 2 m, 

depending on the type of neuron. This signal has a constant amplitude of 100 mV, and speeds 

ranging from 1 to 100 m/s (Kandel et al., 2013). This constancy is maintained by periodic 

regeneration of the signal as it moves along the axon. Action potential propagation is facilitated 

by myelin, a lipid-rich bilayer produced by ODC processes that coil around the axon (Figure 1c). 

The myelinated regions, called internodes, are separated by nodes of Ranvier. The nodes are 

unmyelinated gaps on the axon where action potential regeneration takes place. Voltage-gated 

ion channels are concentrated in these nodes to allow for extracellular ion exchange. 

Myelinated neurons are able to conduct action potentials more rapidly and efficiently because 

myelin acts as an electrical insulator for the axon, and the signal “jumps” between nodes. The 
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depolarizing action potential is triggered in the cell body, but would die out before reaching the 

terminal button without saltatory conduction. At each unmyelinated node, the decreasing 

amplitude of the action potential is replenished and propagated by a rapid influx of sodium 

ions. This allows the signal to continue its journey along the axon. Conversely, in unmyelinated 

neurons, the action potential is slowed, or even blocked from transmission (Kandel et al., 2013; 

Purves et al., 2001).  

The amount of myelination varies between neurons to produce precisely synchronized 

conduction times on the larger scale (Fields, 2015). This adaptation aids in all nervous system 

communication, from producing appropriate responses to sensory stimuli, to the maintenance 

of intrinsic oscillatory rhythms (Pajevic, Basser, & Fields, 2014). The ability to customize the 

speed of signal transmission is crucial to the proper functioning of both central and peripheral 

nervous systems. 

2.3 Myelination During Development 

In normal human development, the brain grows and stabilizes, progressing through a 

series of critical periods. At the end of each of these expansive stages, neuronal arborization 

stops, and myelin forms to stabilize favourable synaptic arrangements. If the myelin fails to 

develop at this time, growth and maturation can continue past the end of the normal critical 

period (Kandel et al., 2013). In the CNS, myelination begins in the visual system one to two 

months before birth, and continues through other sensory systems to reach the PFC within the 

first year of life. These myelinated regions continue to mature into the third decade, and they 

remain plastic even longer (Levitt, 2003; Paus et al., 2001). Once the brain stops developing, 

myelin degrades with age, leading to decreased white matter integrity. This myelin loss impairs 
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synaptic functioning, and is most prominent in the prefrontal and temporal cortices. Myelin loss 

in these regions is related to the cognitive deficits that accompany old age (Chapman & Hill, 

2020; Kandel et al., 2013).  

During gestation, oligodendrocyte progenitor cells (OPCs) migrate from the neuraxis to 

proliferate throughout the CNS. OPC proliferation and subsequent myelination are regulated by 

signaling between axons, OPCs, and ODCs, and are dependent on neuronal activity. Neuregulin 

III (NL3), a secreted protein, and Brain Derived Neurotropic Factor (BDNF) moderate OPC 

proliferation. Receptors at axon-OPC contacts allow glutamate and gamma-Aminobutyric acid 

(GABA) signaling to regulate the transition from proliferation to ODC differentiation. 

Differentiated ODCs are able to myelinate axons with little guidance, however the receptors on 

these cells are responsive to neuronal activity through glutamate and calcium release onto 

ODCs (Baraban, Mensch, & Lyons, 2016). Mice that are unable to generate newly differentiated 

ODC’s show learning deficits (Richardson et al., 2014), indicating that presence of ODCs and 

their communication with neurons allow for plasticity to continue through adulthood. 

2.4 Myelin Formation, Composition, and Mutation 

In the CNS, tissue can be distinguished as grey matter (GM) and white matter (WM), 

where GM consists of more neuronal cell bodies and fewer myelinated axons than WM. Three 

to four percent of the cell population of GM, and eight to nine percent of WM is made of OPCs, 

which differentiate into mature ODCs  (Dawson, Polito, Levine, & Reynolds, 2003; Tomlinson, 

Leiton, & Colognato, 2016). As described above, the processes of these glial cells form the 

myelin sheath. Each ODC can myelinate up to thirty axons by projecting extensions of its plasma 

membrane to coil around nearby neurons (Figure 1c). Once contact has been made between 
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the ODC extension and the axon, the ODC process coils around the neural fiber until the two 

extracellular surfaces adhere to each other. As the ODC continues to wrap around the neuron, 

compaction takes place, and membrane-bound proteins are synthesized and integrated into the 

sheath. This tightening of the layers leads to a spiral array of membrane alternating with 

aqueous extracellular and cytoplasmic compartments (Deber & Reynolds, 1991; Quarles, 

Macklin, & Morell, 2006). This process is driven and regulated by signaling between the glial 

cells and the axon. After development, this two-way signaling maintains the health of the ODCs 

and the neuron, as well as the integrity of the myelin (Baraban et al., 2016; Nave & Trapp, 2008; 

Taveggia, Feltri, & Wrabetz, 2010). 

The dry matter of the myelin sheath is composed of bimolecular layers of lipids (70%) 

and proteins (30%). The lipid portion is primarily made of cholesterol and phospholipid. The 

two most abundant proteins in the myelin sheath are proteolipid protein (PLP) and myelin basic 

protein (MBP). While MBP sits on the cytoplasmic surface of myelin, PLP lies integrally. These 

two proteins may play a role in initiating the process of compaction, maintaining the structural 

stability of the myelin sheath, and have therefore been implicated in myelination and 

demyelination (Deber & Reynolds, 1991; Kandel et al., 2013; Quarles et al., 2006). Myelin-

associated glycoprotein (MAG) is another important cell-surface protein thought to play a role 

in cell-to-cell recognition and interactions (Deber & Reynolds, 1991).  

Because myelin formation and structural maintenance depend on adequate functioning 

of myelin-integrated proteins, mutations in the genes that code for them can be disastrous for 

neuronal function. Such mutations result in a variety of demyelinating diseases in humans, 

some of which have been studied using animal models. For example, the jimpy mouse is a PLP 
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knockout model that causes abnormal layering of myelin and ODC apoptosis (Quarles et al., 

2006). This model is comparable to the human disease Pelizaeus-Merzbacher disease (PMD), a 

disorder caused by severe hypomyelination. Since the PLP gene is on the X-Chromosome, PMD 

is hereditary and occurs primarily in males (Hudson, 2003; Scherer, 1997). The jimpy mouse and 

other animal models of demyelination have been used to better understand the role that 

myelin-integrated proteins play in myelin formation, function, and maintenance.  

2.5 Studying Myelin Plasticity 

 Myelination remains dynamic past development, often changing in response to 

environmental experience. Myelin remodeling occurs along single axons, influencing 

conduction times. Old sheaths are replaced with new ones, large gaps are filled, and 

unmyelinated axons are myelinated. Conversely, myelin can also shrink adaptively to 

synchronize communication within the CNS. The potential for myelin regeneration varies 

between brain regions, neuron types, and circuitry (Baraban et al., 2016).  

Human neuroimaging studies have revealed changes in white matter quantities as a 

result of physical activities such as practicing the piano and aerobic fitness (Bengtsson et al., 

2005; Scholz, Klein, Behrens, & Johansen-Berg, 2009; Voss et al., 2013). To investigate the 

relationship between experience, biology, and behaviour more intimately, researchers 

commonly use rodent models of experience-induced adaptation. Enrichment-based paradigms 

such as voluntary exercise and environmental enrichment lead to enhanced ODC lineage and 

myelination. Deprivation-based paradigms have the opposite effect (Tomlinson et al., 2016; 

Zhao et al., 2012). Whether enrichment- or deprivation-based, the outcomes of these 

paradigms are affected by critical periods of development (De Villers-Sidani, Chang, Bao, & 
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Merzenich, 2007). Experiential paradigms are generally more effective in young animals than in 

adults because the brain’s plasticity decreases with age. 

2.6 Social Isolation Paradigm 

Social isolation (SI) is a form of deprivation paradigm used to model more than just 

loneliness. Makinodan et al. (2012) identified a critical period between post-natal days (PN) 21 

and 35, during which PFC myelination is sensitive to SI. Compared to controls, isolated mice 

exhibit behavioural deficits along with long-lasting changes in ODCs and heterochromatin, as 

well as thinner myelin sheaths (Liu et al., 2012; Makinodan et al., 2012). These findings 

correspond with studies of SI and loneliness in humans. Children who experience isolation and 

neglect show impaired cognition, impulsivity, attention and social deficits, and decreased PFC 

activation (Chugani et al., 2001). 

2.6.1 SI as a Model of Hypomyelination 

SI-related hypomyelination poses a unique opportunity of study. SI in juvenile and adult 

mice leads to abnormal ODC morphology with fewer branches, decreased myelin thickness, 

myelin gene transcripts (MBP, MAG), and NG3 transcripts in the PFC (Makinodan et al., 2012). 

In prolonged isolation (8 weeks), decreased nuclear chromatin compaction and increased 

histone acetylation in the PFC provide evidence for isolation-induced epigenetic changes 

related to immature ODCs and hypomyelination (Liu et al., 2012). In juvenile mice isolated for 

just two weeks from post-natal (PN) day 21 to 35, biological and behavioural effects are not 

reversed by reintegration with social mice. Conversely, mice isolated for 4 weeks starting after 

this critical period (PN 35-65) regained normal biological and behavioural phenotypes 

(Makinodan et al., 2017, 2012).  
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The period from PN 21 to 35 is equated to early to mid-adolescence in mice. This is an 

age of acute vulnerability to adversity, specifically social stress in both humans and animal 

models. During this time, PFC neurons undergo drastic structural reorganization and synaptic 

remodeling (Agoglia et al., 2017). Dendritic spines and synapses are stabilized and refined. In 

some regions, up to 50% of these connections are pruned (Palanza, 2001). This reorganization 

depends heavily on the experience of the animal during this time, especially through social play 

and environmental stimuli (Bell, Pellis, & Kolb, 2010). It follows that the deprivation of this 

necessary social-sensory input would put normal development at risk. 

2.6.2 SI-induced Disruption Throughout the Brain 

In addition to deficits in myelination, SI has been linked to alterations in excitatory, 

inhibitory and catecholaminergic signalling, and stress-circuitry hyperactivation making socially 

isolated rodents a strong model for human psychiatric disorders.  

Juvenile SI in particular has been used as a model of early-life chronic stress in rodents. 

Such stressors cause a variety of persisting changes in cellular and molecular structure and 

function in the CNS. SI induces hyperactivity of the hypothalamic-pituitary-adrenal (HPA) stress 

axis, which instigates a cascade of damaging molecular changes in the cortex. This includes 

oxidative and nitrosative stress that cause mitochondrial dysfunction and results in cellular 

energy deficiency (Chen, Spiers, Sernia, & Lavidis, 2015; Haj-Mirzaian et al., 2016; Maes, 

Galecki, Chang, & Berk, 2011).   

Many SI-induced modifications in morphology and signalling have been studied in the 

cortico-limbic regions of the brain. Cortisol toxicity has been linked to decreased dendritic spine 

density and altered glutamate synapse functionality in the medial PFC (Amiri et al., 2016; 
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Matsumoto, Fujiwara, Araki, & Yabe, 2019). Increased glutamate signalling in the PFC and 

hippocampus (Hipp) leads to excitotoxicity explained by upregulation of glutamate receptors in 

these regions. This disrupts the regulation of dopamine and serotonin signalling in the PFC and 

nucleus accumbens (NAcc) (Kawasaki et al., 2011; Toua, Brand, Möller, Emsley, & Harvey, 2010; 

Yamamuro et al., 2018). In addition, dendritic atrophy and increased expression of some GABA 

receptor subunits in the Hipp and dentate gyrus affect synaptic transmission of GABA (Haj-

Mirzaian et al., 2016; Matsumoto, Puia, Dong, & Pinna, 2007).  

These alterations in circuitry and signalling are reminiscent of the core neural correlates 

of depression, anxiety, and schizophrenia (Andersen & Teicher, 2008; Matsumoto et al., 2019). 

The various components involved in widespread SI-induced disruption in the brain have not yet 

been directly linked to hypomyelination, however it is likely that these mechanisms influence 

one another. Since the progression of myelination in vivo can be followed non-invasively and 

longitudinally, its study is a step towards understanding how myelin adaptation may relate to 

coinciding neural changes.  

2.6.3 “Isolation Syndrome” 

The behavioural components of “isolation syndrome” were first described in the 1970’s 

(Valzelli, 1973), and have been thoroughly expanded on since. SI has been linked to anxiety- 

and depressive-like behaviours, increases in aggression, reduced prepulse inhibition, altered 

sociability, learning, and even mobility in some strains (Amiri et al., 2016; Chang, Hsiao, Chen, 

Yu, & Gean, 2015; Lim, Taylor, & Malone, 2011; Medendorp et al., 2018; Wongwitdecha & 

Marsden, 1996). Altered sociability (Matthews et al., 2016; Okada et al., 2015; Pais et al., 2019) 

and increased anxiety-like behaviour (Lander et al., 2017; Makinodan et al., 2012), have been 
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shown to correspond with hypomyelination of the PFC, whether induced by SI or genetic model 

(Haj-Mirzaian et al., 2016; Murínová, Hlaváčová, Chmelová, & Riečanský, 2017; Poggi et al., 

2016). 

2.6.4 Sexual Dichotomy 

It is important to recognize that the majority of previous research has been conducted 

using only male animals. The extent to which sex influences vulnerability to SI remains unclear. 

Some studies suggest that oestrogen may provide a neuroprotective mechanism, making 

females more resilient to social stress (Ferdman, Murmu, Bock, Braun, & Leshem, 2007; 

Palanza, 2001; Palanza, Gioiosa, & Parmigiani, 2001). In the few studies that have observed SI in 

females, differences between sexes were recorded in both biology and behaviour in response 

to SI (Chadda & Devaud, 2004; Hinton et al., 2019; Pietropaolo et al., 2008). This dichotomy is 

representative of the sex differences observed in human psychiatric illness (Qiu et al., 2018). 

For example, in schizophrenic patients, average age of onset is earlier, and symptoms are more 

severe in men than in women (Pietropaolo et al., 2008).  

2.7 In vivo Myelin Mapping 

In vivo myelin imaging is needed to capture the complexity of the dynamic nature of 

adaptive myelination. Longitudinal data collection is needed to study the impact of deprivation 

paradigms on myelin plasticity across the lifespan, and how this trajectory differs between 

individuals. Ex vivo quantification techniques are myelin-specific, but do not allow for 

longitudinal manipulation within subjects. There are a variety of methods to turn to when 

choosing to study myelination in vivo.  
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The visualization of living cells in transparent animal models like the transgenic zebrafish 

or xenopus tadpole is powerful when used to study genetic expression and CNS development in 

real-time (Bin & Lyons, 2016). However, these models do not lend themselves to the study of 

experience-induced myelination and behaviour to the same extent as rodent models do. 

Optical imaging techniques such as bioluminescence and fluorescence imaging can be used to 

acquire high resolution quantitative data in rodents, however they can be invasive and are not 

powerful enough to image subcortical structures without a cranial window (Aswendt, 

Adamczak, & Tennstaedt, 2014). Both transparent animal models and optical imaging 

techniques are preclinical modalities, limiting the translational impact of the research.  

On the other hand, MRI, a clinical tool, can be performed in humans and animal models. 

(Wang et al., 2011). The ability of MRI to capture high resolution whole-brain images at 

multiple timepoints both in rodents and humans sets it apart from other in vivo imaging 

techniques.  

2.7.1 Magnetization Transfer Imaging 

MRI is a non-invasive technique that uses a strong static magnetic field, spatial magnetic 

field gradients, and radio frequency (RF) pulses to gain information about anatomy and 

physiological processes in the body. RF pulses excite the nuclear spins of hydrogen protons in 

the tissue. As the spins relax and decay back to equilibrium, spatial gradients are applied to 

encode the spins' position and a signal is measured using a RF coil. Changing the pulse 

sequence parameters allows for the images to be acquired with various contrasts depending, 

for instance, on the relaxation times of different tissue types (McRobbie, Moore, Graves, & 

Prince, 2006).  



 24 

In humans, white matter imaging has mainly relied on diffusion weighted imaging (DWI) 

to quantify changes in myelin. However, because this technique depends on the motion of 

water molecules in nerve fibers, it is influenced by other microstructural factors (Heath, Hurley, 

Johansen-Berg, & Sampaio-Baptista, 2018). Magnetization transfer (MT) imaging can be used as 

a more specific indirect measure of myelin content. In MT imaging, an RF pulse is applied to 

saturate water protons bound to myelin macromolecules, but not the free water. Energy is 

exchanged between the bound and free pools (Heath et al., 2018), such that the magnetization 

of the observable free water pool is decreased. In MT ratio  (MTR) imaging, an image with a MT 

saturation pulse is normalized by an image acquired with identical scan parameters but without 

a MT pulse (Fralix, Ceckler, Wolff, Simon, & Balaban, 1991). The acquisition of a third T1-

weighted image allows to remove bias from the T1 relaxation time and RF field non-uniformity, 

resulting in a more specific estimate of the MT saturation (MTsat). These techniques have been 

effective in rodent models of demyelination and remyelination, and has been validated with 

histology (Helms et al., 2008; Poggi et al., 2016).  

2.8 Rationale and Objectives 

This project builds on the findings that social isolation induces behavioural deficiencies, 

and biological changes in ODCs and myelin in the PFC (Liu et al., 2012), and that the critical 

period of behavioral and biological sensitivity to social isolation in young mice is from postnatal 

day 21 to 35 (Makinodan et al., 2012). The objective of this study is (1) to optimize and validate 

a multi-modal quantitative MRI protocol sensitive enough to study myelination in mice in vivo, 

and (2) to provide further evidence supporting the relationship between experience, 

myelination, and behaviour relative to sex in mice. This non-invasive imaging tool to detect 
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subtle differences in myelin in vivo is necessary for use in future studies using genetic mouse 

models and longitudinal deprivation-enrichment paradigms. These are required to better 

understand the role of myelination in development, experience-dependent adaptation, and 

psychiatric disorders. 

Hypotheses: 

1. The MTsat protocol will be sensitive enough to capture subtle hypomyelination in the 

PFC of socially isolated mice when compared to controls. 

2. Socially isolated mice will show increased anxiogenic behaviour, decreased sociability, 

and decreased myelin content in the PFC.  

3. Male mice will be more vulnerable to the deprivation paradigm than female mice, 

showing more pronounced differences in structure and behaviour. 

4. Myelin quantification calculated using ex vivo histochemistry will correspond with the in 

vivo MRI findings. 

3. Methodology 

C57BL/6J mice originating from Jackson Laboratories (Bar Harbor, ME, USA)  were bred 

in house to avoid the stress that transportation causes young animals, which could confound 

our results. All experimental mice were produced by six parent pairs. The mice were housed in 

a temperature- and humidity-controlled facility on a 12 hour light-dark cycle with ad libitum 

access to food and water. Cages were cleaned by veterinary staff every two weeks. C57BL/6J 

mice were specifically selected for this cross-sectional study because this strain was used to 

study SI induced myelin plasticity in adult mice (Liu et al., 2012), and to determine the critical 
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period for impactful SI in juvenile male mice (Makinodan et al., 2012). Behaviour data was 

collected for 60 mice (28 males) in each group. Of these, 48 mice were scanned (n = 

12/group/sex). All procedures were carried out in accordance with the Canadian Council on 

Animal Care through the Montreal Neurological Institute Animal Care Committee.  

3.1 Social Isolation Paradigm 

At postnatal day (PN) 21, mice were weaned, ear-tagged, and housed either as social 

controls (3-4 mice per cage) or in isolation (1 mouse per cage) for two weeks. Cages were 

arranged vertically in the racks to impede visual contact with mice in other cages. Each cage 

received ventilated air to limit olfactory contact with other animals. All mice were handled by 

the same investigator for 5 minutes per mouse per day during the five days prior to PN 35 so 

that unexpected handling did not interfere with the results of behaviour experiments. Mice 

were weighed at PN 21 and again at PN 35. Starting at PN 35, behavioural tests and MRI scans 

were conducted 24 hours apart, beginning with Crawley’s Sociability Test. This was followed by 

the Elevated-Zero Maze at PN 36, and the MRI at PN 37.  Mice were then sacrificed and tissue 

was fixed on PN 38.  

3.2 Behavioural Tests 

Sociability and anxiogenic behaviour were measured using Crawley’s Sociability Test and 

the Elevated-Zero Maze respectively. Between each trial, the apparatus was thoroughly cleaned 

with a 70% ethanol solution and Quatricide® to prevent olfactory cue bias and ensure proper 

sterilization. HVS Image, a camera-based computer tracking system, was used to score the path 

and time spent in the regions of interest in each test. All tests were performed in the morning, 

starting at approximately the same time. Animals were transported to the dimly-lit behaviour 



 27 

room 30 minutes prior to the start of the experiment to acclimate. During each trial, mice were 

observed in silence from no less than two metres away from the apparatus. 

 

                 

Figure 2: Behaviour test apparatus 

a) Crawley’s Sociability Test  
b) Elevated 0 Maze, adapted from MazeEngineers, 2019 

 

3.2.1 Crawley’s Sociability Test 

The three-chamber box (60 x 40 cm) has transparent plastic dividing walls with openings 

to provide free access between all three chambers (Figure 2a). There are identical vertical cages 

to hold intruder mice in each of the side chambers. This allows for air exchange, but limited 

direct physical interaction between the experimental and unfamiliar mice. The unfamiliar mice 

were the same strain, age, sex, and weight as the experimental mice. Each unfamiliar mouse 

was used for trials with multiple experimental mice.  

The experimental mouse was habituated for five minutes in the centre of the empty 

three-chamber box. The unfamiliar mouse was then placed in one of the cages, alternating 

A  B  
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sides between trials. The doors were removed to allow the experimental mouse to freely 

explore the chambers for ten minutes (Kaidanovich-Beilin, Lipina, Vukobradovic, Roder, & 

Woodgett, 2010). HVS Image video-tracking software was used to score approach-avoidance 

behaviours toward the unfamiliar mouse.  

3.2.2 Elevated-Zero Maze 

 Anxiogenic behaviour was evaluated using the Elevated-Zero Maze. This maze is similar 

in concept to the conventional Elevated-Plus Maze, however its design eliminates the 

ambiguous area between the covered and uncovered arms. The elevated circular maze is 

divided into quadrants (Figure 2b). Two of these quadrants have raised walls that offer shelter, 

while the other two leave the mouse exposed. The experimental mouse was placed in one of 

the closed quadrants, alternating sides between trials. HVS Image video-tracking software 

tracked the mice as they explored the maze for five minutes. Number of line-crosses between 

quadrants, number and duration of entries into closed- and open-quadrants, and total 

locomotor activity were recorded.  

3.3 Magnetic Resonance Imaging 

Mice were transported by foot (500 m) in a covered and insulated cage to the McGill 

University and Genome Quebec Innovations Centre where the small bore 7 Tesla Bruker 

Pharmascan scanner is housed. The mice were awake during transportation, and were then 

scanned one at a time. Each mouse was placed in a sedation chamber with the isoflurane 

vaporizer at 4%, and the flowmeter at 300 ml/min. When the animal was recumbent, it was 

quickly transferred to the scanner room and positioned in a nosecone. Here, the flowmeter was 

set to 400 ml/min, and the isoflurane vaporizer was varied between 0.5-2% to maintain a stable 
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respiration rate of approximately 50 breaths per minute. Eye lubricant was applied and the 

mouse was gently secured to reduce motion artifacts in the images. Respiration and 

temperature were monitored, and the animal was warmed with air at 31°C. After the MRI 

protocol was complete, the mouse was placed on a hot water bottle in a separate cage for 

recovery. 

Three 3D fast low angle shot (FLASH) images were acquired at 200µm isotropic 

resolution with three different contrasts to calculate T1 relaxation time, MTR and MTsat maps, 

to estimate brain tissue myelin content. T1 quantification was performed using a variable flip 

angle (VFA) protocol making use of FLASH images with proton density (PD)-weighted (FA = 5°, 

TR = 28ms), and T1-weighted contrast (FA = 25°, TR = 15ms) (Venkatesan, Lin, & Haacke, 1998). 

MTR and MTsat maps were calculated using the following scans: PD-weighted FLASH with and 

without a MT preparation module (gaussian pulse, 9.8µT, 8ms, 2 kHz) (Figure 3), and the above 

T1-weighted FLASH for MTsat (Helms et al., 2008). An interleaved multi-slice spin-echo echo 

planar imaging double-angle (EPI-DA) B1 mapping protocol (FA = 60°/180°, 120°/180°) was used 

for B1 correction of the T1 and MTsat maps (Boudreau et al., 2017). 

 

Figure 3: MT-weighted image of one mouse brain acquired using FLASH sequence 
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3.4 Tissue Fixation 

At PN 38, the brains were fixed and prepared for either ex vivo MRI or 

immunofluorescence (IF). All mice were perfused with 4% paraformaldehyde (PFA) in 0.1M pH 

7.4 phosphate buffered saline (PBS) at a rate of 10ml/min. For potential future work using ex 

vivo MRI, intact skulls were soaked overnight in the fixative solution at 4C. They were then 

rinsed and stored in 0.01% sodium azide in 0.1M PBS at 4C. For use in IF, brains were dissected 

from the skull, soaked in 30% sucrose solution overnight, flash-frozen in isopentane at -40C, 

and stored at -80C.  

3.5 Immunofluorescence 

Cryosectioning in preparation for IF was carried out on 12 mice that had previously been 

scanned; 6 in each condition (3 male). Due to the restraints put in place in response to COVID-

19, the IF data were not collected and will instead be included in later work with the goal of 

validation MRI results. 20 μm coronal sections were cryosection cut onto superfrosted slides 

using optimal cutting temperature (OCT) embedding compound. Slides were stored frozen for 

future use. Staining protocol was established using practice slides with help from the Kennedy 

Lab (Figure 4). These slides were thawed for 1 hour, and rinsed in 0.1M PBS pH 7.4 to wash 

OCT. Sections were blocked for one hour with 5% normal goat heat inactivated serum with 

permeabilizing agent 0.5% Triton x100 (Fisher, in PBS). Sections were transferred to the primary 

antibodies with Triton x100 0.1%:  

− Rabbit Iba-1: Ionizing calcium-binding adaptor molecule 1, expressed in microglia and 

macrophages (Imai, Ibata, Ito, Ohsawa, & Kohsaka, 1996) 

− Mouse NeuN: Neuron-specific nuclear protein (Mullen, Buck, & Smith, 1992) 
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− Rat MBP: myelin-specific marker (Bodhireddy, Lyman, Rashbaum, & Weidenheim, 1994) 

 This was washed three times in the same block. Primary antibodies were detected using 

the appropriate secondary fluorescent antibodies (anti-rabbit, anti-mouse, anti-rat) and 

Deoxyribonucleic acid (DNA)-staining Hoechst 33342. Sections were thoroughly washed in PBS, 

mounted in immunogold, and dried overnight. Preliminary imaging was done on the Zeiss LSM 

880 inverted confocal laser scanning microscope. Future analysis will be carried out using 

ImageJ. 

   

Figure 4: Sample images representing data to be acquired for histological validation of MRI results 

 

3.6 Data Analysis 

3.6.1 Image Processing 

Analysis of the cross-sectional mouse MRI data was conducted in collaboration with Dr. 

Chakravarty’s group, the Computational Brain Anatomy (CoBrA) Laboratory, as described in the 

group’s previous publications (Chakravarty et al., 2015). MICe-build-model (MBM)  is a multi-

stage registration pipeline developed in the pydpiper framework (Friedel, van Eede, Pipitone, 

Mallar Chakravarty, & Lerch, 2014) that spatially aligns individual mouse brain imaging to a 

common space, the atlas (Dorr, Lerch, Spring, Kabani, & Henkelman, 2008; Richards et al., 2011; 

Steadman et al., 2014; Ullmann, Watson, Janke, Kurniawan, & Reutens, 1975), for subsequent 

analysis (van Eede, Scholz, Chakravarty, Henkelman, & Lerch, 2013). The Jacobian determinant 
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of the non-linear transformations to the common space are used in the whole-brain 

deformation based morphometry (DBM) analysis to detect local differences in brain volume 

between SI and control groups, and between males and females in each condition. MTR and 

MTsat images were also resampled into the common space for whole brain voxel-based 

analysis. Voxel-based and region of interest (ROI)-based statistics were carried out using R and 

RMINC. (Lerch, Hammill, van Eede, & Cassel, 2017) 

3.6.2 Statistical Analysis 

Assumption checks were performed using Shapiro-Wilk test for normality and Levene’s 

test for homogeneity of variances. Student’s t-tests and non-parametric Mann-Whitney U test 

for independent samples were used to identify group (SI or control) and sex differences in 

sociability and anxiogenic behaviour. Linear models and mixed effects models were used to 

further investigate fixed effects of group (SI or control) and sex, and the random effects of 

litter, parent pair, and weight gain on sociability and anxiogenic behaviour. For example, this 

model assumes an interaction between sex and group where ε is the error term: 

Behaviour = Sex + Group + Sex*Group + (1|Litter) + ε 

Additionally, the relationship between myelin content (indicated by MTsat and MTR) and 

behaviour was analysed:  

MTR = Sex + Group + Behaviour + ε 

All statistical analyses were conducted using R. 
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4. Results 

The final behaviour dataset included 33 controls (14 male), and 27 isolated mice (14 

male). Of these mice, MRI scans were acquired for 48 mice; 24 in each condition (12 male).  

4.1 Crawley’s Sociability Test: No effect 

Social interaction was measured as the percent of time spent in the chamber where the 

intruder mouse was housed, compared to the total time of the trial (10 minutes) (Figure 5a). 

These data meet assumptions of normality and homogeneity of variance. The Student’s t-test 

revealed that social isolation had no effect on the sociability of male  (t (26) = 0.42, p = 0.68) or 

female mice (t (30) = 0.91, p = 0.37) when compared to controls. Sex did not have an effect on 

social interaction (t (58) = 0.35, p = 0.73) (Figure 5b). No difference was observed in total path 

length between conditions or sexes (p’s > 0.07). Evaluation of linear models and mixed effects 

models revealed that anticipated random effects (litter, parent pair, weight gain, locomotor 

activity) did not play a significant role in the variability of sociability. 

 

   

Figure 5: Sociability test results 

 a) Example of HVS Image tracking output is representative of the mean performance of male and female 
mice in either condition.  
b) No difference was observed in the sociability behaviour for any of the groups (MC_Male = 46.9 ± 6.0%; 
MSI_Male = 43.6 ± 14.9%; MC_Female = 47.2 ± 15.8%; MSI_Female = 41.9 ± 16.4%).  

A B 
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4.2 Elevated-Zero Maze: Increased anxiogenic behaviour in males 

Data from the Elevated-Zero maze was measured as the percent of time spent in the 

covered quadrants of the maze, compared to the total time of the trial (5 minutes) (Figure 6a). 

This data was not normally distributed so the nonparametric Mann-Whitney U test for 

independent samples was used. Isolated male mice spent significantly more time in covered 

areas (Mdn = 89.6 %) compared to male controls (Mdn = 78.3 %) (U = 46, p = 0.02). 

Interestingly, female mice showed no difference between conditions (U = 128, p = 0.88) (Figure 

6b). No difference was observed in total path length between conditions or sexes (p’s > 0.11). 

Evaluation of linear models and mixed effects models revealed that anticipated random effects 

(litter, parent pair, weight gain, locomotor activity) did not play a significant role in the 

variability observed in anxiogenic behaviour.  

 

   

Figure 6: Anxiogenic behaviour test results 

a) Examples of HVS Image tracking output represent average paths for control (M = 79.9 ± 9.7%) and 
isolated males (M = 89.5 ± 7.1%).  
b) SI males showed significantly higher anxiety-like behaviours compared to controls. There was no 
difference observed between isolated and control females. 

A B 
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4.3 Imaging-based brain morphometry and microstructure 

Deformation-based morphometry (DBM) analysis did not reveal any local anatomical 

differences between conditions. There were also no differences between groups in MTsat. This 

suggests that there is little to no SI-induced hypomyelination. Interestingly, MTR intensity was 

increased in isolated males compared to controls in the regions of the limbic stress circuit (Hipp 

and amygdala (AMG)), but not in the PFC as anticipated (Figure 7). There was no significant 

relationship between anxiogenic behaviour and MTR results. 

 

Figure 7: MTR results 

Increased MTR in socially isolated male mice in comparison to controls (n = 12 per group) in regions of 
the limbic stress circuit (Hipp and AMG). The results are overlayed on the group average MT-weighted 
image. 

5. Discussion 

This project aimed to develop a non-invasive imaging tool capable of detecting subtle 

differences in myelin for use in establishing causality in the relationship between adaptive 

myelination and behaviour. MRI facilitates whole-brain image acquisition at multiple 

timepoints, which permits the use of the longitudinal paradigms and conditional knockout 

models needed to study causality and individual differences. Research indicates that social 
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isolation-induced subtle hypomyelination of the PFC in juvenile mice (Makinodan et al., 2012) 

can provide a platform to test myelin-sensitive MT imaging. This pilot project has effectively 

provided a foundation upon which we can build and expand in the future. 

5.1 No Difference in Sociability 

The lack of difference in sociability falls within the realm of possible outcomes. In 

previous research, SI led to increased sociability (Matthews et al., 2016), decreased sociability 

(Liu et al., 2012; Makinodan et al., 2017, 2012; Okada et al., 2015), and no change in sociability 

(Pais et al., 2019). While most studies used only male mice, the ones that included females as 

well showed both similar (Liu et al., 2012) and differential results between the sexes 

(Medendorp et al., 2018; Pais et al., 2019). It is important to note that direct comparisons 

cannot be made between these studies because influential factors such as age at isolation and 

testing, duration of isolation, and mouse strain differ.  

In a recent study, four inbred mouse strains were used to investigate the impact of 

genetic background on response to a chronic psychosocial stressor. Differences between the 

strains were observed in resilience, behaviour, ODC gene expression, and myelin thickness. 

Interestingly, C57BL/6NCrl mice, a substrain similar to C57BL/6J, were significantly more 

resilient to the chronic stressor than other wildtype strains (Laine et al., 2018). This indicates 

the need to evaluate strain differences in vulnerability to SI specifically, and demonstrates the 

overarching effect of genetics on adaptive myelination and behaviour. With this in mind, it 

follows that we should have observed the decrease in sociability seen in other studies using 

C57BL/6J mice (Liu et al., 2012; Makinodan et al., 2012). The fact that there was no difference 

suggests that the two-week SI paradigm may not have been long enough to affect PFC 
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functioning and resulting behaviour. Alternatively, factors such as breeding in-house rather 

than shipment of young animals may factor into the increased resilience observed. 

5.2 Elevated Anxiogenic Behaviour in Isolated Males 

The finding that isolated male mice show heightened anxiogenic behaviour in the 

Elevated-Zero maze corresponds with previous SI literature (Amiri et al., 2015; Fone & Porkess, 

2008; Lander et al., 2017). The lack of change in female anxiety-like behaviour mirrors studies 

showing that females are more resilient to SI. (Lukkes, Watt, Lowry, & Forster, 2009; Rodgers & 

Cole, 1993; Weiss, Pryce, Jongen-Rêlo, Nanz-Bahr, & Feldon, 2004).  

It is also possible that female mice are not susceptible to SI during the same critical 

period that was established in males. A longitudinal study using MRI to follow mouse brain 

development across nine timepoints from infancy to adulthood demonstrated elaborate 

differences in volume and developmental trajectory between sexes. Interestingly, brain regions 

that are larger in males tend to develop earlier in males than in females, with differences 

emerging before puberty (PN 27 ± 2 in males, PN 32 ± 3 in females) (Qiu et al., 2018). Such 

areas include the AMG and Hipp, the regions where elevated MTR signal was observed in 

isolated males and not females in the present study. While the neuroanatomical volume 

studied by Qiu et al. is not indicative of myelination, the fact that neurodevelopmental stages 

differ between sexes is relevant in identifying a universal critical period of sensitivity to SI. It 

would be a valuable contribution to knowledge to apply the MRI protocol developed in this 

project to conduct a longitudinal study similar to Qiu et al.’s investigating the normal 

developmental trajectory of myelination in mice with respect to sex.  
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5.3 Increased MTR in Limbic System 

There was no difference detected in MTsat or brain morphology between conditions. 

This indicates that the MTsat protocol was not sensitive enough to capture any minute myelin 

differences. Increased MTR was observed in regions of the AMG and Hipp in isolated male mice. 

These limbic areas play an important role in the stress response, which is activated by SI in 

rodents (Lukkes et al., 2009; Weiss et al., 2004). The AMG, Hipp, and PFC regulate the stress 

response by exerting control over the hypothalamic-pituitary-adrenal (HPA) axis. Top-down 

control of the HPA stress axis primarily comes from the medial PFC and Hipp via inhibitory 

GABAergic inputs, while excitatory glutamatergic signalling is released from the AMG (Fone & 

Porkess, 2008; Maguire & Salpekar, 2013). In a healthy brain, inhibitory and excitatory signalling 

are balanced and allows for the animal to accurately interpret and respond to the stressor. In 

the case of many chronic stressors such as SI, this equilibrium can become destabilized leaving 

the animal hypersensitive to any future stress it may experience.  

The observed increase in MTR in the limbic areas in SI males could be explained by 

activity-dependent increases in myelination. In 2014, Gibson et al. used optogenetics to 

demonstrate that neuronal activation can stimulate the proliferation of oligodendrocyte 

progenitor cells which leads to an increased number of ODCs and myelin sheath thickening. 

These physiological modifications are accompanied by adaptive changes in behaviour (Gibson 

et al., 2014). In the present study, increased myelination in the AMG and Hipp may be a result 

of SI-induced hyperactivation of the neurons in the HPA-axis and surrounding circuitry (Lukkes 

et al., 2009; Weiss et al., 2004). The finding that MTR is increased in limbic regions in isolated 

male mice corresponds theoretically with the observed increase in anxiogenic behaviour in the 
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same cohort, however there was no significant relationship between behaviour and MRI 

results. This lack of correlation is not uncommon in similar studies (Schubert, Porkess, Dashdorj, 

Fone, & Auer, 2009). 

MT imaging assumes that most macromolecular content in the CNS is myelin. MTR is 

more susceptible to T1 confounds than MTsat, meaning that it is less specific to myelin (Heath 

et al., 2018). Inflammation (Gareau, Rutt, Karlik, & Mitchell, 2000) and immune response 

(Blezer, Bauer, Brok, Nicolay, & ’t Hart, 2007) can impact signal intensity in MTR, and are 

influenced by dysregulation of the limbic-HPA-axis (Lozovaya & Miller, 2003). The 

immunohistochemistry protocol was developed in order to establish whether the increases in 

MTR can be explained by myelin (MBP), or inflammation (microglia and macrophages 

expressing Iba-1). When complete, these data will offer the validation necessary for the next 

steps of this project. 

5.4 Limitations 

This study aimed to replicate Makinodan et al.’s finding that isolation during the critical 

period between PN 21 and 35 induces hypomyelination in the PFC of mice and related 

behavioural deficits (Makinodan et al., 2012), and to capture this hypomyelination in vivo using 

quantitative MRI. Despite best efforts, this was not the case. The success of this study was most 

likely limited by the age of the mice. Behaviour tests have largely been validated in adult male 

mice, however in this study we use early-adolescent males and females. For example, young 

mice interact through social play and show more prosocial behaviours than adults. This 

difference is especially pronounced in males (Bell et al., 2010). For this reason, the social 
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interaction test may not be an effective measure of sociability because it is based on the social 

tendencies of more aggressive adult mice.  

Additionally, brain size, and therefore age, affects the ability of MRI to capture subtle 

differences in myelination. The resolution limits our ability to capture differences in small 

structures, but this is not the case for the PFC. Brain size impacts the signal-to-noise ratio of the 

images acquired due to the coil fill factor. Finally, the brains of younger mice may be less 

myelinated limiting the potential contrast available to detect. In Poggi’s study using MT imaging 

to detect subtle changes in myelination, the mice were 6 and 18 months old (Poggi et al., 2016). 

Total brain volume continues to increase from adolescence into adulthood (Qiu et al., 2018). In 

order to image mice when they are older and possibly increase the myelin deficit, a prolonged 

isolation period can be implemented. If mice are isolated for four weeks starting at PN 21, the 

critical period is captured, while allowing mice to mature further. This design would also 

increase the validity of the behaviour tests for use in this population.  

The results may have been impacted by differences in animal handling practices, as the 

Makinodan group did not specify their methods (Makinodan et al., 2017, 2012). This well-

known confound has been shown to impact the outcomes of various behaviour tests and 

biological measures (Ghosal et al., 2015; Gouveia & Hurst, 2017). Further, it is worthwhile to 

note that the estrous cycle was not controlled for in female mice. Repeated smear testing acts 

as an additional stressor for females, potentially stimulating the HPA-axis, and introducing a 

sex-related confound (Pietropaolo et al., 2008).  
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6. Conclusion  

In rodents, sociability is more directly related to PFC hypomyelination than anxiogenic 

behaviour is (Poggi et al., 2016). Increased anxiogenic behaviour can be produced by the 

inability of the PFC to exert top-down control over the HPA-axis. However, hyper- or hypo-

activity in other limbic regions (AMG, Hipp) can also lead to the disequilibrium of the stress 

circuitry (Herman, Ostrander, Mueller, & Figueiredo, 2005). In this project, it is likely that SI 

elicited an imbalance in HPA-axis activation through a cascade of events other than PFC 

hypomyelination. This may explain why sociability was unaffected when anxiogenic behaviour 

was increased in males. The histological validation of the MRI data is necessary to proceed with 

future research.  

Next steps include implementing a prolonged SI paradigm in order to determine 

whether the impact of SI is a dose-dependent interaction. The MRI protocol can be used for 

imaging myelin content at multiple timepoints to evaluate the dynamic spectrum of adaptive 

myelination. Conditional knockout models can be used to continue to work towards 

establishing causality in the relationship between adaptive myelination and behaviour. 
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