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1. Introduction 

1.1. Anxiety disorders 

1.1.1. Prevalence and risk factors 

Anxiety is a physiological and emotional response to uncertain stimuli which are experienced as 

threatening. It includes constant worrying and anticipation about occasions that necessarily are not 

even present or will never occur but that provoke an unpleasant, internal feeling of anguish. Anxiety 

is linked with but still distinct from fear, which is mostly a consequence of a certain, identifiable 

dangerous stimulus (LeDoux and Pine, 2016). Anxious feelings emerge occasionally as a normal part 

of life, but when anxiety is prolonged or unmanageable, it is considered as mental illness.  

Anxiety disorders are the most common group of mental disorders with an estimated lifetime 

prevalence of 14% in Europe (Wittchen et al., 2011). The disorders are often chronic, lasting for 

years or even decades. Anxiety disorders include several sub-types, all of which share similar 

symptoms (anxious feelings) but also have their own characteristic features. The sub-types include 

specific phobias, social phobia, generalized anxiety disorder and panic disorder (American 

Psychiatric Association, 2013). Notably, many patients fulfil the criteria for multiple sub-types of 

anxiety disorders and other mental diseases contemporarily suggesting a high comorbidity among 

the psychiatric disorders (Kaufman and Charney, 2000). This may indicate a lack of exclusive 

diagnostic methods that would reflect the absolute biological basis of these psychiatric disorders. 

While the molecular and cellular basis of anxiety disorders is still poorly understood, several risk 

factors have been identified. These include early life stress (e.g. childhood abuse and maltreatment), 

low socioeconomic status and genetic susceptibility (Blanco et al., 2014; Moreno-Peral et al., 2014). 

According to twin studies the heritability across the sub-types is 30–40% (Hettema et al., 2001). This 

number may be an underestimation due to the difficulties in reliable diagnostics and distinction of 

genetic and environmental factors in human studies. 

1.1.2. Neuronal circuits of anxiety 

Even though the molecular pathways underlying anxiety are still mostly to be uncovered, we have 

gained information about the neuronal circuits of anxiety using in vivo imaging and optogenetic 

techniques. The key brain regions regulating anxiety appear to be, among a few others, amygdala, 

medial prefrontal cortex (mPFC), bed nucleus of the stria terminalis (BNST) and the ventral 

hippocampus (vHP) (Duval et al., 2015). These regions are interconnected with several reciprocal 
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connections, and the overall response is dependent on their coordinated activity (Calhoon and Tye, 

2015).  

The amygdala receives sensory inputs from the cortical structures and the thalamus (Romanski et 

al., 1993). The signals are further convoyed into the BNST, a part of the extended amygdala, through 

the basolateral amygdala (BLA). The recruitment of the BNST is essential and associated with anxiety 

disorders (Davis et al., 2010; Walker and Davis, 1997). The BNST contains multiple nuclei, some of 

which have opposing role in mediating anxiety and are either anxiolytic (inhibit anxiety) or 

anxiogenic (induce anxiety) (S. Y. Kim et al., 2013). 

The BLA is reciprocally connected to the vHP (Felix-Ortiz et al., 2013), which has been implicated in 

promoting anxiety-like behavior by targeting the lateral septum (Risold and Swanson, 1996) and 

activating corticotropin-releasing factor receptors (Henry et al., 2006). The BLA and vHP both 

innervate the mPFC which is responsible for evaluating threatening stimuli and mediating goal-

directed behavior (Carlén, 2017; Hübner et al., 2014). The synchronized activity between the mPFC 

and the vHP is increased in mice exposed to anxiogenic environment (Adhikari et al., 2010). The 

anxiety network is dependent on all of the implicated regions and the wide representation of 

multiple types of synapses between and within neurons of brain regions.  

Importantly, the anxiety circuit is not a one-way signaling road (Calhoon and Tye, 2015). It is 

dependent on every brain area involved that modulate one another both directly and indirectly. 

Nevertheless, the described neuronal circuit of anxiety is abridged, as there are several important 

regions in mediating the final response. Multiple local microcircuits have also been identified within 

some regions (S. Y. Kim et al., 2013; Tye et al., 2011), activation of which can determine whether 

the projections are anxiolytic or anxiogenic, as seen in the BNST. As the brain regions are closely 

cooperating with each other, even the slightest perturbations (e.g. in myelination, see Lang and 

Rosenbluth, 2003) can possibly unbalance the system by disturbing the synchronization of the brain. 

1.1.3. Stress-induced anxiety 

There is well-established association between prolonged stress and the development of anxiety 

disorders (Blanco et al., 2014; Moreno-Peral et al., 2014). The behavioral and physiological 

symptoms followed by chronic stress are similar to those seen in anxiety disorders (Kalinichev et al., 

2002) indicating common neuronal and molecular pathways. Stress activates the hypothalamic 

pituitary adrenal (HPA) axis and the sympathetic nervous system, increases the noradrenaline levels 

and induces immune system activation. HPA-axis activation causes a multi-step cascade which is 
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finally detected as a release of glucocorticoids to the blood circulation from the adrenal cortex (de 

Groot and Fortier, 1959). It is suggested that the corticotropin-releasing factor -dependent 

dysregulation of HPA-axis has a major pathophysiological role in mood disorders although its 

contribution to anxiety disorders is less clear (Van Den Bergh et al., 2008). Imaging studies have also 

shown similar brain activation patterns in mice after chronic stress in the BNST, vHP and the mPFC 

(Laine et al., 2017; Vialou et al., 2014) as those seen in humans with anxiety disorders (Etkin and 

Wager, 2007). 

1.1.4. Mouse models for anxiety disorders 

Unbiased human studies on anxiety disorders and stress are difficult to carry out as the patients are 

diagnosed by subjective interviews. The environmental factors that individuals are exposed to 

cannot be controlled, and therefore all patients have different background in life experiences, life 

styles and medication. In addition, in vivo techniques for detailed data on central nervous system 

(CNS) are still very limited, as the acquired resolution is too low for understanding the underlying 

molecular mechanisms. More advanced method, for instance, in positron emission topography 

(PET) are under development to track synthetized agents binding to specific brain structures (e.g. 

myelin (Tiwari et al., 2016). This allows a closer insight into the brain properties, but detailed level 

human data is currently only acquired from post mortem brains. Mouse models, in contrast, allow 

improved control of the environmental factors and genetic background. Mice are related closely 

enough to humans in evolution being mammals and having a CNS. Furthermore, whole genome of 

36 different mouse strains (Keane et al., 2011) are completely sequenced uncovering the strain-

specific differences. As the stress-response is conserved across mammals, we may utilize mice for 

studying the associated mechanisms. Even though there are downsides regarding mouse models, 

use of them offers an insight to the molecular networks closely related to those of humans, as the 

two species share many common physiological features. 

There are several approaches to study anxiety in mice. As mice are innately anxious, some strains 

more than others (Hovatta et al., 2005), one may compare mice from different genetic backgrounds 

to see whether some genes are differentially expressed in different strains.  Quantitative trait locus 

(QTL) mapping is a widely used genetic technique to identify genes underlying complex phenotypic 

outcomes, such as anxiety. Producing transgenic mouse models by knocking out genes assumed to 

be related to anxiety-like behavior allows us to compare the differences between wild type and 

transgenic mice. Another approach is to artificially disturb the normal environment of mice to 
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induce stress. It can include social isolation, restraining, social defeat, forced swimming and 

perturbations in the light-dark cycle and in the home cages (reviewed in Lezak et al., 2017).  

As mice are incapable of verbally express their feeling, behavioral tests to measure anxiety-like 

behavior are required. Generally, there are two approaches to test mice for anxiety-like behavior: 

approach-avoidant and defensive behavior. Approach-avoidant tests are based on the innate 

tendency of mice to seek for dark, enclosed space which increases when facing possible threatening 

stimuli. Elevated plus maze (EPM) is frequently used to measure the willingness of mice to explore 

open spaces (Lister, 1987) whereas the light-dark test measures the latency to enter the light space 

from the darkness (Crawley and Goodwin, 1980). Defensive behavior, on the other hand, arises as 

a response to frightening stimulus and can be observed as freezing or startle behavior (Lezak et al., 

2017). Each of the tests provides an insight to anxiety-levels by measuring behavior of mice.  

Even though animal studies are valuable tools to acquire knowledge at highly detailed level, some 

problems are often involved. For instance, we may not assume that the responses animals show in 

threatening situations (e.g. freezing) are a consequence of similar emotions that humans perceive 

as anxiety or stress. However, as the physiological and neurological responses to stress are much 

alike between the two species (Cryan and Holmes, 2005), these studies are often comparable with 

humans. By developing suitable animal models and combining the information from multiple tests 

simultaneously, animal models offer us irreplaceable molecular-level information that would be 

impossible to acquire in human studies. The ethical issues must always be recognized when working 

with animals. The investigation should be done using in vitro models as far as possible, and animal 

models considered only when there are no other alternatives. The animal number should be 

carefully determined and minimized. Regarding anxiety, the in vitro models do not exist, and 

behavioral analysis are required in examining the level of anxiety. Therefore, animal models are 

utilized in this study. 

1.2.4.1. Chronic social defeat stress 

Chronic social defeat stress (CSDS) is a mouse model allowing the identification of factors underlying 

chronic stress (Golden et al., 2011). It is designed to mimic the psychosocial stress that humans face 

in their life (e.g. bullying, lack of positive social contact). Our group previously used CSDS to induce 

stress in mice to study stress-related alterations on their behavior and neurobiology; the mice of 

this study also went through the following protocol.  
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In the model, the examined mice are confronted by a different-strain aggressor mouse by placing 

them in the home cage of the aggressor for 10 minutes (Fig 1.1.A). After the confrontation, mice are 

housed together with the aggressor in the same cage, divided by a perforated plexiglass wall 

allowing sensory contact between the mice but preventing physical interaction. The protocol is 

repeated for 10 days, using novel aggressors each day. Control mice are handled every day and 

housed together with another control mouse, without being in physical contact with each other (Fig 

1.1.B.).  

 

 

1.2.4.2. Social avoidance test divides mice into resilient or susceptible 

Twenty-four hours after the last social defeat confrontation, the examined mice are measured for 

social avoidance (SA). The SA test measures social interaction; decreased latency of interaction is a 

typical symptom in humans with anxiety disorder (Sarnoff and Zimbardo, 1961). SA is observed in 

stress-susceptible mice (Krishnan et al., 2007) whereas individuals who do not show SA are referred 

as resilient. Moreover, stress-susceptible mice spend more time in the closed space (Laine et al., 

2018) and display anhedonia (decreased sucrose preference) (Krishnan et al., 2007). These features 

are not seen in resilient mice. Resilience is a phenomenon common among humans as well; despite 

the presence of risk factors, most individuals never develop anxiety-disorder but rather adapt to the 

circumstances (Bonanno et al., 2006). 

Figure 1.1. Illustration of social 

defeat (A, B) and social avoidance 

(C) tests. A) The examined mice are 

confronted by an aggressor mouse 

for 10 minutes and then housed in 

the same cage divided by perforated 

plexiglass wall. B) Control mice are 

housed with another control 

similarly than the examined mouse. 

C) Mice are tested for social 

avoidance defined by the time they 

spend in the interaction zone 

without social target divided by the 

time in the IZ when the target is 

present. 

IZ: interaction zone 

Image by Laine (2016, MSc thesis) 
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In the SA test, mice are first placed in an arena which contains an empty, perforated plastic cylinder 

for 150 seconds. The time they spend in the interaction zone (IZ, near the cylinder) is measured (Fig 

1.1.C.). After this, a novel aggressor mouse is put in the cylinder and the examined mouse is allowed 

to explore the area, and the time they spend in the IZ is again measured. The SA score is then 

calculated by dividing the time in the IZ with the aggressor by the time without the aggressor. To 

consider the strain-specific differences in baseline social behavior, the border line for susceptible 

and resilient is calculated separately for each strain according to how control mice score (detailed 

description in Laine et al., 2018). The basic idea of the model is to detect which of the defeated mice 

resemble the controls (resilient) and which of them display diminished social interaction 

(susceptible). 

1.2. Myelin in the central nervous system 

1.2.1. Structure and formation 

Myelin is an insulating membranous structure wrapped around axons to increase the velocity of the 

action potentials and to offer metabolic support to axons (Funfschilling et al., 2012; Lappe-Siefke et 

al., 2003). In the brain, myelin is produced by certain neuroglia called oligodendrocytes (OL). 

Abnormalities in OLs and in the white matter (myelinated axons) have been associated with several 

psychiatric disorders, such as schizophrenia, major depression and anxiety disorders (Hakak et al., 

2001; Yoo et al., 2007; Zou et al., 2008). Myelination continues until the fourth decade of human 

life (Miller et al., 2012), and it is a highly plastic process regulated by multiple neuronal and 

molecular mechanisms throughout the lifespan (see chapter 1.1.2.). 

OLs differentiate from OL precursor cells (OPCs). OPCs are born in the ventricular zone of the 

developing central nervous system and spread throughout the brain and spinal cord (Noll and Miller, 

1993). OPCs are triggered to differentiate into OLs by neuronal activity (Barres and Raff, 1993) and 

extracellular signals (Brinkmann et al., 2008; Fancy et al., 2009). However, some of the OPCs stay 

undifferentiated in the adult brain to act as a reservoir to enable remyelination when needed 

(Ruffini et al., 2004). Differentiation from OPC to OL occurs through several sub-stages of immature, 

non-myelinating OLs that have been identified (Marques et al., 2016). 

Myelin formation begins once the stable contact between the OL and the axon is established, with 

help of many molecular interactions and cell-adhesion molecules. OLs fine-tune their gene 

expression to acquire molecules essential for the sheath structure. The growth of the myelin sheath 

takes place in the leading edge (i.e. inner tongue, Fig 1.2.) (Snaidero et al., 2014). The newly formed 
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leaflet is always located underneath the previous one, which requires a constant breakdown of 

axon-OL contact. Contemporarily, the sheath expands towards the Ranvier node, the unmyelinated 

part of the axon where the voltage-gated sodium channels, necessarily for membrane 

depolarization and signal conduction, are concentrated (Freeman et al., 2015). Cytoplasmic 

channels run through the myelin sheath and are maintained by CNPase (2’,3’-cyclic nucleotide 3’-

phosphodiesterase) (Snaidero et al., 2014). The channels allow molecules and locally translated 

mRNAs to be transported to the leading edge to support the myelin formation. 

 

 

 

1.2.2. Myelin plasticity in adult brain 

Myelin is not an unaltered insulator unable to modify its structure after formation, but a highly 

plastic element sensitive to multiple signaling compounds. In fact, myelination does not occur 

homogenously throughout the brain and some axons are even left unmyelinated (Skoff et al., 1980). 

Changes in white matter have been observed not only in psychiatric diseases but also as a result of 

learning and task performance (Liston et al., 2006; McKenzie et al., 2014; Scholz et al., 2009) 

suggesting a major role of myelin plasticity in the brain function of adults. Myelin impacts the 

conduction velocity of neuronal impulses by adjusting the thickness (Hursh, 1939) and lateral length 

(Brill et al., 1977) of myelin sheath, which causes large variation in the conduction velocity between 

myelinated and unmyelinated axons (Smith and Koles, 1970; Waxman and Bennett, 1972). 

Demyelination in the corpus callosum (CC), the major white matter tract in the brain connecting the 

left and right hemispheres, is associated with severe neurological diseases such as multiple sclerosis 

(MS) and Marchiafava-Bignami disease (Chang et al., 1992) causing motor and cognitive 

dysfunctions. Modifications in the myelin sheath impacts notably on the propagation of the action 

Figure 1.2. CNS myelination Myelin formation 

takes place in the inner tongue of the newly 

formed myelin sheath, which is budded from the 

oligodendrocytes but remains contacted with the 

cell via cytoplasmic channels. The final myelin 

sheath is thickest in the middle and thinnest near 

the Ranvier nodes with only few leaflets.  

(Image from Snadeiro et al., 2014).  

 



12 
 

potential and brain communication and may have significant consequences on behavior (McKenzie 

et al., 2014).  

The exact mechanisms underlying myelin plasticity in the adult brain have not been characterized 

extensively but some regulatory factors are identified. It is currently acknowledged that myelination 

is an activity-dependent process promoted in electrically active axons and reduced if the 

propagation of impulses is blocked (Demerens et al., 1996). This is likely due to the secretion of 

several signaling molecules from the axon membrane as a consequence of neuronal activity. Release 

of ATP, for instance, is an activity-dependent process and known to induce differentiation of OPCs 

and promote myelination by activating the purinergic receptors on the OPC cell membrane (Stevens 

et al., 2002). Glutamate release from synaptic vesicles induces the transcription of myelin-related 

genes and affects myelination (Koudelka et al., 2016; Wake et al., 2011). Furthermore, different 

patterns of axonal firing (e.g. frequency of impulses) alters the expression of cell-adhesion 

molecules. This may weaken the neuron-glia interactions and reduce myelination (Stevens et al., 

1998). Even though OLs and OPCs are not electrically excitable themselves, they respond to neural 

signaling and form synapses with nearby axons (Bergles et al., 2000; Lin and Bergles, 2004). 

Taken together, neuronal activity has a considerable impact on myelination to accurately support 

the axon signaling activity. Myelin plasticity may mediate altered cognitive, sensory and motor 

functions by interrupting interconnected signaling pathways which may, at its worst, increase the 

risk for mental disorders. 

1.3. Myelination associates with chronic stress  

As briefly mentioned in chapter 1.2.1., there is an association between altered myelination and 

development of psychiatric diseases. Human neuroimaging studies (e.g. diffusion tensor imaging, 

DTI) have revealed changes in the white matter in patients with psychiatric disorders (Zou et al., 

2008). DTI is based on the diffusion of water molecules providing data about the brain’s structural 

properties (Alexander et al., 2007). This method, however, requires a good resolution and large 

number of patients when examining small scale changes in white matter. Stress-induced differential 

expression in myelin-related genes has been observed in both humans (Lutz et al., 2017) and mice 

(Laine et al., 2018; Liu et al., 2017). Studies have also revealed lower number of mature 

oligodendrocytes in humans with background of stressful environment in childhood (Lutz et al., 

2017) and mice after chronic stress (Lehmann et al., 2017). The pathways underlying stress-induced 

myelination depend on multiple variables. For instance, the severity of the stress has a significant 
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influence on the response: 14 days social isolation (relatively mild stress model) fails to impact 

myelin-related gene expression in the CC (Liu et al., 2012) whereas 28 days of chronic variable stress 

increases myelin-related gene expression there (Liu et al., 2017). However, both studies show a 

decrease in the expression of myelin-related genes in the mPFC. This not only demonstrates the 

variation caused by different stress models but also the possibility of regional specificity of stress. 

Interestingly, myelin abnormalities after chronic stress do not emerge unambiguously nor 

unidirectionally. Studies have reported myelin loss in the mPFC after stress (Lehmann et al., 2017) 

but also an increased genetic background dependent myelin thickness in stress-susceptible mice 

(Laine et al., 2018). Variability in the results is possibly due to dissimilar circumstances during the 

study, which demonstrates the high sensitivity of myelin plasticity to distinct environmental signals. 

Nevertheless, with standardized research conditions we are more likely to reveal the regulatory 

factors underlying myelin plasticity in the brain. 

1.3.1. Previous results from our group 

Our group previously revealed that genetic background impacts on the stress-susceptibility and 

anxiety-like behavior in mice using four inbred mouse strains (C57BL/6NCrl [B6], DBA/2NCrl [D2], 

BALB/cAnNCrl and 129S2/SvPasCrl) that went through the CSDS protocol (Appendix 2). We selected 

two strains that differ most in their behavior: B6 (69% resilient) and D2 (5% resilient) (Laine et al., 

2018). D2 mice are thus more susceptible to the stress, and they are also innately more anxious than 

B6 strain (Hovatta et al., 2005). We sequenced the RNA of D2 and B6 mice and saw that myelin-

related genes are differently expressed after the CSDS in the mPFC, BNST and vHP. B6 susceptible 

mice showed lower gene expression levels of OL-associated genes in the mPFC and vHP, but higher 

expression of these genes in the BNST, compared to the same-strain controls. We also performed 

transmission electron microscopy (TEM) and showed that myelin thickness varied between control, 

resilient and susceptible mice: B6 susceptible had thicker myelin in the BNST compared to resilient 

mice, and thinner myelin sheath in the vHP compared to control mice. These observations together 

suggest region-specific and genetic background-dependent response to chronic stress. 

1.4. Aims of the study 

The previous results on the differences of myelin thickness after chronic stress from our group raised 

the question whether the number of OLs or the amount of myelin are influenced by CSDS. Because 

of the observed strain-specific results, I studied mice from different genetic backgrounds. As we 

previously observed region-selective effect of chronic stress, I selected three brain regions for this 
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study, all of which have been previously associated with anxiety disorders: the mPFC, including sub-

regions of cingulate cortex area 1 (Cx1), prelimbic cortex (PrL) and infralimbic cortex (IL); the BNST 

and the vHP, including the pyramidal layers 1 (CA1) and 3 (CA3). In addition, I examined whether 

CSDS also affects the thickness of CC, the major white matter tract in the brain. Atrophy in the CC is 

often seen in severe demyelinating conditions (see chapter 4.1.).  

Based on the previous literature and results from our group, my specific aims were to: 

o examine whether the structure of the CC is affected by chronic stress which would be seen 

as differences in its thickness between control, resilient and susceptible mice. 

o establish whether psychosocial stress affects the number of OLs in the mPFC, BNST and vHP. 

o examine if CSDS affects the degree of myelination, estimated by the size of the myelinated 

area in the mPFC, BNST and vHP. 

o determine if the number of OLs and the myelinated area correlate with each other.  

 

I used anti-CNPase antibody staining for determining the number of OLs and BlackGold II staining 

to visualize myelin. Anti-CNPase is an antibody against CNPase, which is a highly abundant protein 

in OLs and myelin (see Chapter 1.2.1). BlackGold II is a widely-used gold-based solution that stains 

myelin, even though its binding mechanism remains unknown (Schmued et al., 2008).  

2. Materials and Methods 
I used previously acquired brain sections from B6 and D2 mice that had gone through the social 

defeat protocol as described in chapter 1.3.1. The number of animals was following: B6 [control 7, 

resilient 8, susceptible 4] and D2 [control 6, resilient 4, susceptible 8] (Figure 2.1.). Mice had been 

previously anesthetized and perfused with 4 % paraformaldehyde in phosphate buffer saline (PBS) 

after which the brains were collected and sliced with a vibratome in 20 m sections by other Hovatta 

lab members. The slices were stored as free-floating sections in cryoprotectant in -20 °C.  
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2.1. The corpus callosum thickness and the number of oligodendrocytes 
I washed the brain sections 3 x in PBS and mounted on Superfrost Ultra Plus slidesTM  (#J4800AMNT, 

ThermoFisher Scientific) [Distances from Bregma: mPFC 1.98 – 1.54; vHP -2.80 – (-3.40); CC and 

BNST 0.22 – 0.02)] (Figure 2.2.). I performed antigen retrieval by submerging the slides in 0.01 M 

citrate buffer, heated to a boil and microwaved on low for 20 minutes. I then blocked the slides in 

2.5 % BSA (bovine serum albumin) in 0.5 % PBST (PBS with Tween-20) + 7.5 % normal goat serum 

followed by primary antibody incubation in mouse anti-CNPase (1:250, Merck Life Science, 

#MAB326R) overnight at +4 °C. 

I washed the slides again 3 x in PBS before goat anti-mouse Alexa Fluor 488-conjugated secondary 

antibody incubation (1:400, ThermoFisher Scientific, #A-11029) for 2 hours at room temperature 

(RT). After washing in PBS I coverslipped the slides with Vectashield + DAPI mounting medium 

(Vector Laboratories, #H-1200), fastened them with clear nail polish and stored in +4 °C. 

I acquired the images with an Axio Imager 2 microscope (ZEISS) with the Apotome.2 system (ZEISS) 

and processed them with Zen Blue edition software (ZEISS). Next, I analyzed the images with ImageJ 

software (1.47, National Institution of Health). I selected 615 µm x 405 µm (Cg1, PrL, IL, CA1 and 

CA3) or 475 µm x 475 µm (BNST) regions of interest (ROI) and counted positive cells manually using 

CNPase staining and cell morphology as markers (Figure 2.3.). I was blind to the condition and strain 

of the samples during staining and quantification. 

 

Figure 2.1. Social avoidance scores and 

borders for B6 and D2 strains that are used 

in this study. The border lines are adjusted by 

the scores of the control mice within each 

strain. The genetic background affects the 

stress-susceptibility of mice, D2 being 

innately more anxious than B6.  
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I measured the CC thickness using ImageJ by drawing two vertical lines across the CC, measuring the 

length and calculating their mean. I took the measurements close to the midline, distance from the 

midline varying 100 – 300 µm. 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Coronal sections of the mPFC, 

BNST & CC and vHP. Coordinates of the 

sections relative to Bregma are presented 

below each image. All images used in the 

experiments are between these ranges. 

Areas of interests are marked with green 

lines except at the CC where they 

represent the lines of measurement. 

(Atlas images modified from ‘’The Mouse 

Brain in Stereotaxic Coordinates (Third 

Edition)’’ by Franklin and Paxinos, 2007) 

BNST: bed nucleus of the stria terminalis; 

CA1: pyramidal layer 1; CA3: pyramidal 

layer 3; CC: corpus callosum; Cg1: 

cingulate cortex 1; IL: infralimbic cortex; 

mPFC: medial prefrontal cortex; PrL: 

prelimbic cortex vHP: ventral 

hippocampus. 

 

 

Figure 2.3. CNPase stained mature OLs indicated by white arrows. The red color 

indicates DAPI (modified from blue) binding to cell nuclei. The green color shows the 

presence of the myelin and the outer membrane of OLs. Using the co-localization of the 

two markers OLs can be identified and counted.  
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2.2. BlackGold II staining of the myelinated area 

I washed free-floating sections and mounted them as previously described (see chapter 2.1.). I then 

dehydrated the slides on a 60 °C heat-plate for 30 minutes and allowed to air-dry for 2.5 hours at 

RT. Next, I rehydrated the slides in MQ for 2 minutes followed by incubation in 0.3 % Black Gold II 

(Merck Life Science, #AG105) + 0.9% sodium chloride (NaCl) in a warm incubation chamber (  ̴ 60°C) 

for 26 minutes. After washing 2 x 2 minutes in Milli-Q water (MQ), I added 700 µl of 1% sodium 

thiosulfate onto each slide and incubated for 3 minutes in the incubation 

chamber. I then washed the slides again 3 x in MQ and dehydrated in graded 

ethanol (70 %, 95 % and 100 %) and in Neo-Clear® (Merck Life Science, 

#109843) 5 minutes in each. I coverslipped the slides with Neo-Mount® 

(Merck Life Science, #109016) and stored in +4 °C.  

I acquired the images using 3DHISTECH Scanner by Digital microscopy scanner 

service (Institute of Biology, University of Helsinki). ROIs were captured from 

the digitized images with Pannoramic viewer software (3DHISTECH) by the 

personnel in Institute of Biotechnology, after which I analyzed the images with 

ImageJ. The imaged regions were the mPFC including Cg1 and PrL sub-regions 

(IL was left out because of the lack of myelin staining in that area, see Figure 

2.4.); the BNST and the vHP including CA1 and CA3 sub-regions. I measured 

the mean grey value (MGV) of the images, defining the amount of background 

in the images. Images with an MGV below 203 were considered high 

background images and images with MGV above 203 were low background 

images. I then designed a macro with the help of one of the Hovatta group 

members, Zuzanna Misiewicz, to measure the size of myelinated area (Appendix 1). First, Brightness 

and Contrast were adjusted to subtract the background, differentially for low and high background 

images. Apart from this step, the macro was identical for both types of images. After Brightness and 

Contrast adjustment images went through color deconvolution with manually defined vectors to 

pick out the desired color (purple: red = 0.53, green = 0.66, blue = 0.53, see Figure 2.5) and extinguish 

other ones. Next, images were thresholded and analyzed for particles (particles with circularity 

below 0.35 were discarded) which disposes of the noise in the image. The area (µm2) was then 

measured automatically using ImageJ. Finally, I double-checked the images in case of folds or dirt 

distorting the results and left them out from the statistical analysis.   

Figure 2.4. 

BlackGold II 

stained brain 

section. There were 

none or very little 

myelin visible in the 

area of IL due to 

which it was not 

included in the final 

analysis. Bregma: 

1.94. 

Cg1: cingulate 

cortex 1; PrL: 

prelimbic cortex; IL: 

infralimbic cortex. 
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As I used the same animals in both of the stainings, this allowed me to do inter-individual 

comparisons between the two measurements. I ran Pearson correlation analysis to see how strongly 

the amount of myelin was correlating with the number of oligodendrocytes. 

 

 

 

 

 

 

 

 

Staining method Brain region Strain 
Number of acquired 

images (Con, Res, Sus) 

CNPase CC (corpus callosum) B6 18, 20, 11 

D2 21, 4, 21 

Cg1 (cingulate cortex area 1) B6 37, 32, 14 

D2 22, 17, 37 

PrL (prelimbic cortex) B6 32, 31, 15 

D2 24, 20, 39 

IL (infralimbic cortex) B6 25, 35, 17 

D2 22, 20, 37 

BNST (bed nucleus of the stria 

terminalis) 

B6 31, 25, 14 

D2 27, 14, 32 

CA1 (pyramidal cells layer 1) B6 14, 12, 10 

D2 8, 8, 8 

CA3 (pyramidal cells layer 3) B6 12, 12, 10 

D2 9, 8, 8  

TOTAL:  835 

BlackGold II  mPFC (medial prefrontal cortex); Cg1 & 

PrL 

B6 23, 27, 19 

D2 13, 10, 24 

BNST (bed nucleus of the stria 

terminalis) 

B6 26, 31, 12 

D2 13, 15, 22 

vHP (ventral hippocampus); CA1 & CA3 B6 15, 16, 8  

D2 4, 5, 15 

TOTAL:  298 

Figure 2.5. Flowchart of the key steps of BlackGold II image processing in ImageJ software.  

  

Table 2.1. Total number of images by brain region and strain. 

Con: control; Res: resilient; Sus: susceptible 
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2.3. Statistical analysis 

The total number of obtained images per mouse strain is presented in Table 2.1. I discarded animals 

with only one acquired image from the analysis (not included in the table). I then analyzed the data 

using SPSS statistics software 24.0 (IBM Corporation). First, I calculated the mean of each animal, 

then split the data by the strain and the phenotype and checked for outliers defined as three 

standard deviations above or below the group mean. Outliers were excluded from the final analysis. 

I then examined the distribution of the data by using the Shapiro-Wilk normality test. To examine 

the differences between the phenotypes (control, resilient and susceptible) for both strains 

separately I used one-way ANOVA for the normally distributed data and elsewhere the Kruskal-

Wallis nonparametric statistical test. For multiple testing correction I used Bonferroni post-hoc test 

for determining significant differences between two phenotypes within a strain. For the correlation 

analysis I applied Pearson’s correlation coefficient test. Statistical significance level was set at 0.05. 

3. Results 

3.1. No differences in corpus callosum thickness between control and stressed mice 
To examine whether chronic stress affects the major white matter tracts in the mouse brain, I 

measured the thickness of the CC between Bregma 0.38 – 0.02. As presented in Figure 3.1. A, there 

were no significant differences in the thickness between the groups of the two strains (One-way 

ANOVA; B6: F(2, 12) = 0.290, p = 0.754; D2: F(2, 14), p = 0.794).  

Figure 3.1. A) Coronal atlas of the corpus callosum and representations of the lines of measurement. The 

thickness was measured at the two white vertical lines across the corpus callosum. The distance from the midline 

of the measurements varied from 100 µm to 300 µm. Bregma of this atlas image is   ̴0.30. Scale bar (for the close-

up image of the CC): 100 µm. 

B) Corpus callosum thickness was not altered after CSDS. No significant differences were observed in the 

thickness (µm) between control, resilient and susceptible mice in B6 or D2 strain. The number of animals is 

presented below the X-axis. Each data point represents the mean value of all acquired images of an animal. Total 

range of images was 2-6 sections per animal. Data is presented as mean ± SD. 

CC: corpus callosum; Con: control; Res: resilient; Sus: susceptible; B6: C57BL/6NCrl mouse strain; D2: DBA/2NCrl 

mouse strain.  
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3.2. B6 resilient mice have more oligodendrocytess in the BNST than susceptible mice 

Based on the transcriptomic differences between the defeated and control mice, it was my interest 

to investigate whether the differences can be seen at the cellular level as well. I examined 

differences between the phenotypes in the mPFC, further divided into Cg1, PrL and IL sub-regions; 

in the BNST; and in the vHP, divided into CA1 and CA3 sub-regions. In the BNST, B6 resilient mice 

had more OLs compared to the susceptible mice (Bonferroni post-hoc test, adj. p-value = 0.049). No 

differences were observed in other brain regions or in D2 mice (Figure 3.2. & Table 3.1.). 

 

 

 

 

 

3.3. Size of the myelinated area does not differ between the phenotypes 

I examined the size of the myelinated area using BlackGold II gold phosphate complex which 

binds to myelin. The brain regions of interest were the same as in the CNPase stains, except that IL 

was not included. Thus, the size of the myelinated area was measured in the mPFC, including Cg1 

and PrL; in the BNST; and in the vHP including CA1 and CA3. Figure 3.3. presents the mean of each 

animal in each brain region and shows that there were no significant differences in myelinated area 

between the phenotypes. Results from the statistical analysis are presented in Table 3.2. Notably, 

defeated groups, including resilient and susceptible individuals, showed a bimodal distribution in 

the BNST and the vHP; the fold change between the heavily-myelinated and lightly-myelinated being 

as high as 6 (Figure 3.3 B). 

Strain Region Stat.test F / χ2 p 

B6 Cg1 ANOVA F(2, 14) = 0.16 0.86 

B6 PrL ANOVA F(2, 15) = 0.018 0.98 

B6 IL K-W χ2(2) = 1.25 0.54 

B6 BNST ANOVA F(2, 14) = 4.81 0.026 

B6 CA1 ANOVA F(2, 7) = 1.18 0.36 

B6 CA3 ANOVA F(2, 8) = 1.045 0.40 

D2 Cg1 ANOVA F(2, 15) = 0.38 0.69 

D2 PrL K-W χ2(2) = 0.42 0.81 

D2 IL K-W χ2(2) = 2.09 0.36 

D2 BNST K-W χ2(2) = 0.20 0.91 

D2 CA1 ANOVA F(2, 3) = 0.036 0.97 

D2 CA3 ANOVA F(2, 3) = 0.11 0.90 

Table 3.1. Results of the statistical analysis of the OL cell counts. The main effect for each brain region was 

analyzed using one-way ANOVA or Kruskal-Wallis nonparametric test depending on the distribution of the data 

(see Materials and Methods).  

Significant differences are bolded. Cg1: cingulate cortex area 1; PrL: prelimbic cortex; IL: infralimbic cortex; CA1: 

pyramidal cells 1; CA3: pyramidal cells 3; BNST: bed nucleus of the stria terminalis; B6: C57BL/6NCrl mouse strain; 

D2: DBA/2Crl mouse strain; N: number of animals. F: F-test score of ANOVA; χ
2
: Chi-Square test score of Kruskal-

Wallis (K-W). 
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3.4. No significant correlation between the number of oligodendrocytes and the amount of 

myelin 
As I used the same animals in both CNPase cell counts and BlackGold II myelin stains, it was justified 

to examine the correlation between the two measurements. I calculated the sum of OLs in Cg1 and 

PrL, corresponding to the mPFC in BlackGold II staining as well as the sum of CA1 and CA3 that form 

the area vHP in BlackGold II stainings. Interestingly, no significant correlations were observed across 

the brain regions (r = - 0,109, p = 0,219) nor within the groups (Figure 3.4.) showing that number of 

OLs, myelin-producing cells, is not always proportional to the amount of myelin. 

 

 

Strain Region Stat. test F/ χ2 p 

B6 mPFC ANOVA F(2,15) = 0.59 0.57 

B6 BNST K-W χ2(2, N) = 0.10 0.60 

B6 vHP K-W χ2(2, N) = 0.23 0.89 

D2 mPFC ANOVA F(2, 11) = 0.59 0.57 

D2 BNST ANOVA F(2, 12) = 0.96 0.41 

D2 vHP ANOVA F(2, 4) = 0.013 0.99 

Figure 3.2. [previous page] A) CNPase staining of OLs in all groups. Examples of the positive cells are marked with 

white arrows. Green color corresponds to CNPase and red color to DAPI.  

B) B6 resilient mice had more OLs in BNST. B6 resilient mice had a significantly larger number of OLs after CSDS 

compared to susceptible mice. Differences were not observed in other brain regions or in D2 mice. The number of 

animals is presented below the X-axis. Each data point represents the mean value of all acquired images of one 

animal. The range of images was 2-8 per animal. Significant differences are marked with an asterisk (*). Data is 

presented as mean ± SD. 

Con: control; Res: resilient; Sus: susceptible; Cg1: cingulate cortex area 1; PrL: prelimbic cortex; IL: infralimbic 

cortex; CA1: pyramidal cells 1; CA3: pyramidal cells 3; BNST: bed nucleus of the stria terminalis; B6: C57BL/6NCrl 

mouse strain; D2: DBA/2NCrl mouse strain. 

 

Table 3.2. Results of the statistical analysis of the BlackGold II myelin staining. Differences within each group 

were analyzed using one-way ANOVA or Kruskal-Wallis nonparametrical test depending on the distribution of the 

data (see Materials and Methods).  

mPFC: medial prefrontal cortex; BNST: bed nucleus of the stria terminalis; vHP: ventral hippocampus; B6: 

C57BL/6NCrl mouse strain; D2: DBA/2NCrl mouse strain; N: number of animals. F: F-test score of ANOVA; χ
2
: Chi-

Square test score of Kruskal-Wallis. 
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Figure 3.3. A) Example images of BlackGold II stained myelin. Myelin is seen as purple area and lines.   

B) The size of the myelinated area did not vary significantly between the groups in any brain region. There were 

no significant differences in the myelinated area after CSDS. Each data point represents the mean of each animal. 

Range was 2-7 images per animal. Data is presented as mean ± SD. 

mPFC: medial prefrontal cortex; BNST: bed nucleus of the stria terminalis, vHP; ventral hippocampus; Con: 

control; Res: resilient; Sus: susceptible; B6: C57BL/6NCrl mouse strain; D2: DBA/2NCrl mouse strain. 
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4. Discussion 
The aim of this study was to examine whether chronic psychosocial stress impacts the number of 

OLs or the amount of myelin in mice. I concentrated on three brain regions previously associated 

with stress-disorders: the mPFC, BNST and vHP. My results show a region and brain region-selective 

effect of chronic stress on the number of OLs: B6 resilient mice had higher OL cell number in the 

BNST compared to the same strain susceptible mice. The cell number did not differ in the mPFC or 

vHP. No differences were observed in the D2 mice. The size of the myelinated area did not differ 

between control, resilient or susceptible phenotypes. I showed that there is no significant 

correlation between the OL cell number and the myelin area, indicating that the cell number is not 

the only factor controlling the myelin amount. Furthermore, I observed that CC thickness did not 

Figure 3.4. No significant 

correlation between the number of 

OLs and the myelinated area within 

the groups according to Pearson 

correlation coefficients (r) and p-

values. In the vHP, there were four 

groups (B6 Res and D2 phenotypes) 

which did not have enough animals 

(more than 2 required) to perform 

Pearson correlation analysis.  

mPFC: medial prefrontal cortex; 

BNST: bed nucleus of the stria 

terminalis, vHP; ventral 

hippocampus; Con: control; Res: 

resilient; Sus: susceptible; B6: 

C57BL/6NCrl mouse strain; D2: 

DBA/2NCrl mouse strain. 
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vary between the phenotypes suggesting that CSDS does not induce extensive white matter atrophy 

in the mouse brain.   

4.1. Chronic psychosocial stress does not cause global white matter atrophy 

Demyelination in the CC causes dysfunctions in the motor, emotional and cognitive functions due 

to the disruptions in the propagation of neuronal impulses (Chang et al., 1992). I measured the 

thickness of the CC and showed that it does not differ between the phenotypes indicating that 

chronic stress does not induce extensive demyelination. Nevertheless, previous studies have 

reported alterations in CC microstructure. Decrease in myelin density after 14 days of 

immobilization stress (Choi et al., 2017) and downregulation of myelin-associated genes after 14 

and 28 days of chronic variable stress (Lehmann et al., 2017; Liu et al., 2017) were seen in the CC in 

mice. Upregulation of these genes was observed when prolonging the stress from 21 to 28 days, 

suggesting dynamicity in the response in certain time points or a compensatory effect induced by 

myelin loss (Liu et al., 2017). Social isolation, a relatively mild stress model, did not induce any 

changes in the CC microstructure (Liu et al., 2012). The results indicate that the severity of the stress 

and the type of the stressor (e.g. psychosocial, physical) may play a role in myelin-related alterations 

in the CC. Microstructural and large-scale alterations, however, are not fully comparable with each 

other as gene expression levels or small changes in the protein amount do not always indicate larger 

modifications, such as extensive demyelination. 

 Nevertheless, macrostructural alterations in the CC have also been implicated in psychiatric 

disorders; reduced CC volume was reported in patients suffering from PTSD (Jackowski et al., 2008; 

Villarreal et al., 2004). This may suggest a differential response depending on the severity and 

duration of the stress. Although this study does not provide information about the possible 

microstructural changes in the myelin, we can state that extensive white matter atrophy does not 

occur after CSDS. 

4.2. Region-specific differences in the number of oligodendrocytes 
Chronic stress induces differential expression of myelin and OL-related genes, including essential 

components for the myelin structure and formation and normal OL function (Laine et al., 2018; Liu 

et al., 2017). Consequently, I investigated whether the number of the myelin-forming cells differed 

between the control, resilient and susceptible mice. In the BNST, B6 resilient mice had more OLs 

compared to susceptible mice, which may indicate that a high number of OLs protects against the 

anxiety-like behavior by some, as yet unclear, mechanisms. However, as D2 resilient mice did not 
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show differences in the BNST, or in the other examined regions, the high number of OLs cannot be 

the only factor enabling stress-resilient behavior. Interestingly, our group previously found in the 

TEM analysis that B6 susceptible mice had thicker myelin than resilient and control mice in the BNST. 

This is not contradictory with my results, assuming different molecular pathways for cell 

proliferation and myelin formation (see chapter 4.4.). Considering the important role of the BNST in 

regulating both anxiogenic and anxiolytic responses via its multiple subnuclei, investigating the 

myelination separately in each nucleus could improve our understanding of the link between 

myelination and anxiety-responses. This and the other unanswered questions of how OL cell 

number and myelination are regulated during stress through BNST would make a promising target 

for future investigation. Observing differences in the number of OLs after CSDS supports the 

hypothesis of myelin plasticity in stress. 

Among the three brain regions in this study, the mPFC in anxiety is the most extensively studied. 

Nevertheless, varying results have been reported in terms of OL cell number after chronic stress. I 

observed no differences between the phenotypes in either strain. Congruently with my results, 14 

days of social defeat does not affect the number of OLs in the mPFC (Lehmann et al., 2017). A 

decrease in the number of OLs and OPC cells after chronic variable stress (CVS) with randomly 

distributed stressors, including forced swimming, restraint and social defeat has been reported 

(Yang et al., 2016). As all the presented studies used mice with a similar genetic background (B6 

strain), the ambiguous results are likely due to the distinct environments and the applied stress 

models. The social defeat protocol includes a similar confrontation between the examined mouse 

and a novel aggressor each day, whereas in the CVS the stressors are randomly distributed over the 

period. CVS can be perceived as a more unpredictable and heterotypic stressor than social defeat 

stress. It is possible that mice have different ability of adapting to heterotypic and homotypic stress 

models. Adaptation to the stressors is observed at the transcriptomic level as well. Immediately 

after the beginning of the stress, OL-transcripts are significantly downregulated in the mPFC but 

return to the control levels after a week. After three weeks, the transcripts are downregulated again 

(Liu et al., 2017). This group used the CVS model, but unlike Yang’s group, the stressors were 

repeated in the same order rather than randomly. The results indicate a strong association between 

the mPFC and stress-responses, sensitive to multiple components of the stress exposure.  

vHP has been reported to have significant projections to the amygdala (Felix-Ortiz et al., 2013) and 

the mPFC (Adhikari et al., 2010) which both mediate anxiety-like behavior. I did not observe any 
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differences in the number of OLs in the CA1 and CA3 of the vHP. Nevertheless, it was previously 

reported that corticosterone-induced stress increases anxiety-like behavior and oligodendrogenesis 

in the dentate gyrus of the vHP in adult mice (Chetty et al., 2014), possibly by activating the Fmr1 

gene coding for the fragile X mental retardation protein expressed also in the OL cell lineage (Eadie 

et al., 2009; Giampetruzzi et al., 2013). Release of glucocorticoids as a response to the stress has 

also been previously shown to increase oligodendrogenesis in the adult hippocampus (Chetty et al., 

2014). It is still unclear what the contribution of glucocorticoids to chronic psychosocial stress is if 

any, as the levels are seen to decrease when habituating to stress (Krishnan et al., 2007). Based on 

this study, the number of OLs is not affected by chronic stress in the vHP.  

Taken together, my results show that chronic psychosocial stress affects the OL cell lineage in a 

region- and genetic background-specific manner. Whether this response is a secondary result of 

neuronal alteration, or primary and a critical protecting factor for axon function during stress, is 

unknown. Possibly, the response is dependent on both. As we see in this study, resilient and 

susceptible mice do not show a similar number of OLs in the BNST, indicating that the stress plays a 

role in regulating OLs in that region. The region-specificity in the results can be partly explained by 

a heterogeneous population of OLs throughout the brain (Marques et al., 2016) that may respond 

differently to the stress due to different locations and connections in the brain. Overall, the 

alterations in OLs and myelination may reflect changes in the brain signaling networks but it is still 

unexplained to what magnitude and how this is controlled. 

4.3. Myelinated area was not affected in chronic stress 
Demyelination has been implicated in the mPFC after chronic stress, including thinner myelin 

sheaths, shorter fiber lengths and a reduction in the myelinated area (Lehmann et al., 2017; Liu et 

al., 2012). Human DTI studies have demonstrated white matter loss in patients with anxiety 

disorders (Yoo et al., 2007), especially in the amygdala – mPFC pathway (M. J. Kim and Whalen, 

2009). This in turn may weaken the coordinated activity between the brain regions and predispose 

to behavioral and physiological consequences. Thus, it was my interest to examine whether we can 

see any differences in the myelinated area in the mPFC after CSDS in the mPFC, and in the BNST and 

the vHP. 

I observed no differences between the phenotypes in the mPFC in either strain. On the other hand, 

myelin thickness in the mPFC has been reported to increase in B6-resilient and decrease in D2-

resilient mice (Laine et al., 2018). Considering the wide area of the mPFC including multiple cell 
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types, the local microcircuits may be differentially myelinated. For instance, different goal-directed 

tasks (e.g. decision making) are mediated in the PFC in a neuron subtype-specific manner (Pinto and 

Dan, 2015). Similarly, stress may activate pathways specific to certain neuron subtypes which could 

reflect alterations in the myelin structure specifically in those axons. Congruently with this theory, 

it has been previously observed that myelin thickness differs within brain regions and even along an 

axon (Tomassy et al., 2014). Thus, it is possible that axons located in the stress-activated brain region 

would show different levels of myelination. Overall, the size of the myelinated area did not vary 

between the groups, as showed in this study. 

BNST myelination has not yet been well-studied in chronic stress. However, given that BNST 

mediates both anxiolytic and anxiogenic behavior (S. Y. Kim et al., 2013), the correct activity and 

projections to other parts of the brain are critical for the seen outcome. In this study, I showed that 

despite the difference in the number of OLs in the BNST between the groups (B6 resilient mice 

having more OLs than control mice), the myelinated area was constant between the phenotypes in 

both strains. The BLA, closely connected with the BNST, has been reported to have an increased 

number of myelinated axons in rats after chronic stress (Ono et al., 2008), suggesting also larger 

myelin area. Our previous study reported an increase in myelin thickness in the stress-susceptible 

B6 mice in the BNST (Laine et al., 2018), whereas myelin thickness was seen to decrease in the BLA 

of the stressed rats (Ono et al., 2008). Despite their being physically close and having many 

reciprocal connections, the BLA and the BNST have partly different functions in mediating stress-

related behavior (reviewed in Adhikari, 2014) and thus, may be myelinated differently. Based on 

previous studies emphasizing the crucial role of the BNST in the anxiety-responses and this study 

demonstrating differences in the OLs but not in the myelin area encourages the future investigation 

to focus on the BNST.  

The data from the myelinated area of the vHP did not show any significant results, partly due to the 

low number of animals. However, an interesting aspect in the vHP data, as well as that of the BNST, 

is bimodal distribution of the individual animals. Approximately half of the individuals showed high 

myelination and half low myelination in both resilient and susceptible groups, fold change being as 

high as 6 (see Results 3.3.). Whether the difference in the amount of myelin is a consequence of the 

stress or a cause to the differential behavior, is unknown. The amount of myelin is clearly not the 

only factor enabling stress-resilient behavior (as both groups include high and low-myelinated 

animals) raising an interesting question of the pathways underlying stress-resilience. However, 
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myelination might still be an important factor in mediating resilience: results on the myelin-related 

gene expression and thickness shows differences between control and stress-exposed mice (Laine 

et al., 2018; Lehmann et al., 2017; Liu et al., 2017). 

Myelin thickness is affected in the CSDS (Laine et al., 2018), yet I did not see alterations in the 

myelinated area. However, by determining the myelin thickness using electron microscopy images 

of cross-sectional axons it is possible to observe changes in the myelin microstructure, which is not 

possible with immunohistochemical methods of this study. The anatomical resolution is retained 

with immunohistochemistry, potentially uncovering which of the brain regions are affected, which 

is not possible with TEM-analysis applied by our group (Laine et al., 2018). Myelin thickness may 

increase without affecting area, which is also dependent on the length and the number of myelin 

sheaths. Hence the results are not fully comparable with each other. I showed that no large-scale 

changes are seen in myelination after chronic psychosocial stress. However, as several studies have 

reported varying results in terms of myelin plasticity in chronic stress, more investigation is needed 

on this issue to reveal the possible myelin-associated microstructural changes in the white matter 

after stress. 

4.4. Number of oligodendrocytes does not correlate with the size of the myelinated area 
This study is the first to discover that no significant correlation between the number of OLs and the 

myelinated area exists. Therefore, it can be assumed that the amount of myelin cannot be directly 

estimated from the number of OLs. Myelin biogenesis takes place in OLs, and is regulated by 

additional factors rather than only the cell number, unlike first hypothesized in the past decades. 

This adaptive myelination is an important mechanism for fine-tuning the specific connections. As 

described in Chapter 1.2.2., axonal firing impacts myelination by releasing electrical activity-

dependent synaptic vesicles (McKenzie et al., 2014; Mensch et al., 2015) and compounds like ATP 

and glutamate (Stevens et al., 2002; Wake et al., 2011). This release may potentially then induce 

myelination together with other extracellular signaling molecules such as growth factors (Giulian et 

al., 1991; Ye et al., 2002). Production of mature OLs is increased during motor learning (McKenzie 

et al., 2014). As one OL can myelinate several axons simultaneously, the lack of correlation may also 

signify that there is variation in how many axons are myelinated by a single OL. Additionally, there 

may exist a certain baseline for the degree of myelination that is maintained over time, correlating 

with the number of OLs, but in the presence of myelination-inducing or reducing extracellular 

factors this correlation is lost. This would partly explain the capability of OLs in myelinating artificial 
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nanofibers with no electrical signaling (Demerens et al., 1996) but also the observation that 

myelination is notably promoted by impulse propagation. 

Although the detailed mechanisms of how myelin plasticity is obtained is still uncovered, some 

studies have been able to show certain molecular pathways modulating myelin in the brain during 

stress. These include altered OL differentiation and proliferation, for example, by decreasing the 

degree of the Wnt/β-catenin signaling pathway (Choi et al., 2017; Fancy et al., 2009) and inducing 

apoptosis in the OPCs by death receptor 6 (Yang et al., 2016). Epigenetic regulation has also been 

characterized to alter myelin biogenesis; histone deacetylase is required for OL differentiation and 

remyelination, whereas increased amounts of histone acetylase is associated with impaired 

myelination (Shen et al., 2008). Chronic stress has been shown to increase the histone acetylation 

marks, which impacts myelin plasticity and OL maturation (Liu et al., 2012).  Taken together, it is 

likely that myelin plasticity is modified according to several signaling cascades and extracellular 

compounds, possibly affected by chronic stress, explaining the lack of correlation between the OLs 

and myelin.  

4.5. Strengths and limitations  

Several strengths of this study can be acknowledged. Firstly, the CSDS mouse model induces anxiety-

like behavior, which can be restored with chronic antidepressant treatment (Tsankova et al., 2006), 

similarly with human anxiety (Williams et al., 2017). Secondly, this study was the first to investigate 

changes in OLs and myelin, dividing the defeated mice into stress-resilient and stress-susceptible. 

Combining the resilient and susceptible into one group (stress-exposed) might produce different 

results than handling them separately in the analysis. Thirdly, I was blind to the phenotype and strain 

of the animal during analysis, decreasing biased outcome. The statistical analyses were made with 

multiple corrections with Bonferroni post-hoc test, which reduces the risk of false positive results.  

The most notable limitation in this study was the small number of animals per group, reducing the 

statistical power and thus increasing the risk of acquiring false negative results, especially in the vHP 

dataset. Therefore, the vHP data should be addressed with caution. Some of the phenotypes are 

rarely acquired after CSDS. D2 mice, for instance, are very sensitive to the stress and mostly score 

as susceptible. The proportion of D2 resilient mice was notably lower (mean: 3.4 animals per group) 

compared to D2 susceptible (mean: 6.2 animals per group). In addition, the free-floating sections of 

vHP were fragile and difficult to cut and mount. The variation being relatively large between the 

individuals, a higher number of mice would have been required for a reliable analysis and 
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conclusions. The effect size of biologically significant effects might be so small that it is not observed 

in the statistical analysis unless sample size is large. Therefore, larger number of animals would have 

been required to obtain possible significant results.  

Both anti-CNPase and BlackGold II are validated markers for the late stage immature and mature 

OLs and myelin, respectively (Braun et al., 1988; Schmued et al., 2008). There are some limitations 

regarding the use of anti-CNPase; the manual cell count of OLs using cell morphology as a marker 

may increase the random variation as it is based on only one person’s assessment of whether the 

dot on the screen is perceived as a cell. Automatic cell counting would have been troublesome to 

develop due to the morphology, as the anti-CNPase binds to both OLs and myelin. The BNST and 

vHP images of OLs were analyzed by two people showing a significant positive correlation between 

the counts (from 0.70 to 0.83), but this data was not used in the study. BlackGold II, on the other 

hand, binds to the myelin and clearly indicates its presence and, therefore, building a standardized 

macro to analyze the size of the myelinated area was a suitable option for deducting the bias of 

manual counting. 

4.6. Future perspectives and conclusions 

The stress response is thought to prepare for potentially threatening situations, not to purposely 

induce unpleasant emotions. Prolonged stress, however, is hazardous to health as it may induce 

long-lasting plastic changes in the brain and alter neuronal and molecular function (reviewed in 

McEwen and Gianaros, 2011). Epigenetic remodeling has been observed specifically in OLs after 

child abuse (Lutz et al., 2017), which may reflect the transcriptional changes in OLs and their 

precursor cell-specific genes. The differential expression of these genes has been observed in the 

mouse brain after chronic stress (Laine et al., 2018; Liu et al., 2017; Lutz et al., 2017). 

To date, studies have mostly concentrated on observing myelination in all axons within a brain 

region. However, it is likely that not every OL contributes to myelination at the same level, as not all 

the axons are involved in the stress and anxiety circuit and activated or repressed during stress. In 

fact, two recently published studies this year showed for the first time tract-type specific 

myelination as a consequence of neuronal activity (Mitew et al., 2018; Stedehouder et al., 2018). In 

addition, to reveal whether certain types of OLs from the heterogeneous population are responding 

to stress differently, single-cell sequencing could be applied to characterize the cell type and the 

transcription of myelin-associated genes.  
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The vast majority of all the biological outcomes are results from liaison of multiple cellular 

mechanisms and molecular pathways. Revealing the complex network requires significant 

investigation, collaboration and expertise in several fields. However, as research methods have been 

developed during the past decades, we are now able to study the brain on highly detailed levels. 

Immuno-electron microscopy, for instance, could offer cell-type specific information about 

myelination: marking the axon-types and measuring the myelin thickness of each of the cell types 

separately could reveal possible cell type-specific changes in myelination. Combining 

electrophysiology with optogenetics would allow the manipulation of selected pathways, recording 

the electrical response and measuring the behavioral outcome. Continuous imaging during the 

stress period potentially enables us to comprehend more about myelin plasticity during stress. 

Inducing region-specific hypo- and hypermyelination and measuring the social interaction 

afterwards would allow us to compare the impact of the CSDS-induced and normally occurring 

myelin alterations on behavior. In addition, it would be highly interesting to apply other types of 

stress models (e.g. CVS) to see whether we would obtain different results than those described in 

this study. That is, whether heterotypic stress induces similar changes or whether this is specific 

only for psychosocial stress. With the available methods and a broad, functional network to 

communicate with the scientific community, we can be optimistic about the future of investigating 

psychiatric disorders and revealing the novel underlying pathways and networks.  

To conclude the main points of this study, I demonstrated a brain region- and strain-specific effect 

of chronic stress, impacting selectively the number of OLs in the BNST of B6 resilient mice while 

other regions remained invariable. The size of the myelinated area did not differ between the 

groups. The lack of correlation between the number of OLs and the amount of myelin supports the 

hypothesis of controlled dynamic myelination in the brain. This study offers good foundation for 

future research by describing the OL-related alterations particularly in the BNST but also by 

addressing the limitations important to consider before beginning any follow-up studies. As white 

matter vulnerability is currently acknowledged in stress, concentrating the investigation on the 

highly detailed level aiming to characterize the genes, activated pathways and the possible neuron 

subtype-specificity is desirable. 
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 Appendix 1. ImageJ macro for measuring BlackGold II stained myelinated 

area 
 

# Loop for handling all the images as one batch # 

dir1 = getDirectory("Input directory");    

print(dir1);                                                                 

dir2 = dir1 + "/Results/";                                                   

File.makeDirectory(dir2);                                               

print(dir2);                                                             

/* dir = getDirectory("Output directory"); */                          

Dialog.create("Please enter the parameters");  

Dialog.addString("File suffix: ", ".tif", 5);  

Dialog.show();        

suffix = Dialog.getString();   

processFolder(dir1);     

function processFolder(dir1) {    

list = getFileList(dir1);    

 for (i = 0; i < list.length; i++) {   

 if(File.isDirectory(list[i]))  

            processFolder("" + dir1 + list[i]); 

        if(endsWith(list[i], suffix)) 

            processFile(dir1, dir2, list[i]); 

    } 

} 

function processFile(dir1, dir2, file) {   

 open(dir1 + file);   

filename = getTitle(); 

dotindex = indexOf(filename,".");    

imgName = substring(filename, 0 , dotindex);   

selectWindow(filename);    

rename(imgName);     

print(imgName);        
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# The commands for the image processing begins here # 

 

run("Set Scale...", "distance=1.218 known=1 pixel=1 unit=µm 

global"); 

setMinAndMax(55, 230);  

# The values above adjust bright and contrast for the low 

background images. The corresponding value for the high background 

images was (85, 155)# 

run("Apply LUT"); 

run("Colour Deconvolution", "vectors=[User values] show 

[r1]=0.5277266 [g1]=0.6626319 [b1]=0.53143543 [r2]=-0.59310395 

[g2]=-0.56285924 [b3]=-0.5756885 [r3]=0.22058058 [g3]=0.8886915 

[b3]=0.40195975"); 

selectWindow(imgName +" (Colour[3])");    

close(); 

selectWindow(imgName +" (Colour[2])");    

close(); 

# The vectors for the BlackGold II resembling color that was 

selected for further processing # 

selectWindow(imgName +" (Colour[1])");  

title = getTitle(); 

# Save intermediate images as .tif file # 

saveAs("TIFF", dir2 + title); 

setAutoThreshold("Default"); 

//run("Threshold..."); 

# Background subtract # 

setThreshold(0, 240);  

setOption("BlackBackground", false); 

# This turned the image in black and white, containing all stained 

area # 

run("Convert to Mask"); 

# To decrease the noise in each image, I discarded all the little, 

circular particles # 

run("Analyze Particles...", "size=0-Infinity circularity=0.00-0.35 
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show=Masks add"); 

roiManager("Show All with labels"); 

roiManager("Show All"); 

selectWindow("Mask of " + title + ".tif");   

title = getTitle(); 

saveAs("TIFF", dir2 + title);   

setAutoThreshold("Default"); 

//run("Threshold..."); 

setThreshold(100, 255); 

setOption("BlackBackground", false); 

run("Convert to Mask"); 

# Set the measurements to calculate the BlackGold II stained area. 

# 

run("Set Measurements...", "area limit display redirect=None 

decimal=3"); 

run("Measure"); selectWindow("Colour Deconvolution"); 

close(); 

selectWindow(imgName); 

close(); 

selectWindow(title); 

close(); 

} 
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Abstract 49 

Anxiety disorders often manifest in genetically susceptible individuals after psychosocial stress, but the 50 

mechanisms underlying these gene-environment interactions are largely unknown. We used the chronic 51 

social defeat stress (CSDS) mouse model to study resilience and susceptibility to chronic psychosocial stress. 52 

We identified a strong genetic background effect in CSDS-induced social avoidance using four inbred mouse 53 

strains: 69% of C57BL/6NCrl (B6), 23% of BALB/cAnNCrl, 19% of 129S2/SvPasCrl, and 5% of 54 

DBA/2NCrl (D2) mice were stress-resilient. Furthermore, different inbred mouse strains responded 55 

differently to stress, suggesting they use distinct coping strategies. To identify biological pathways affected 56 

by CSDS, we used RNA-seq of three brain regions of two strains, B6 and D2: medial prefrontal cortex 57 

(mPFC), ventral hippocampus (vHPC), and bed nucleus of the stria terminalis. We discovered over-58 

representation of oligodendrocyte-related genes in the differentially expressed gene population. Because 59 

oligodendrocytes myelinate axons, we measured myelin thickness and found significant region and strain-60 

specific differences. For example, in resilient D2 mice mPFC axons had thinner myelin than controls, 61 

whereas susceptible B6 mice had thinner myelin than controls in the vHPC. Neither myelin-related gene 62 

expression in several other regions, nor corpus callosum thickness, differed between stressed and control 63 

animals. Our unbiased gene expression experiment suggests that myelin plasticity is a substantial response to 64 

chronic psychosocial stress, varies across brain regions, and is genetically controlled. Identification of 65 

genetic regulators of the myelin response will provide mechanistic insight into the molecular basis of stress-66 

related diseases, such as anxiety disorders, a critical step in developing targeted therapy. 67 

Significance Statement 68 

Chronic psychosocial stress is a well-established risk factor for anxiety disorders, but the development of 69 

targets for therapeutic intervention is limited by ignorance of the underlying molecular and cellular 70 

mechanisms. We used inbred genetically defined mice to identify neurobiological pathways that underlie 71 

stress-induced social avoidance, a type of anxiety. We found genetically controlled differences in myelin-72 

related gene expression in stress-exposed mice, with concurrent differences in myelin thickness, suggesting 73 

that myelin plasticity is a major stress response of the brain. The adaptive response to stress may increase or 74 

decrease myelin thickness, depending on the demands of the specific circuit. Our findings provide a 75 

foundation for the identification of specific genetic regulators of chronic stress-induced myelin plasticity.  76 
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Introduction 77 

Anxiety disorders, including panic disorder, social anxiety disorder, specific phobias, and generalized 78 

anxiety disorder, are the most common mental disorders with a prevalence of 14 % (Wittchen et al., 2011). 79 

Human genetic studies of anxiety disorders have confirmed a modest heritability and considerable 80 

environmental component (Hettema et al., 2001). However, identification of replicated risk variants is 81 

challenging due to genetic heterogeneity, environmental factors that cannot be well-controlled in human 82 

settings, and poor availability of large patient cohorts with accurate phenotypes (Hovatta and Barlow, 2008; 83 

Smoller, 2016). Consequently, many investigators have resorted to animal models, which allow controlled 84 

experiments on both genetic and environmental risk factors, to reveal the biological mechanisms underlying 85 

these diseases.  86 

Chronic psychosocial stress is a well-established risk factor for anxiety disorders (Kemeny and Schedlowski, 87 

2007; Moffitt et al., 2007; Donner et al., 2012). It can be modeled in mice by the chronic social defeat stress 88 

(CSDS) paradigm, that has etiological, predictive, and face validity for affective and anxiety disorders [see 89 

Hammels et al. (2015)]. It leads to social avoidance and long-term plastic changes in the brain 90 

(Avgustinovich et al., 2005; Krishnan et al., 2007). However, only a portion of mice exhibit social avoidance 91 

after CSDS, and thus the defeated animals can be divided into stress-susceptible and resilient. Comparison of 92 

these groups allows investigation of the mechanistic basis of stress-induced social avoidance and anxiety-93 

like behavior and resilience to it. Understanding the underlying risk factors and promotion of the resilience 94 

factors in susceptible individuals should facilitate development of secondary prevention methods of anxiety 95 

disorders after traumatic events, and selective pharmacological treatment of anxiety (Howlett and Stein, 96 

2016). 97 

Most insight into the molecular mechanisms of CSDS comes from the C57BL/6 mouse strain, in which 98 

specific genetic, epigenetic, and neurophysiological mechanisms underlie stress susceptibility and resilience 99 

[see (Han and Nestler, 2017)]. Because genetic background strongly modulates mouse behavior (Threadgill 100 

et al., 1995; Hovatta et al., 2005; Sittig et al., 2016), hypotheses of any mechanisms should be tested across 101 

different mouse strains. Such studies are also critical for translating the results to genetically heterogeneous 102 

humans. CSDS has different behavioral and physiological consequences in C57BL/6J and BALB/c strains 103 
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(Razzoli et al., 2011a; Razzoli et al., 2011b; Savignac et al., 2011), reflecting underlying genetic, and by 104 

extension, gene expression differences between the strains. Therefore, comprehensive unbiased 105 

transcriptomic approaches applied to mouse strains with different responses to CSDS should reveal gene-106 

environment interactions that explain why some individuals are more susceptible to stress-induced 107 

maladaptive behaviors than others.  108 

To examine how genetic background affects the behavioral response to chronic stress, we performed 109 

behavioral testing in four inbred mouse strains after CSDS. We selected C57BL/6NCrl (B6) and 110 

BALB/cAnNCrl (BALB) strains, which differ in behavioral and metabolic responses to CSDS (Razzoli et 111 

al., 2011a; Razzoli et al., 2011b; Savignac et al., 2011), and DBA/2NCrl (D2) and 129S2/SvPasCrl (129) as 112 

they are sensitive to stress-induced anxiety- and depression-like behavior in general (Ducottet and Belzung, 113 

2005; Millstein and Holmes, 2007). To identify the major underlying biological pathways, we performed 114 

unbiased transcriptomic analysis in the B6 and D2 strains that showed the largest differences in susceptibility 115 

to stress. We studied three brain regions, the medial prefrontal cortex (mPFC), ventral hippocampus (vHPC), 116 

and bed nucleus of the stria terminalis (BNST), which critically regulate anxiety and the stress response 117 

(Garakani et al., 2009; Calhoon and Tye, 2015; Tovote et al., 2015), and are activated by CSDS (Vialou et 118 

al., 2014; Laine et al., 2017). In the follow-up gene expression and histological analyses, we found that 119 

myelination was significantly altered after stress in a strain and brain region-dependent manner. Our results 120 

illustrate that genetic background has a large effect on both the behavioral and brain transcriptomic response 121 

to chronic psychosocial stress. Moreover, we demonstrate that the pattern of stress-induced myelination 122 

changes is dependent on the genetic background and varies across brain regions.  123 

Methods 124 

Animals  125 

We ordered 5-week-old male mice from four inbred strains [DBA/2NCrl (D2), 129S2/SvPasCrl (129), 126 

BALB/cAnNCrl (BALB), and C57BL/6NCrl (B6); Charles River Laboratories, Sulzfeld, Germany] for all 127 

CSDS experiments and let them acclimatize for 10 days prior to CSDS, housed in groups in a temperature 128 

(22 ±2 °C) and humidity (50 ±15 %) controlled facility on a 12h light/dark cycle (lights on 0600 – 1800). 129 
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From the end of CSDS to the time of dissection, all mice were single-housed. As aggressors for CSDS, we 130 

used male Clr-CD1 mice (CD1, Charles River Laboratories), aged 13-26 weeks. All mice had ad libitum 131 

access to food and water throughout the experiment, except for the durations of behavioral tests. Aspen chip 132 

bedding (Tapvei Oy, Harjumaa, Estonia) in the cages was changed weekly (except for the duration of the 133 

CSDS) and standard environmental enrichment [aspen strips as nesting material (Tapvei Oy), and an aspen 134 

brick (Tapvei Oy)] was provided throughout the experiment. Animal procedures were approved by the 135 

Regional State Administration Agency for Southern Finland (ESAVI-3801-041003-2011 and 136 

ESAVI/2766/04.10.07/2014) and carried out in accordance to directive 2010/63/EU of the European 137 

Parliament and of the Council, and the Finnish Act on the Protection of Animals Used for Science or 138 

Educational Purposes (497/2013).  139 

Behavioral experiments 140 

Chronic social defeat stress (CSDS). We carried out CSDS as previously described (Golden et al., 2011; 141 

Laine et al., 2017). Briefly, aggressor CD1 mice were first checked for appropriate aggression levels during a 142 

3-day screening prior to all social defeat experiments. The selected aggressors had to meet the following 143 

criteria: attack in at least two consecutive sessions, had latency to attack of less than 90 seconds and do not 144 

attack within 1-5 seconds in any of the sessions. For CSDS, each defeated mouse was placed into the cage of 145 

an aggressor mouse for max. 10 min. The mouse was then transferred to another compartment of the cage, 146 

separated from the aggressor by a perforated plexiglass wall, for 24 h. This procedure was repeated for 10 147 

days, and each day the experimental mouse encountered a novel aggressor. Physical contact time was 148 

shortened in the case of severe physical aggression. Control mice were housed in similar cages but with 149 

another control mouse as a cage-mate, and without physical contact, switching cage-mates daily. The day 150 

after the last defeat session, all mice were separated into single-housed cages, and maintained like this until 151 

dissection. The order of testing for all consecutive behavioural tests was randomized. 152 

Social avoidance (SA) test. Twenty-four hours after the last social defeat session, at the start of the dark 153 

phase of the light cycle, we tested both defeated and control mice in the SA test. All animals were brought to 154 

the experiment room at least 30 minutes before the start of the test, and animals performing the test were 155 

separated from experimenters and the remaining animals by a screen. For the first trial (no-target), the mouse 156 
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was placed in the center of an open arena (42 cm x 42 cm) with an empty perforated plexiglass cylinder 157 

located next to one of the walls. The movements of the mouse were tracked using a camera and EthoVision 158 

XT10 software (Noldus Information Technology, Wageningen, Netherlands) for 150 s, after which the 159 

mouse was placed back into the home cage. The arena was cleaned and the plexiglass cylinder was replaced 160 

with another one containing an unfamiliar CD1 social target mouse. The test mouse was then placed back in 161 

the middle of the arena and tracked for 150 seconds (target trial).  The amount of time the mice spent in the 162 

interaction zone (IZ), defined as a semicircle (370 cm2) around the perforated plexiglass cylinder, was 163 

measured and a social interaction ratio (SI) calculated by dividing the IZ time of the social target trial with 164 

the IZ time of the no-target trial, multiplied by 100. Thus, a low SI ratio indicates high social avoidance.  165 

To account for strain differences in baseline social behavior, we assessed the response of defeated mice in 166 

relation to same-strain controls, following the statistical approach previously implemented by Nasca et al. 167 

(2015). We calculated mean SI ratios of control mice from each strain based on several cohorts (n: 129 = 8, 168 

BALB = 40, B6 = 126, D2 = 114). We used log-transformation to normalize the distribution, removed 169 

outliers (> 3 IQRs from the median), and divided the defeated mice to stress-resilient (resembling controls) 170 

and susceptible (showing social avoidance) based on SI ratios, with the border determined as the controls’ 171 

mean score minus 1 SD. SI ratio border values for each strain were: 129 = 62.68, BALB = 81.76, B6 = 172 

76.49, D2 = 105.99. 173 

Body weight was recorded at the beginning of CSDS (day 1) and on every second day throughout the CSDS 174 

(days 2, 4, 6, 8 and 10). The amount of body weight gain was calculated as the difference between the first 175 

and the last measurement. 176 

Open field test (OF). We assessed spontaneous locomotor activity and anxiety-like behavior with an 177 

automatic MedAssociates system (St. Albans, VT, USA) at the start of the light phase of the light cycle. 178 

Individual mouse cages were brought to the experimental room in two groups. After 30 min adaptation to the 179 

experimental room (lit at 100 lx), the mouse was released to the corner of the experimental chamber (27 cm 180 

x 27 cm x 20 cm, transparent walls and white floor virtually divided into a 19 x 19 squares grid) and allowed 181 

to explore freely for 5 min.  182 
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Elevated zero maze (EZM) was performed at the start of the light phase of the light cycle. All animals were 183 

brought to the experiment room at least 30 min before the test, and animals performing the test were 184 

separated from experimenters and the remaining animals by a screen. The apparatus consisted of plastic 185 

annular runway (diameter = 50 cm, width = 5 cm) elevated 40 cm above the floor.  The runway was divided 186 

into 4 sectors: 2 open sectors opposing each other and 2 opposing closed sectors protected by inner and outer 187 

non-transparent walls (height = 15 cm). After 30 min adaptation to the experimental room (dimly lit at 15-20 188 

lx), the mouse was placed in the middle of one of the closed sectors and allowed to explore the maze freely 189 

for 5 min. The mouse was video-tracked with EthoVision XT10.  190 

Forced swim test (FST). All animals were brought to the experiment room at least 30 min before the test, 191 

and animals performing the test were separated from experimenters and the remaining animals by a screen. 192 

After adaptation to the experimental room (150 lx), the mouse was placed in a glass cylinder (diameter = 18 193 

cm, height = 25 cm) filled with water (room temperature) to the height of 15 cm. The immobility time 194 

(passive floating) was detected with EthoVision XT10 system for 6 min with 2 min time bins. Data from the 195 

last 4 min was used.  196 

Gene expression profiling  197 

Dissections. We dissected the mPFC (B6: Con n = 6, Res n = 6, Sus n = 6; D2: Con n = 6, Sus n = 8), BNST 198 

(B6: Con n = 5, Res n = 5, Sus n = 5; D2: Con n = 5, Res n = 3, Sus n = 5), and vHPC (B6: Con n = 6, Res n 199 

= 8, Sus n = 3; D2: Con n = 6, Sus n = 5) 6-8 days after the last CSDS (mice aged 8 weeks, see Fig. 2A; Fig. 200 

2-1). Mice were killed by cervical dislocation between 8 am and 11 am to avoid circadian differences in gene 201 

expression, and the order was counterbalanced across groups (resilient, susceptible, and control mice). 202 

Dissections were performed on a sterile chilled petri dish within 7 min, and tissue was flash-frozen in liquid 203 

N2.  204 

RNA-sequencing (RNA-seq). Total RNA was extracted with TriReagent (Molecular Research Center Inc., 205 

OH, USA) and RNA quality was assessed with a 2100 Bioanalyzer (Agilent Technologies, CA, USA) using 206 

Agilent RNA 600 Nano Chip Kit (Agilent Technologies). rRNA was depleted with Ribo-Zero Gold rRNA 207 

Removal Kit (Illumina Inc, CA, USA; mPFC and vHPC) or custom Insert Dependent Adaptor Cleavage 208 
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(InDA-C) primers (BNST). RNA was fragmented using the S2 ultrasonicator (Covaris Inc., MA, USA) and 209 

sequencing libraries were prepared with Nextera (Illumina; vHPC), ScriptSeq v2 (Epicentre, WI, USA; 210 

mPFC), or Ovation Universal RNA-Seq System (NuGEN, Leek, Netherlands; BNST) RNA-seq library 211 

preparation kits. Libraries were size-selected with Pippin Prep (Sage Science, MA, USA) and sequencing 212 

was conducted on HighSeq 2000 (vHPC , paired-end 91 bp, Illumina) or NextSeq 500 platforms (mPFC and 213 

BNST, single-end 96 bp; Illumina).  214 

The RNA-seq reads were trimmed for adapters with Cutadapt v1.8.3 (vHPC) and FastX toolkit (mPFC, 215 

BNST) and PCR duplicates were removed with PRINSEQ v0.20.4. Reads were aligned using STARv 2.5.0c 216 

(Dobin et al., 2013) with default settings to mouse genome GRCm38, and annotated to gene exons with 217 

HTSeq v0.6.1 (Anders et al., 2015) using GTF release 86 (update 2016-10). 218 

Differential expression (DE) analysis was conducted using limma eBayes (Ritchie et al., 2015; Phipson et 219 

al., 2016) comparing resilient and susceptible mice to same-strain controls within brain regions. RNA-seq 220 

data was filtered to remove low-abundance genes, keeping genes with at least 1 count per million (CPM) in 221 

at least six samples (Anders et al., 2015). Subsequently, the data was normalized with voom (Law et al., 222 

2014), and adjusted for sequencing (vHPC) and library preparation batches (vHPC, mPFC, and BNST) with 223 

ComBat (Johnson et al., 2007). To identify top differential expressed (DE) genes, we calculated -224 

log10(p)*logFC for each gene and ranked them accordingly (Xiao et al., 2014).  225 

Gene expression data is available in Gene Expression Omnibus (GEO; GSE109315).  226 

Rank-Rank Hypergeometric Overlap (RRHO) test (Plaisier et al., 2010). RRHO infers pair-wise 227 

similarity between two DE result lists, where genes are ranked by differential expression (-log10(p)*logFC) 228 

between resilient and control, or between susceptible and control mice, by calculating significance of 229 

overlapping genes at different rank bins (Plaisier et al., 2010). We used step size of 100 genes to bin the 230 

genes and applied the same -log(p) scale to comparisons within brain regions. Significant overlap of genes in 231 

rank groups containing up- and downregulated genes in both lists (lower left corner and upper right corner of 232 

square matrix, respectively; see Fig. 2C-D) shows a shared transcriptome-wide gene expression pattern in 233 

response to CSDS. 234 
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Gene Set Enrichment Analysis (GSEA). We carried out GSEA using the GSEA Preranked module 235 

implemented in GSEA Desktop v3.0 (Mootha et al., 2003; Subramanian et al., 2005) and the curated gene 236 

sets (C2) of the Molecular Signature Database (MSigDB) v6.0 (http://www.broad.mit.edu/gsea/). The pre-237 

ranked GSEA was performed with 1000 permutations. The top five gene sets with the highest positive and 238 

negative normalized enrichment scores (NES) (pFDR < 0.05) within each comparison were selected for further 239 

analysis. From the selected top up- and downregulated gene sets, all present in at least two comparisons and 240 

two brain regions were visualized using Circos software (Krzywinski et al., 2009). The overlap between the 241 

top enriched gene sets, presented on the Circos plot, was further investigated with the hypergeometric test 242 

implemented in the MSigDB v6.0. 243 

Gene Ontology (GO) term enrichment. We analyzed GO term enrichment separately for top 300 up- and 244 

300 downregulated differentially expressed genes from each comparison with topGO (Alexa et al., 2006), 245 

using the weight01 model to account for GO term dependencies. In RNA-seq, long transcripts yield more 246 

read counts and are more easily passed through low-abundance filtering than short genes with the same 247 

expression level, and genes with high number of counts have greater statistical power being detected as DE 248 

than genes with low number of counts. To minimize these selection biases (Young et al., 2010), we matched 249 

the background genes, i.e. the gene universe used to compare the top DE genes with, with the top DE genes 250 

using R package genefilter (Gentleman et al., 2017), resulting in 6882 (+/- 290 SEM) background genes. 251 

Visualizing OPC and OLG marker genes. We manually curated a list of OPC and OLG-specific marker 252 

genes, based on prior publications (Zhang et al., 2014; Marques et al., 2016). Figures were constructed based 253 

on previously published scripts (Haarman et al., 2014). 254 

q-RT-PCR was applied to validate five myelin-related genes from RNA-seq. We used published primers to 255 

amplify Mobp and Plp1 (Liu et al., 2012) and designed primer pairs (5’-3’ forward, reverse) using NCBI 256 

primer designing tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) for Opalin 257 

(ACTGCCATCGAATACGACATC, CCTCTACGGGCTCATCATCG), Ermn 258 

(AACCAGGCAGGAGACAACTG, GATGGCCTGGTGAACAACGA), and Mbp 259 

(ACACACGAGAACTACCCATTATGG, AGAAATGGACTACTGGGTTTTCATCT). RNA samples of 260 



Laine, Trontti, Misiewicz, Sokolowska et al.  Article 

10 
 

mPFC and BNST were the same as used in RNA-seq, and for vHPC samples overlapped by 37.5 % (12/32 261 

samples). 250 ng of DNase I (Thermo Scientific, MA, USA)-treated total RNA was converted to cDNA with 262 

iScript select cDNA synthesis kit (Bio-Rad Laboratories, Munich, Germany) and amplified with 250 nM of 263 

primers in CFX384 Real-Time PCR cycler using IQ SYBR Green supermix (Bio-Rad Laboratories). 264 

Expression levels were normalized to Ppib (GGAGATGGCACAGGAGGAAA, 265 

CCCGTAGTGCTTCAGCTTGAA). Each reaction was run in triplicate and relative expression level was 266 

calculated using a standard curve (7.15, 10.0, 5.0, 2.0, 1.0, 0.5 and 0.25 ng of cDNA) present on each assay 267 

plate with CFX Manager (Bio-Rad Laboratories). Statistical analysis (Pearson’s r) was carried out with 268 

GraphPad Prism v7.02 (GraphPad Software Inc., CA, USA). 269 

Immunohistochemistry 270 

Mice were anaesthetized 6-8 days after CSDS with a lethal dose of pentobarbital (Mebunat Vet 60 mg/ml, 271 

Orion Pharma, Espoo, Finland) and transcardially perfused with 4 % paraformaldehyde (PFA) in phosphate 272 

buffered saline (PBS). After post-fixation in 4 % PFA overnight (+4 °C), the brains were cut into 20 μm 273 

coronal sections using a Leica VT-1200S vibratome (Leica Biosystems, Nussloch, Germany) and stored at -274 

20 °C free-floating in cryoprotectant. Sections were washed 3 x in PBS and mounted on Superfrost Ultra 275 

Plus (ThermoFisher Scientific, MA, USA)  slides. We performed antigen retrieval by submerging the slides 276 

in 0.01 M citrate buffer, heated to a boil for 20 min. Slides were blocked in 2.5 % BSA in 0.5 % PBST + 7.5 277 

% normal goat serum, followed by primary antibody incubation with mouse anti-CNPase (1:250, Merck Life 278 

Science, Darmstadt, Germany, #MAB326R) overnight at +4 °C. Slides were washed in PBS before goat anti-279 

mouse AlexaFluor 488 secondary antibody incubation (1:400, ThermoFisher Scientific, #A-11029) for 2 h at 280 

RT. After washing in PBS we coverslipped the slides with Vectashield + DAPI mounting medium (Vector 281 

Laboratories, CA, USA, #H-1200). We acquired images with ZEISS Apotome.2 system (Zeiss, Oberkochen, 282 

Germany) and analyzed them with ImageJ software (National Institutes of Health, MD, USA). We measured 283 

corpus callosum thickness on both sides of the midline from each section (2-6 sections per animal, distance 284 

from Bregma between 0.22 and -0.10) using ImageJ, and calculated their mean. 285 
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Transmission electron microscopy (TEM) 286 

Mice were anaesthetized 6-8 days after CSDS with a lethal dose of pentobarbital (Mebunat Vet). We 287 

transcardially perfused the mice with PBS followed by fixation with 100 ml 2 % glutaraldehyde (GA) / 2 % 288 

PFA in 0.1 M sodium cacodylate (NaCac) buffer (glutaraldehyde, paraformaldehyde, and NaCac: Sigma 289 

Aldrich, MO, USA), heated to +37 °C. The brains were postfixed in the same fixative for 2-4 h and 290 

immersed in 0.1 M NaCac buffer for 2-24 h, both at +4 °C. We cut them into 200 μm sagittal slices with a 291 

Leica VT-1200S vibratome (Leica Biosystems) in 0.1 M phosphate buffer. Regions of the mPFC, BNST and 292 

vHPC were cut manually by using anatomical landmarks (see Fig. 5-1).  293 

We postfixed the sections in osmium tetroxide [1 %, +1.5 % K4[Fe(CN)6] in 0.1 M NaCac] for 2 h at +4 °C, 294 

stained en-bloc with uranyl acetate for 1 h at +4 °C, dehydrated with EtOH and acetone, and embedded them 295 

into hard Epon. 60-70 nm sections were cut with an ultramicrotome and placed on copper grids for 296 

microscopy and stained with lead citrate. We imaged the ultrathin sections using a Jem-1400 transmission 297 

electron microscope (Jeol, Tokyo, Japan) and randomly selected and imaged myelinated axons at x5000 298 

magnification.  299 

We measured myelin thickness, axon diameter and g ratio using ImageJ. We calculated the diameter by 300 

measuring the area of the whole fiber and the area of the axon (inside the compacted myelin sheath). The 301 

diameters of geometric circles with the same areas were calculated for both parameters. We calculated the g 302 

ratio by dividing the diameter of the axon with the diameter of the whole fiber. Myelin thickness was 303 

measured at three fully compacted positions and their average calculated.  304 

Statistical analysis 305 

Statistical analyses were conducted with SPSS Statistics 24 (IBM) or GraphPad Prism 7.02 (GraphPad 306 

Software Inc.). Planned post hoc comparisons (control vs. resilient, control vs. susceptible and resilient vs. 307 

susceptible) were conducted by Fisher’s LSD. For these tests we report nominal p-values, evaluated for 308 

significance against an α-level adjusted for multiple corrections with test-wise Bonferroni correction (see 309 

Table 1). Only p-values which survive this correction are shown.   310 
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Group differences in TEM data were assessed using generalized estimating equations (GEE) to control for 311 

within-subject dependencies of individual axons measured from the same animal (ranges for each region: 312 

mPFC = 93-104, BNST = 31-69, and vHPC = 54–62 axons per animal). We selected this approach due to the 313 

low number of animals per group, which could not be reliably analyzed by ANOVA. GEE has been 314 

proposed as a suitable approach for analyzing data with non-independent features (Hanley et al., 2003), such 315 

as axons measured from the same individual. Pairwise contrasts were computed for comparing groups with 316 

Fisher’s LSD and significance determined against the Bonferroni corrected α-level as above.  317 

Data analysis of RNA-seq data was performed as described above. Multiple testing correction was done by 318 

the Benjamini-Hochberg method (Benjamini and Hochberg, 1995).  319 

Results 320 

Genetic background influences behavioral response to CSDS 321 

To determine whether genetic background affects the behavioral response to psychosocial stress, we carried 322 

out 10-day CSDS in mice from four inbred strains, D2, 129, BALB and B6 (Fig. 1A). Twenty-four hours 323 

after the last defeat session we carried out the social avoidance (SA) test to assess their social avoidance 324 

phenotype. To account for the strain differences in baseline social behavior during SA test, we evaluated the 325 

response of defeated mice in relation to same-strain controls. We divided the defeated mice into stress-326 

susceptible and resilient groups, considering mice with SI ratios within one standard deviation, or above, of 327 

the same-strain control mean as resilient (i.e. resembling the control mice), and those with the SI ratio below 328 

one standard deviation from the mean as susceptible. We observed a significant difference in the distribution 329 

of susceptible and resilient mice between the strains (χ2 = 63.401, p = 1.102*10-13), with the B6 defeated 330 

mice being mostly resilient and the 129, BALB, and D2 mice mostly susceptible to stress (Fig. 1B). During 331 

the social target trial of the SA test, susceptible mice from all strains spent significantly less time in the 332 

interaction zone (Fig. 1C) and more time in the corners of the arena (Fig. 1D) than during the no-target trial.  333 

We next determined how CSDS influences other behaviors. To assess locomotor behavior, we measured the 334 

distance moved during the no-target trial of the SA test (Fig. 1E) and the OF test (Fig. 1F). B6 and D2 335 
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defeated mice moved significantly less than control mice during both tests. We did not observe differences in 336 

distance travelled between defeated and control 129 or BALB mice. For the B6 strain we also performed the 337 

EZM and FST to assess anxiety-like and despair behavior, respectively. Susceptible mice showed increased 338 

anxiety-like, but not despair behavior, compared to controls (Fig. 1G-H). To study metabolic effects of 339 

CSDS, we measured body weight before and after CSDS (Fig. 1I). All B6 mice gained weight (mixed 340 

ANOVA post hoc comparison before vs. after CSDS: controls p = 9.98*10-28, resilient p = 2.21*10-26 and 341 

susceptible p = 6.23*10-20). BALB and 129 controls gained weight (p = 4.90*10-5 and p = 0.012, 342 

respectively), while the weight of the defeated mice of these strains did not change during CSDS. Both D2 343 

resilient and susceptible mice lost weight (p = 0.004 and p = 2.53*10-6, respectively). 344 

Oligodendrocyte-related genes are differentially expressed in response to stress  345 

To establish which biological pathways were affected by chronic stress, we carried out RNA-seq one week 346 

after CSDS in mPFC, vHPC, and BNST (Fig. 2A). We selected the B6 and D2 strains for this analysis as 347 

they represented the phenotypic extremes in the proportions of susceptible and resilient mice. We were not 348 

able to analyze gene expression levels of resilient D2 mice for mPFC and vHPC due to low number of 349 

animals in this group. We always compared the stress-susceptible or resilient mice to the same-strain 350 

controls. We first determined the overlap of the top 300 up- and downregulated genes between the strains in 351 

each brain region (Fig. 2B, Fig. 2-2), followed up by the RRHO analysis, which shows the overall similarity 352 

and direction of differential expression of all genes (Fig. 2C-D, Fig. 2-3A-B). In the mPFC, only 26 (2.2 %) 353 

of the top differentially expressed genes between the susceptible vs. control mice were shared between the 354 

B6 and D2 strains, and the RRHO analysis confirmed the highly divergent stress response of the two strains. 355 

In the BNST, the transcriptomic response of the two strains was marginally more similar as resilient B6 and 356 

D2 mice shared 67 (5.9 %), and susceptible B6 and D2 mice shared 101 (9.2 %) of the top genes. We 357 

detected the greatest overlap of the gene expression response between the strains in the vHPC, where B6 and 358 

D2 susceptible mice shared 390 (48.1 %) of the top genes. Unlike in the mPFC or BNST, the stress effect 359 

was stronger than the strain effect in the vHPC. However, in the vHPC, several genes were downregulated 360 

both in the B6 susceptible and resilient mice.  361 
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To ask which biological pathways were affected by CSDS, we carried out Gene set enrichment and Gene 362 

Ontology term enrichment analyses. GSEA showed significant enrichment of several gene sets (Fig. 2-4), of 363 

which ageing and oligodendrocyte (OLG)-related sets were enriched in nearly all comparisons in all brain 364 

regions and both strains (Fig. 2E, Fig. 2-3C). Although functionally diverse, the genes included in the aging-365 

related gene sets were significantly overrepresented in the “Lein OLG Markers” gene set (pFDR = 1.2*10-16). 366 

In accordance with GSEA, the most enriched GO terms were related to myelination and OLG development, 367 

in particular among the downregulated genes of B6 susceptible mice in the mPFC (Fig. 2-5). These 368 

combined results from both enrichment analyses prompted us to further investigate OLG-related genes. 369 

Mature OLGs develop from OLG progenitor cells (OPCs) which persist even in the adult brain as committed 370 

precursors. We asked whether either OPC or OLG cell populations dominantly contributed to the observed 371 

differential expression. The transcriptomic signature associated with CSDS was stronger in the mature OLG 372 

markers (Fig. 2G) than in the OPC markers (Fig. 2F). To validate the RNA-seq findings, we analyzed 373 

Opalin, Ermn, Mobp, Plp1, and Mbp gene expression levels with q-RT-PCR in mPFC, BNST, and vHPC, 374 

and found high correlation with RNA-seq and q-RT-PCR measurements of these myelination-related genes 375 

(mean r = 0.82; Fig. 3). 376 

Myelin-related variation after stress is not observed globally in the brain 377 

To test whether differences in myelin-related gene expression were observed across the brain, we measured 378 

expression levels of Opalin, Ermn, Mobp, Plp1 and Mbp in the whole cortex (lacking the mPFC), 379 

hypothalamus and dorsal hippocampus (dHPC) by q-RT-PCR. Using mixed ANOVA we determined that 380 

there was no significant main effect by the group (control, resilient or susceptible) on myelin-related gene 381 

expression in any of the brain regions of either strain. While Opalin expression was lower in D2 susceptible 382 

mice compared to controls in the hypothalamus as determined by post hoc comparison (p = 0.006), the 383 

expression levels of the other genes did not differ between the stressed and control mice in any region (Fig. 384 

4A-F). We also measured the thickness of the corpus callosum in brain sections stained with a myelin-385 

binding antibody (anti-CNPase) (Fig. 4G). We observed no differences in stress-susceptible or resilient mice 386 

compared to controls (Fig. 4H-I). 387 
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Myelin thickness and g ratio differ in brain region and genetic background-dependent 388 

manner 389 

To determine if CSDS affects myelination, we carried out transmission electron microscopy (TEM) of 390 

myelinated axons in mPFC, BNST, and vHPC. In addition to analyzing axons of different diameters within 391 

each brain region and stress group together (Fig. 5-2), we divided the axons to three size groups given that 392 

different types of neuronal projections may differ in axon diameter (Fig. 5, Fig. 5-3). We discovered several 393 

brain region- and strain-specific differences between stress groups in g ratio, i.e. the ratio of the inner axonal 394 

diameter to the total outer diameter, myelin thickness, and axon diameter. Overall, D2 resilient mice had 395 

higher g ratio and thinner myelin in the mPFC compared to susceptible mice. B6 susceptible mice had 396 

thinner myelin in the vHPC compared to controls and thicker myelin in the BNST compared to resilient mice 397 

(Fig. 5-2). In addition to these general findings, we found significant differences between stress susceptible 398 

or resilient mice compared to controls in axons of certain diameter (Fig. 5). We also observed modestly but 399 

significantly smaller axon diameter (without the myelin sheath) in the mPFC of D2 susceptible mice (Fig. 5-400 

2).  401 

Discussion 402 

We established that the behavioral and brain transcriptomic responses to chronic psychosocial stress are 403 

genetically controlled. We discovered that BALB, 129, and D2 mice were more susceptible to chronic stress 404 

than B6 mice. We demonstrated, by unbiased RNA-seq, that differential expression of myelination-related 405 

genes was among the most significantly affected biological pathways by CSDS in the mPFC, vHPC, and 406 

BNST. Consistently, we observed significant brain region and strain-dependent differences in myelin 407 

thickness after stress. Neither myelin gene expression in other cortical regions or the dHPC, nor corpus 408 

callosum thickness, differed between stressed and control mice, suggesting no overall white matter changes 409 

due to CSDS.  410 

We first established the CSDS paradigm in four inbred mouse strains and demonstrated that genetic factors 411 

control their adaptive behavior to stress. Consistently with prior findings (Razzoli et al., 2011a; Savignac et 412 

al., 2011), BALB mice were more sensitive to CSDS-induced social avoidance than B6 mice. Additionally, 413 
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innately anxious D2 and 129 mice were also highly susceptible to CSDS, suggesting that anxious strains may 414 

in general be stress-sensitive. CSDS did not affect locomotor activity of 129 or BALB mice, but both 415 

resilient and susceptible mice failed to gain weight during the defeat period. By contrast, the defeated D2 416 

mice had lower locomotor activity than controls, and they lost weight during defeat. Differently to the other 417 

strains, the defeated B6 mice had lower locomotor activity compared to controls but they gained weight 418 

during defeat, similarly to controls. We also investigated other behaviors in this strain, and found that the 419 

stress-susceptible mice had increased anxiety-like behavior, but no difference in despair behavior, as in 420 

previous studies (Krishnan et al., 2007; Razzoli et al., 2011a). We acknowledge that due to limitations of our 421 

animal facility, all mice were brought into the experimental room together before behavioral testing, where 422 

they stayed behind a screen during the testing of other animals, possibly introducing confounding factors. 423 

Overall, our results suggest that the studied strains use different coping strategies to stress, and that such 424 

behavior has a strong genetic basis.  425 

In addition to different behavioral responses to CSDS, we observed large differences in the brain 426 

transcriptomic response to stress between B6 and D2 strains. mPFC and BNST expression patterns were 427 

more similar within strains, between the resilient and susceptible mice, than between susceptible or resilient 428 

mice of different strains. However, in vHPC, the transcriptomic response of B6 and D2 susceptible mice was 429 

highly similar. This result may reflect the different organization and roles of these three brain regions in 430 

processing stress-related signals. It may be that the vHPC relays primary information regarding stress, while 431 

the BNST and mPFC may have more interpreting and processing roles, and therefore little genetic variation 432 

is tolerated within the hippocampal stress response. vHPC gene expression is influenced by glucocorticoids 433 

through glucocorticoid receptors, which are strongly expressed in the hippocampus (Ahima and Harlan, 434 

1990; Ahima et al., 1991; Gray et al., 2017). BNST receives projections from several amygdalar nuclei and 435 

mediates anxiety-related information to hypothalamic and brain stem targets (Davis et al., 2010). The mPFC 436 

influences stress-associated social behavior by evaluation of perceived threats, top-down control of goal-437 

directed behavior (Carlen, 2017), and emotion regulation (Etkin et al., 2015). These differences reflected on 438 

the transcriptomic response to stress may contribute to the distinct coping strategies of the strains. 439 
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We found significant enrichment of oligodendrocyte- and aging-related genes within the differentially 440 

expressed genes in both strains and all brain regions. The highly significant overlap between both of these 441 

gene sets suggests similar changes in oligodendrocyte-related gene expression may be associated with both 442 

aging and chronic psychosocial stress. This oligodendrocyte-related signal was derived mostly from genes 443 

expressed in mature OLGs, which are the myelin-producing cells in the central nervous system. Myelin 444 

plasticity, a response of OLGs to neuronal activity (Gautier et al., 2015; Koudelka et al., 2016; Purger et al., 445 

2016; Mitew et al., 2018), is retained in adulthood (Bengtsson et al., 2005; McKenzie et al., 2014). 446 

Downregulation of OLG-related genes was especially pronounced in the vHPC, and also in the mPFC of B6 447 

susceptible mice. On the structural level, vHPC myelin sheaths of B6 susceptible mice were thinner than in 448 

control mice, concurring with the downregulation of myelin-related genes. Interestingly, in the BNST, B6 449 

susceptible mice had thicker myelin sheaths and smaller g ratio compared to both resilient and control mice, 450 

also concurring with the gene expression patterns. D2 susceptible mice had an opposite gene expression 451 

pattern in the BNST, which, however, was not supported by changes in myelin sheath thickness or g ratio. 452 

Opposite gene expression changes in different inbred mouse strains in response to stress have previously 453 

been observed in other models, but the underlying mechanisms are not fully understood (Mozhui et al., 2010; 454 

Malki et al., 2015). In mice, various stressors have diverse effects on myelination, likely reflecting 455 

involvement of distinct neural processes, developmental stage at the time of stress exposure, and duration of 456 

stress. Early life stress affects myelin-related gene expression in the mPFC (Bordner et al., 2011; Makinodan 457 

et al., 2012), and myelination of the amygdala (Ono et al., 2008). In adult mice, social isolation (Liu et al., 458 

2012) and 14-day CSDS in susceptible mice (Lehmann et al., 2017) reduce myelin-related gene expression 459 

and myelination within the frontal cortex. Intermittent social defeat stress leads to reduced MBP-stained 460 

myelin area in the mPFC (Zhang et al., 2016). Corpus callosum myelination is decreased after chronic 461 

restraint stress (Choi et al., 2017). Also chronic variable stress induces temporally variable myelin-related 462 

gene expression changes, and these changes were regionally selective in the mPFC, nucleus accumbens, and 463 

corpus callosum (Liu et al., 2018). Therefore, it is likely that alterations in gene expression and physical 464 

parameters of the myelin sheaths occur dynamically over days and weeks (Montesinos et al., 2015; Almeida 465 

and Lyons, 2017), possibly explaining thicker myelin in B6 resilient mice in the mPFC, without differences 466 

in myelin-related gene expression compared to controls. Overall, our results concur with earlier studies and 467 
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suggest that stress does not simply cause widespread downregulation of myelin-related genes or myelin loss, 468 

but that stress-influenced myelin-plasticity involves specific stress-associated brain circuits. 469 

Our strategy to divide the stressed animals to susceptible and resilient groups allowed identification of 470 

specific patterns of myelination-related differences between these groups. We observed that chronic stress 471 

associates with thicker myelin in the susceptible (in the BNST of B6 mice) and thinner myelin in resilient 472 

mice (D2 mPFC). No prior studies exist, to our knowledge, on resilience-related myelin thinning. Although 473 

DTI measures are only considered proxies for myelination, in humans, baseline fractional anisotropy has 474 

been demonstrated to correlate positively with state anxiety, but following exposure to a traumatic event, 475 

correlation is negative (Sekiguchi et al., 2014). Furthermore, increased fractional anisotropy, suggestive of 476 

enhanced integrity, has been reported in the cingulate gray matter of panic disorder patients (Han et al., 477 

2008). Also, the number of mature OLGs in the ventromedial PFC of depressed subjects with childhood 478 

abuse is increased (Tanti et al., 2017). Our results suggest that these complex patterns are strongly modulated 479 

by genetic factors. 480 

Although myelination studies on human anxiety disorders and chronic stress are scarce, major depression has 481 

been consistently associated with white matter disruptions (Wang et al., 2014). Depressed suicide completers 482 

with childhood abuse have impaired myelin-related gene expression and reduced myelin thickness in the 483 

anterior cingulate cortex (Lutz et al., 2017). Interestingly, this effect was only seen in small caliber axons, 484 

similarly to our finding of mPFC myelin thickness being larger in B6 resilient mice compared to controls. 485 

Axons of different diameter may represent specific types of neurons (Perge et al., 2012) and therefore be 486 

differentially vulnerable to the effects of stress. For example, in the macaque cortex, axons which project 487 

longer distance from the point of origin have larger diameters than those projecting to proximal targets 488 

(Innocenti et al., 2014). Based on the axon diameters measured by TEM, it is not possible to infer the type of 489 

neurons affected in our experiment but this question could be addressed with immuno-electron microscopy.  490 

How may structural changes in myelin affect behavior? Myelin thickness is a key component in determining 491 

axonal conduction speed, thereby influencing circuit function. Myelin deficient rats have altered conduction 492 

time and lower average synchrony levels in the cerebellum (Lang and Rosenbluth, 2003). Mice have 493 
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increased synchronous activity between the vHPC and mPFC in an anxiogenic environment (Adhikari et al., 494 

2010). Furthermore, in primates, increased power and phase synchrony in the theta range has been detected 495 

in the amygdala-prefrontal circuit during aversive conditioning (Taub et al., 2018). Altered synchrony has 496 

also been recorded in human psychiatric disorders (Schulman et al., 2011; Leuchter et al., 2015). Genetic 497 

factors affect synchronous oscillations during sleep in the inbred mouse strains (Franken et al., 1998; Tafti et 498 

al., 2003). The role of brain oscillations in myelination and psychiatric phenotypes are still poorly 499 

understood, but myelin plasticity may be a mechanism that allows regulation of axonal conduction and 500 

spatial connectivity.  501 

Overall, our unbiased brain gene expression analysis suggests that myelin plasticity is among the most 502 

significant responses to chronic psychosocial stress. Our strategy to divide the mice into stress-susceptible 503 

and resilient groups allowed us to demonstrate significant differences in myelination-related gene expression 504 

and myelin thickness between these groups. Furthermore, variable myelin plasticity across brain regions 505 

suggests that chronic stress has localized effects on myelination. Importantly, by using two different inbred 506 

mouse strains we demonstrated that stress-induced myelin plasticity is genetically controlled. Identification 507 

of the genetic regulators of the myelin response will provide mechanistic insight into the molecular basis of 508 

stress-induced anxiety, a critical step in developing targeted therapy for anxiety disorders. 509 
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Table legend 713 

Table 1. Statistical table. Outline of statistical tests and significance levels applied for each experiment. 714 

Figure Data structure Statistical test Statistical significance (α) 

1B Categorical data Χ2 0.05 

1C Normal distribution Mixed ANOVA  0.0167 

1D Normal distribution Mixed ANOVA  0.0167 

1E Normal distribution One-way ANOVA 0.0167 

1F Normal distribution One-way ANOVA (129, 

BALB and B6 strains), 

independent t-test (D2 strain) 

0.0167 

1G Normal distribution One-way ANOVA 0.0167 

1H Normal distribution One-way ANOVA 0.0167 

1I Normal distribution One-way ANOVA (group 

comparisons), mixed 

ANOVA (within-group 

comparison of weight before 

and after CSDS) 

0.0167 
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4A-F Normal distribution Mixed ANOVA 0.003 (B6) 

0.01 (D2) 

4H-I Normal distribution One-way ANOVA 0.0167 

5A-L Normal distribution Generalized estimating 

equations 

0.0167 

 715 

Figure legends 716 

Figure 1. Strong genetic background effect on the behavioral response to CSDS. (A) Timeline of 717 

experiments. Each perpendicular line represents one day. (B) Social interaction ratios of the four strains in 718 

the SA test. Pie charts represent the proportion of resilient and susceptible mice in each mouse strain. 129, 719 

BALB, and D2 strains were highly susceptible to CSDS while B6 strain was the most resilient to CSDS. (C) 720 

Time spent in the interaction zone (IZ) and (D) the corner zones of the SA test during sessions with no social 721 

target (N) and a CD1 mouse as a social target (T). Susceptible mice of all strains spent less time in the IZ 722 

when the target was present compared to when it was not. (E) Distance travelled during the no-target trial of 723 

the SA test. In the B6 strain both susceptible and resilient mice had lower locomotor activity, while in the D2 724 

strain only susceptible mice moved significantly less than controls. n (B-E, I) = 129: Con = 7, Res = 3, Sus = 725 

13; C: Con = 34, Res = 10, Sus = 33; B6: Con = 72, Res = 70, Sus = 32; D2: Con = 39, Res = 2, Sus = 40. 726 

(F) Distance travelled during the 5 min open field test (OF). B6 resilient and D2 susceptible mice travelled 727 

significantly shorter distances than their same-strain control mice. n = 129: Con = 7, Res = 3, Sus = 13; C: 728 

Con = 18, Res = 6, Sus = 19; B6: Con = 20, Res = 19, Sus = 4; D2: Con = 19, Res = 1 (not analyzed), Sus = 729 

22. (G) Time B6 mice spent in the open area of the elevated zero maze (EZM). Susceptible mice spent 730 

significantly less time in the open zones compared to controls. n: Con = 20, Res = 29, Sus = 11. (H) 731 

Immobility time of B6 mice during minutes 2-6 of the forced swim test (FST) did not differ between groups. 732 

n = Con = 28, Res = 32, Sus = 21. (I) Difference in body weight before and after CSDS. B6 defeated mice 733 

gained weight during CSDS similarly to their same-strain controls, BALB susceptible mice gained 734 
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significantly less weight than controls, and both resilient and susceptible D2 mice lost weight. All figures 735 

depict mean ±1 SEM. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, see Figure 1-1 for exact p-values. CSDS: 736 

chronic social defeat stress; SA: social avoidance test; D2: DBA/2NCrl strain; BALB: Balb/cAnNCrl; 129: 737 

129S2/SvPasCrl; B6: C57BL/6NCrl; Con: control; Res: resilient; Sus: susceptible; mPFC: medial prefrontal 738 

cortex; BNST: bed nucleus of the stria terminalis; vHPC: ventral hippocampus. 739 

Figure 2. RNA-sequencing implicates oligodendrocyte-related gene expression changes after CSDS. 740 

(A) Regions dissected for RNA-seq from D2 and B6 mice, see Figure 2-1 for sample and RNA-seq details. 741 

(B) Overlap of 300 top downregulated and 300 top upregulated genes between phenotypes vs. control, 742 

separately for each brain region (see Fig. 2-2 for top 300 differentially expressed genes and Fig. 2-3A-B for 743 

overlap separately for upregulated and downregulated genes). (C) Key to rank-rank hypergeometric overlap 744 

(RRHO) showing a hypothetical heatmap of two identical data sets (“FC sample 1 vs. control” and “FC 745 

sample 2 vs. control”). Following differential gene expression analysis, genes were ranked by their fold 746 

change (FC) and assigned to bins of 100 genes. Overlap of genes was then compared between each ranking 747 

matched bin of “sample 1 vs. control” and “sample 2 vs. control”. Heatmap color represents the significance 748 

of the overlap [-log10(p)] of genes between bins. Thus significant p-values in the bottom-left corner indicate 749 

that the two data sets have shared upregulated genes, significant p-values in the top-right corner indicate 750 

shared downregulated genes, and significant p-values in the middle indicate genes not differentially 751 

expressed or with small fold change. Significant p-values in the top-left or bottom-right corner represent 752 

genes regulated in opposite directions between the two data sets. (D) RRHO shows significant similarity in 753 

the gene expression response to CSDS between resilient and susceptible mice within strains (B6 mPFC and 754 

vHPC, D2 BNST) and between susceptible mice of B6 and D2 strains (vHPC). Scale bar = –log(p) of rank 755 

classes (n = 100), for each brain region separately. (E) Circos plot showing the top five enriched gene sets 756 

overlapping between the brain regions in stress-resilient and susceptible mice compared to controls. Only 757 

normalized enrichment scores (NES) achieving significance (pFDR < 0.05) are shown. A positive (or 758 

negative) NES for a given gene set indicates its overrepresentation at the top (or bottom, respectively) of the 759 

ranked list of upregulated (or downregulated, respectively) genes. See Figures 2-4 and 2-5 for GSEA and GO 760 

analyses, respectively. See Figure 2-3C for expression fold change for genes in the Lein OLG Markers gene 761 
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set. (F-G) Merged heat map showing the expression fold change (logFC) and significance (p) of OPC- (F) 762 

and OLG-specific (G) genes. B6: C57BL/6NCrl strain; D2: DBA/2NCrl strain; Res: resilient; Sus: 763 

susceptible; mPFC: medial prefrontal cortex; BNST: bed nucleus of the stria terminalis; vHPC: ventral 764 

hippocampus; Lu Aging Brain Up: LU_AGING_BRAIN_UP; Lein OLG Markers: 765 

LEIN_OLIGODENDROCYTE_MARKERS; Aging Up: DEMAGALHAES_AGING_UP; KEGG 766 

Ribosome: KEGG_RIBOSOME; Cancer: GINESTIER_BREAST_CANCER_ZNF217_AMPLIFIED_DN; 767 

GSEA: Gene Set Enrichment Analysis; GO: Gene Ontology. 768 

Figure 3. Strong correlation of gene expression levels of selected myelin-related genes determined by 769 

RNA-seq and q-RT-PCR. Box plots show the gene expression levels of five myelin-related genes (Ermn, 770 

Opalin, Mbp, Mobp, and Plp1) measured by RNA-seq (voom normalized number of reads, left y-axis, solid 771 

fill) and q-RT-PCR (right y-axis, striped fill). Pearson correlation coefficient (r) was calculated across the 772 

five (mPFC, vHPC) or six (BNST) group means. Box plots show distribution of values from min to max. 773 

mPFC = medial prefrontal cortex, vHPC = ventral hippocampus, BNST = bed nucleus of the stria terminalis, 774 

B6 = C57BL/6NCrl, D2 = DBA/2NCrl, Con = control, Res = resilient, Sus = susceptible. 775 

Figure 4. No generalized effects on oligodendrocyte-related gene expression or corpus callosum 776 

thickness after CSDS. (A-F) Bar graphs showing the normalized expression levels of myelin-related genes 777 

in the hypothalamus and two brain regions not critically influenced by CSDS [cortex (without mPFC) and 778 

dHPC]. B6 and D2 mice were analyzed 6-8 days following CSDS. Myelin-related gene expression did not 779 

differ between phenotype groups in any of the brain regions of either strain. Only Opalin was expressed at a 780 

lower level in the hypothalamus of D2 susceptible mice compared to controls as shown by post hoc analysis. 781 

Mean ±1 SEM is shown. (G-H) CSDS does not affect corpus callosum thickness in B6 or D2 mice. Myelin 782 

visualized by anti-CNPase staining. Atlas outline modified from Franklin & Paxinos (2008). n = B6: Con = 783 

6, Res = 5, Sus = 4; D2: Con = 6, Res = 3, Sus = 8. Error bars = min - max. D2: DBA/2NCrl strain; B6: 784 

C57BL/6NCrl strain; Con: control; Res: resilient; Sus: susceptible; dHPC: dorsal hippocampus. 785 

Figure 5. Chronic social defeat stress influences g ratio, myelin thickness, and axon diameter as 786 

measured by transmission electron microscopy. (A-F) Scatter plots of g ratio with mean indexed by a 787 
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horizontal line. G ratio was lower in medium sized BNST axons of B6 susceptible mice compared to both 788 

control and resilient mice, and higher in all axon size categories in the mPFC of D2 resilient mice compared 789 

to susceptible mice. (G-L) Bar graphs of mean myelin thickness. Concurrently to g ratio measurements, B6 790 

susceptible mice had thicker myelin on medium sized axons in the BNST compared to resilient or control 791 

mice, and D2 resilient mice had thinner myelin on medium and large axons in the mPFC compared to 792 

susceptible mice. Additionally, myelin was thicker in the small axons of the mPFC in B6 resilient mice 793 

compared to controls, and thinner in the small and large axons of the vHPC in B6 susceptible mice compared 794 

to controls. n = B6: Con = 3, Res = 4, Sus = 3; D2: Con = 6, Res = 3, Sus = 5. Error bars ± 1 SEM. See 795 

Figure 5-1 for schematics of dissected regions, Figure 5-2 for analyses without division of axons into size 796 

categories, and Figure 5-3 for size category division criteria. All nominal p-values surviving Bonferroni 797 

correction are shown. D2: DBA/2NCrl; B6: C57BL/6NCrl; mPFC: medial prefrontal cortex; BNST: bed 798 

nucleus of the stria terminalis; vHPC: ventral hippocampus; TEM: transmission electron microscopy; Con: 799 

control; Res: resilient; Sus: susceptible. 800 

Extended data legends 801 

Figure 1-1. Exact p-values for all behavioral tests. The test used for each parameter depicted in Figure 1C-802 

I are outlined along with results of post hoc contrasts. D2: DBA/2NCrl strain; BALB: Balb/cAnNCrl; 129: 803 

129S2/SvPasCrl; B6: C57BL/6NCrl. 804 

Figure 2-1. Social interaction ratios (SI), division of mice to phenotypic groups, library preparation 805 

and sequencing batches, and the number of analyzed RNA-seq reads. mPFC = medial prefrontal cortex, 806 

vHPC = ventral hippocampus, BNST = bed nucleus of the stria terminalis, B6 = C57BL/6NCrl, D2 = 807 

DBA/2NCrl. 808 

Figure 2-2. Top 300 up and top 300 down-regulated genes as ranked by -log10(p)*|logFC| for each 809 

comparison shown in Figure 2B. mPFC = medial prefrontal cortex, vHPC = ventral hippocampus, BNST = 810 

bed nucleus of stria terminalis, B6 = C57BL/6NCrl, D2 = DBA/2NCrl, res = resilient, sus = susceptible, con 811 

= control. 812 
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Figure 2-3. Overlap of the top differentially expressed and oligodendrocyte-related genes after chronic 813 

social defeat stress. (A-B) Overlap of the top 300 down-regulated (A) and top 300 up-regulated (B) genes 814 

between resilient vs. control and susceptible vs. control mice, separately for each brain region. See Figure 815 

2B. (C). Merged heat map showing the expression fold change (FC) of resilient vs. control and susceptible 816 

vs. control groups. Genes belonging to the LEIN_OLIGODENDROCYTE_MARKERS gene set in the Gene 817 

Set Enrichment Analysis (see Fig 2E) are shown. FCs are shown only for genes with nominal p < 0.05. 818 

Genes which did not pass the cut-off are marked in grey (NA). mPFC = medial prefrontal cortex, vHPC = 819 

ventral hippocampus, BNST = bed nucleus of the stria terminalis, B6 = C57BL/6NCrl, D2 = DBA/2NCrl, 820 

Con = control, Res = resilient, Sus = susceptible. 821 

Figure 2-4. Pathway analysis results from Gene Set Enrichment Analysis (GSEA) for Figure 2E. Only 822 

pFDR < 0.05 are shown in the table. pFDR: a false discovery rate corrected p-value; pFWER: familywise-error 823 

rate. mPFC = medial prefrontal cortex, vHPC = ventral hippocampus, BNST = bed nucleus of the stria 824 

terminalis, B6 = C57BL/6NCrl, D2 = DBA/2NCrl, Res = resilient, Sus = susceptible, Con = control.    825 

Figure 2-5. Significantly (p < 0.05) enriched Gene Ontology (GO) terms within the top 300 up and top 826 

300 down-regulated genes for each comparison, converging with results from GSEA (Fig. 2E). mPFC = 827 

medial prefrontal cortex, vHPC = ventral hippocampus, BNST = bed nucleus of the stria terminalis, B6 = 828 

C57BL/6NCrl, D2 = DBA/2NCrl. res = resilient, sus = susceptible, con = control. BP = biological process, 829 

CC = cellular component, MF = molecular function, GSEA = Gene Set Enrichment Analysis, GO = Gene 830 

Ontology. 831 

Figure 5-1. Regions dissected for transmission electron microscopy. Purple shaded squares outline the 832 

dissected samples from 200 μm sections. Atlas outlines are based on (Franklin and Paxinos, 2008) and the 833 

distance from the midline (sagittal) in millimeters is shown below each image. 834 

Figure 5-2. Effect of chronic social defeat stress on g ratio (A) and myelin thickness (B) when 835 

comparing all axons without division into axon size categories (see Fig 5. for results with division into 836 

small, medium and large axon size categories), and on axon diameter (C). (D) Representative transmission 837 
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electron microscopy images for each group, scale bar = 0.5 μm. Error bars ± 1 SEM. All nominal p-values 838 

surviving Bonferroni correction against α = 0.0167 are shown. 839 

Figure 5-3. Details of axons assessed by transmission electron microscopy (depicted in Fig. 5). 840 

Calculation of axon diameter category boundaries (small, medium, large) in each brain region, and the 841 

number of animals and axons per category and group. mPFC = medial prefrontal cortex, vHPC = ventral 842 

hippocampus, BNST = bed nucleus of the stria terminalis, B6 = C57BL/6NCrl, D2 = DBA/2NCrl, Res = 843 

resilient, Sus = susceptible, Con = control. 844 
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