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A B S T R A C T   

Stress-related neuropsychiatric disorders present with excessive processing of aversive stimuli. Whilst underlying 
pathophysiology remains poorly understood, within- and between-regional changes in oligodendrocyte (OL)- 
myelination status in anterior cingulate cortex and amygdala (ACC-AMY network) could be important. In adult 
mice, a 15-day chronic social stress (CSS) protocol leads to increased aversion responsiveness, accompanied by 
increased resting-state functional connectivity between, and reduced oligodendrocyte- and myelin-related 
transcript expression within, medial prefrontal cortex and amygdala (mPFC-AMY network), the analog of the 
human ACC-AMY network. In the current study, young-adult male C57BL/6 mice underwent CSS or control 
handling (CON). To assess OL proliferation-maturation, mice received 5-ethynyl-2′-deoxyuridine via drinking 
water across CSS/CON and brains were collected on day 16 or 31. In mPFC, CSS decreased the density of pro
liferative OL precursor cells (OPCs) at days 16 and 31. CSS increased mPFC myelin basic protein (MBP) inte
grated density at day 31, as well as increasing myelin thickness as determined using transmission electron 
microscopy, at day 16. In AMY, CSS increased the densities of total CC1+ OLs (day 31) and CC1+/ASPA+ OLs 
(days 16 and 31), whilst decreasing the density of proliferative OPCs at days 16 and 31. CSS was without effect 
on AMY MBP content and myelin thickness, at days 16 and 31. Therefore, CSS impacts on the OL lineage in mPFC 
and AMY and to an extent that, in mPFC at least, leads to increased myelination. This increased myelination 
could contribute to the excessive aversion learning and memory that occur in CSS mice and, indeed, human 
stress-related neuropsychiatric disorders.   

1. Introduction 

Prolonged exposure to uncontrollable aversive life events can have 
detrimental effects on physical and mental health (McEwen et al., 2015), 
including triggering and maintaining psychiatric illnesses such as major 
depressive disorder (MDD), generalized anxiety disorder (GAD) and 
post-traumatic stress disorder (PTSD) (Lupien et al., 2009; McEwen 
et al., 2015). These disorders (which are often comorbid) present with 
excessive processing of aversive stimuli and events (Friedman et al., 
2011). The anterior cingulate cortex (ACC) and amygdala (AMY) 
contribute to the brain circuit/network responsible for aversive 
emotional processing (Rolls, 2019). Subregions of the ACC, namely 
subgenual (sgACC) and pregenual (pgACC) ACC, are both connected 

bidirectionally with the AMY, and these circuits contribute to aversion 
processing, including Pavlovian aversion learning-memory and subse
quent extinction (Sehlmeyer et al., 2009). Using fMRI, changes in 
functional connectivity within and between ACC and AMY have been 
described for MDD, GAD and PTSD (Drevets, 2001; Hughes and Shin, 
2011; Kim and Whalen, 2009). Whilst the cellular pathophysiology of 
these stress-related disorders is poorly understood, several diffusion 
tensor imaging (DTI) and post-mortem histological studies have, in 
addition to neurons and other glial systems, identified alterations in the 
status of oligodendrocytes (OLs) and myelination within and between 
ACC-AMY. These include changes in white matter tracts, myelin status, 
OL lineage cell density, and expression of OL-related genes and proteins 
(Bierer et al., 2015; Birey et al., 2015; Guilloux et al., 2012; Hamidi 
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et al., 2004; Harrison, 2002; Mosebach et al., 2013; Seney et al., 2018; 
Sibille et al., 2009; Tanti et al., 2019). The direction of reported changes 
is not always consistent across studies, and some also report no change 
in OL density and myelin content (Lutz et al., 2017; Rajkowska et al., 
2015). Nevertheless, the overall evidence suggests that stress-related 
psychiatric disorders are associated with changes in OL lineage cell 
density and loss of myelin integrity, which might contribute to the 
connectivity changes in ACC-AMY and thereby to the pathophysiology 
of these severe illnesses. 

In vitro cellular and in vivo animal studies have established the 
essential roles of OL lineage cells and myelination in the regulation of 
brain circuitry/network activity. The OL lineage constitutes heteroge
neous cell types that differ with respect to order of appearance in the 
lineage and to function (Bergles and Richardson, 2016): In adulthood, 
oligodendrocyte precursor cells (OPCs) are maintained at a stable den
sity via self-renewal. The OPCs can differentiate into mature OLs; these 
cells, when properly integrated into glial-neuronal networks, generate 
myelin (Bergles and Richardson, 2016; Dimou and Gallo, 2015; Hughes 
and Stockton, 2021). Myelin is a proteolipid layer that wraps neuronal 
axons concentrically. It is essential for metabolic support of and efficient 
action potential propagation along axons, thereby enabling signal
ing/connectivity within and between brain regions (Hirrlinger and 
Nave, 2014; Nave, 2010; Pajevic et al., 2014). The OL lineage and 
myelin both display plasticity in response to environmental inputs 
(Fields, 2008, 2015; Hill and Nishiyama, 2014). Several studies, pri
marily in rodents, have demonstrated that perturbations of the envi
ronment, including acute and chronic aversive stimulation, lead to 
changes in the OL lineage and/or myelin, in cortical and sub-cortical 
regions. Integration of these studies with human findings is facilitated 
by taking account of the structural-functional analogy between primate 
bidirectional ACC-AMY pathways and rodent medial prefrontal cortex 
(mPFC, prelimbic (PrL) and infralimbic (IL) cortices)-AMY pathways 
(Janak and Tye, 2015; Laubach et al., 2018). The AMY is a major region 
in the circuitry of Pavlovian aversion learning-memory, and PrL and IL 
are major regions in the mediation of Pavlovian aversion memory 
expression and extinction, respectively (Sierra-Mercado et al., 2011). 
Chronic stress in rodents, primarily chronic social defeat stress (CSDS), 
is reported to affect: [1] Structural-functional connectivity in the 
mPFC-AMY pathway, including reduction of fractional anisotropy (DTI) 
and resting state functional connectivity (rs-fMRI) between mPFC and 
AMY, and increased mPFC activation, detected via manganese-enhanced 
magnetic resonance imaging (Guadagno et al., 2018; Hemanth Kumar 
et al., 2014; Laine et al., 2017). [2] Number, density and 
proliferation-maturation dynamics of OL lineage cells in mPFC and 
AMY, including increased or decreased OPC density (Birey et al., 2015; 
Bonnefil et al., 2019; Luo et al., 2019; Sibille et al., 2009; Yang et al., 
2016). [3] Myelination status in mPFC, including increased or decreased 
levels of myelination markers (Bonnefil et al., 2019; Laine et al., 2018; 
Lehmann et al., 2017). [4] Expression levels of OL and myelin-related 
transcripts and proteins in mPFC and AMY, including reduction of 
myelin basic protein (mRNA and protein), chondroitin sulfate proteo
glycan 4 mRNA, and oligodendrocyte transcription factor 2 mRNA 
(Laine et al., 2018; Liu et al., 2018; Luo et al., 2019; Miguel-Hidalgo 
et al., 2018; Miyata et al., 2016). Thee effects apply primarily to mPFC, 
which has been studied more than AMY in this regard. 

In adult male mice, 15-day chronic social stress (CSS), comprising 
continuous distal exposure to dominant, aggressive conspecifics punc
tuated by brief daily attack with minimal physical wounding, leads to a 
robust and reproducible generalized increase in aversion responsive
ness, including increased Pavlovian aversion learning-memory, 
decreased aversion extinction and decreased two-way active avoid
ance, thereby providing a rodent model for the excessive aversion pro
cessing in MDD, GAD and PTSD (Adamcyzk et al., 2021; Azzinnari et al., 
2014; Bergamini et al., 2018; Cathomas et al., 2019; Fuertig et al., 2016; 
Just et al., 2018). In these studies, in the case of behavioural, physio
logical and neurobiological measures, the variance within the CSS group 

is consistently similar to that in the control group. These CSS effects are 
obtained without dividing mice into sub-groups of "susceptible" (re
ported to be 70–80% of mice) versus "resilient" (20–30% of mice) mice 
based on their subsequent passive avoidance of the aggressor mouse 
strain, the method used in the common CSDS protocol (Golden et al., 
2011). It was recently reported (Milic et al., 2021) that the behaviour of 
mice in tests of approach to novelty and avoidance of harm prior to CSDS 
predicts their “susceptibility” or “resilience”. Accordingly, differences in 
the behaviour, physiology, or neurobiology between “susceptible” and 
“resilient” mice will depend on traits present before and states emerging 
after CSDS. Our approach of CSS without screening and comparison of 
all CSS mice with all control mice to study the “average effect” of CSS, is 
informed by the assumption that the mice in both groups will have 
different behavioural traits at the onset of the study. That is, we use an 
inclusive experimental design, as used extensively with other stressors e. 
g. chronic unpredictable mild stress (Tye et al., 2013; Willner, 1997). It 
is also important that the duration of CSS is 15 days compared with 10 
days in CSDS, daily attacks are timed so that the maximum possible 
duration of daily attack is 1 min with CSS versus 5–10 min in CSDS, and 
physical wounding is minimized by trimming the teeth of aggressor mice 
in CSS whereas this is not the case with CSDS (Azzinnari et al., 2014; 
Pryce and Fuchs, 2017). 

Of particular relevance to the present study, CSS leads to increased 
mPFC-AMY resting-state functional connectivity (Grandjean et al., 
2016) and down-regulated expression of a number of OL lineage-related 
genes in mPFC and AMY (Cathomas et al., 2019). Based on this evidence, 
in the current study we deployed immunofluorescence and electron 
microscopy to investigate effects of CSS on mPFC and AMY status with 
respect to: [1] OL lineage proliferation-maturation dynamics, and [2] 
myelin content and ultrastructure. To investigate the progression and 
persistence of any CSS effects on mPFC and AMY OL lineage cells and on 
myelination, the post-CSS time points of 1 day and 15 days were 
analyzed and compared. Given the high reproducibility of CSS effects on 
aversion-directed behavior (see above) and the evidence that behavioral 
tests themselves (e.g. motor, social, sensory and learning tasks) impact 
on OL cell lineage and myelination status (Gibson et al., 2014; Huang 
et al., 2017; Hughes et al., 2018; Kato and Wake, 2021; Liu et al., 2012; 
McKenzie et al., 2014; Sampaio-Baptista et al., 2013; Steadman et al., 
2020; Xiao et al., 2016), this study was conducted in the absence of the 
potential confound of behavioural testing. 

2. Materials and Methods 

2.1. Animals and maintenance 

Two experiments were conducted with young-adult male C57BL/6J 
mice: In an experiment that aimed to investigate chronic social stress 
(CSS) effects on OL lineage fate mapping and myelin content (Expt 1), 
sample sizes were control (CON) n = 12 and CSS n = 14. In an experi
ment that aimed to investigate CSS effects on myelin ultrastructure (Expt 
2), sample sizes were CON n = 6 and CSS n = 6. Mice were bred in-house 
and after weaning were maintained in littermate pairs in individually 
ventilated type 2L cages at 20–22 ◦C and 50–60% humidity under a 
reversed 12:12-h light-dark cycle (white lights off 07:00–19:00 h). 
Experimental procedures were conducted during the dark phase, at 
10:00 to 16:00 h. Food (Complete pellet Provimi, Kliba Ltd, Kaiseraugst, 
Switzerland) and water were available ad libitum, when not stated 
otherwise. Resident mice for the CSS protocol were ex-breeder males of 
the CD-1 strain (Janvier, Saint-Berthevin, France) aged 8 months and 
caged singly. The study was conducted under a permit for animal 
experimentation (ZH093/2019) issued by the Veterinary Office of 
Canton Zürich. 

2.2. Experimental designs 

In Expt 1 (Fig. 1A), 10-week-old C57BL/6J mice were assessed for 
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locomotion, body weight and daily water intake, and these parameters 
were used for counterbalanced allocation to CON and CSS groups. After 
the 15-day CSS/CON protocol, one-half of the mice of each group was 
transcardially perfused on day 16, and the other half was transcardially 
perfused on day 31. Brains were collected for the study of OL lineage and 
myelin content in mPFC and AMY. In Expt 2 (Fig. S1A), 10-week-old 
C57BL/6J mice were assessed for locomotion and body weight, and 
these parameters were used for allocation to CON and CSS groups. After 
the 15-day CSS/CON protocol, on day 16 all mice were transcardially 
perfused and brains were collected for the study of myelin ultrastructure 
in mPFC and AMY. 

2.3. Chronic social stress protocol 

Chronic social stress (CSS) was conducted as described in detail 
previously (Azzinnari et al., 2014). Briefly, the home cages of aggressive 
CD-1 mice were divided by a transparent, perforated divider. For 15 
consecutive days, a CSS mouse was located in the same compartment as 
an unfamiliar CD-1 resident mouse for either a cumulative total of 60 s 
physical attack or 10 min total exposure time, whichever occurred 
sooner. Thereafter the CSS mouse remained in the attack compartment, 
whilst the CD-1 mouse was transferred to the opposite compartment. 
The animals remained in distal exposure for the following 24h. Impor
tantly, to prevent bite wounds during the attacks, the lower incisors of 
CD-1 mice were trimmed every third day. Attack time of 60 s maximum 
and teeth trimming eliminate the open bite wounds reported to occur in 
the conventional chronic social defeat protocol (Golden et al., 2011), 
and also minimize the occurrence of surface wounds (Azzinnari et al., 
2014; Fuertig et al., 2016). Control (CON) mice remained in littermate 
pairs and were handled and weighed on each of the 15 days. Body 
weights of CSS and CON mice were recorded daily, and percentage ab
solute day-to-day body weight delta (ΔBW) was calculated as [(BW day 
n - BW day n-1)/BW day n-1] x 100. Day-to-day absolute ΔBW is 
consistently higher in CSS versus CON mice and provides a 
within-experiment physical biomarker that mice have responded to CSS 
(Azzinnari et al., 2014; Fuertig et al., 2016; Grandjean et al., 2016). In 

Expt 1, for the sub-group of mice maintained until day 31, CSS mice 
remained in distal exposure to the same CD-1 mice from day 16 to day 31 
without any further attacks; compartment allocation within the same 
cage was swapped daily to maintain the stressor of sensory exposure to 
CD-1 mouse bedding. 

2.4. EdU administration 

For Expt 1, throughout the 15-day CSS/CON protocol, all mice were 
administered 5-ethynyl-2′-deoxyuridine (EdU; Cat. No. E10187, Ther
moFisher Scientific) via the drinking water. Water intake was monitored 
daily for 5 days prior to the onset of the CSS/CON protocol, and EdU 
concentration in the drinking water was adjusted to ensure that each 
mouse would consume a minimum of 0.6 mg EdU per day, an amount 
demonstrated to efficiently label proliferative cells without any sign of 
toxicity (Young et al., 2013). EdU was prepared freshly every 2 days by 
dissolving in water at 35 ◦C overnight. During the CSS/CON period, 
water consumption was measured daily and EdU concentration adjusted 
as necessary (see Results). In CON mice the total water/EdU consump
tion per pair was used to calculate per mouse consumption by taking the 
respective body weights of the two mice into account and assuming that 
the heavier mouse would consume proportionately more. All cells that 
incorporated EdU are referred to collectively as the total number of 
proliferative cells. All OL lineage cells that incorporated EdU were 
assumed to be OPCs that underwent self-renewal during the period of 
EdU administration, and type 1 OLs or type 2 OLs derived from such 
proliferative OPCs (see below for nomenclature details); the collective 
term proliferative OL lineage cells is used to describe EdU+ OPCs, type 1 
OLs and type 2 OLs. 

2.5. OL lineage and myelination markers 

2.5.1. Immunofluorescence and confocal acquisition 
In Expt 1, on day 16 or day 31 (Fig. 1A), mice (CON n = 6, 6; CSS n =

7, 7) were perfused transcardially with 15 mL of 1x PBS (pH 7.4) at RT 
followed by 50 mL of ice-cold 4% paraformaldehyde (PFA) in 0.1M 

Fig. 1. Chronic social stress (CSS) compared with control (CON) mice had increased day-to-day body weight delta, greater daily water intake and 
comparable daily EdU intake. (A) Experimental design for CSS effects on oligodendrocyte lineage fate mapping. (B) Comparable increase in body weight in CSS and 
CON mice at day1 vs. day15 of CSS/CON protocol (2-way ANOVA repeated measures, time: F(1,24) = 36.14, p < 0.0001; group: p ≥ 0.26). (C, D) Increase of day-to- 
day body weight delta ([(BW day n - BW day n-1)/BW day n-1] x 100) in CSS vs. CON mice (Mann-Whitney U = 37, p = 0.01). (E) Increased daily water intake in CSS 
vs. CON mice (Mann-Whitney U = 42, p = 0.03). (F) EdU concentration in drinking water was adjusted to daily water intake to ensure comparable EdU admin
istration in CSS and CON (Mann-Whitney U = 51, p = 0.15). Data are presented as individual values and/or mean ± SEM. 
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sodium phosphate buffer (pH 7.4). Perfusion rate was maintained at 20 
mL/min. The brains were then removed from the skull, post-fixed for 2 h 
in 4% PFA at 4 ◦C, subsequently rinsed twice in 1x PBS and dehydrated 
in 30% (w/v) sucrose in 1x PBS for 48 h at 4 ◦C. The brains were then 
embedded in cryoprotecting medium (Tissue-Tek, O.C.T., Cat. No. 4583, 
Sakura Finetek Europe) and stored at − 80 ◦C until further processing. 
Sections obtained from brains perfused on experimental day 16 or day 
31 were processed in parallel. 

Coronal cryo-sections (40 μm) including mPFC subregions (bregma: 
+2.0 mm and +1.8 mm; 1 section at each level per mouse) or basolateral 
amygdala (BLA, bregma: − 1.4 mm and − 1.8 mm) were transferred to 1x 
PBS and washed for 1 h (3 × 20 min) to remove any residual cryopro
tective medium. EdU labelling was conducted using the Click-iT™ EdU 
Cell Proliferation Kit for Imaging (C10337 or C10339, ThermoFisher 
Scientific) according to the manufacturer’s instructions, with the 
exception that for aspartoacylase (ASPA) staining (see below), the ad
ditive buffer was used undiluted prior to antibody staining. Sections 
were then blocked with 10% donkey serum in 0.5% (v/v) Trion X-100 in 
PBS for 1 h at RT. For simultaneous staining of the OPC marker, neuron- 
glial antigen 2 (NG2), and the OL marker, anti-adenomatous polyposis 
coli clone CC1 (CC1), respectively, the sections were incubated with 
rabbit polyclonal anti-NG2 (1:250; AB5320, Merck-Millipore) and 
mouse monoclonal anti-CC1 (1:50; OP80, Merck-Millipore), in 3% 
donkey serum in 0.5% (v/v) Triton X-100 for 18 h at 4 ◦C. On the 
following day, sections were incubated with fluorophore-conjugated 
secondary antibodies (1:500; Alexa Fluor Secondary Antibodies, Ther
mofisher) in 3% donkey serum in 0.5% (v/v) Trion X-100 for 2 h at RT. 
Sections were mounted on SuperFrost slides (10149870, ThermoFisher) 
and cell nuclei were stained directly by addition of DAPI Fluoroshield 
Mounting Medium (F6057, Merck). Cells expressed NG2 and CC1 
mutually exclusively. For separate staining of the OL marker ASPA, 
sections were incubated in citrate buffer (pH 6.0) and heated at 96 ◦C for 
15 min; the sections were then allowed to cool to RT during 20 min, 
washed 3 times in 1x PBS and then stained with rabbit polyclonal anti- 
ASPA/Nur7 (1:500; ABN1698, Merck-Millipore) using the above pro
tocol. Oligodendrocyte cells that are CC1+ are morphologically hetero
geneous, e.g. (Fard et al., 2017). In the current study, CC1+ cells were 
heterogenous with respect to soma size, CC1 signal intensity and 
colocalization of ASPA staining, and 3 different “types” were differen
tiated (Fig. S2A): Type 1 OL cells had relatively large soma diameter 
(>13 μm), high signal intensity, and no ASPA signal. With respect to 
morphology, these OLs resemble newly matured OLs as described in 
(Hughes et al., 2018; Xiao et al., 2016). Compared with type 2 OLs they 
were rare, and they could correspond to the 2–8% of mature CC1+ OLs 
not detected by ASPA staining according to (Madhavarao et al., 2004). 
Type 2 OL cells had relatively small soma diameter (typically 8–10 μm), 
medium-high CC1 signal intensity, and a colocalized ASPA signal, as 
described in (Madhavarao et al., 2004). Both type 1 OLs and type 2 OLs 
were studied, and representative images are given in Fig. S2A. A third 
type of CC1+ OL was also identified, with a highly ramified morphology, 
low CC1+ signal intensity and negative staining for ASPA; these cells 
resembled those described as pre-myelinating OLs (Fard et al., 2017), 
and they were not quantified in the present study. 

To be able to identify OL lineage cells that were EdU+ but NG2, CC1 
and ASPA negative, pilot studies were conducted for Olig2: It is often 
claimed that Olig2 is a pan-OL marker (eg.(Bonnefil et al., 2019; Teissier 
et al., 2020), although see (Nishiyama et al., 2009)). In a pilot immu
nostaining, a clear Olig2+ signal colocalized with 95% of NG2+ cells, but 
with only 10–15% of CC1+ OLs (Figs. S3A–D). A similarly low colocal
ization of Olig2 with mature OLs was observed in adult mice of a 
Cnp-eGFP transgenic mouse line expressing membrane bound eGFP in 
CNP-expressing, and therefore mature, OLs (Fig. S3E). In the absence of 
availability of an alternative pan-OL marker, it was not possible to 
investigate directly whether the EdU+ cells that did not express NG2, 
CC1 or ASPA were another maturational stage of OL lineage cells. We 
therefore addressed this issue indirectly by running immunostaining 

with the microglia markers ionized calcium-binding adapter molecule 1 
(Iba1) and cluster of differentiation 68 (CD68). For microglia staining, 
sections were incubated with rabbit anti-Iba1 (1:500; 019–19741, 
Wako) and rat monoclonal anti-CD68 (1:1000, MCA1957GA, Serotec), 
in 3% donkey serum in 0.5% (v/v) Triton X-100 for 18 h at 4 ◦C. On the 
following day, sections were incubated with fluorophore-conjugated 
secondary antibodies (1:500; Alexa Fluor Secondary Antibodies, Ther
mofisher) in 3% donkey serum in 0.5% (v/v) Trion X-100 for 2 h at RT. 
Sections were mounted on SuperFrost slides (10149870, ThermoFisher) 
and cell nuclei were stained directly by addition of DAPI Fluoroshield 
Mounting Medium (F6057, Merck). Any astrocyte contribution to the 
pool of proliferative cells could be excluded on the basis of the findings 
of a previous CSS study conducted with BrdU: the following primary 
antibodies were used: goat anti-GFAP 1:500, ab53554, Abcam; rat 
anti-BrdU 1:250, ab6326, Abcam. BrdU detection required antigen 
retrieval, using the protocol described above for ASPA staining. 

Images were acquired at a confocal laser scanning microscope Leica 
Sp8, with an HC PL APO CS2 20x NA 0.75 multi-immersion objective in 
photon counting mode for EdU, NG2 and CC1 staining, and in standard 
mode for EdU, IBA1 and CD68 staining. For EdU and ASPA staining, 
images were acquired at a confocal laser scanning microscope Leica 
Stellaris 5, with an HC PL APO CS2 20x NA 0.75 air objective in standard 
mode. The pinhole was set to 1AU, pixel size to 0.3342 × 0.3342 μm2 

and z-stack interval to 1 μm. 
To assess whether CSS affected apoptosis, cleaved caspase 3 immu

nostaining was conducted. Sections were transferred to 1x PBS and 
washed for 1 h (3 × 20 min) to remove any residual cryoprotective 
medium. The sections were mounted on SuperFrost slides (10149870, 
ThermoFisher) and incubated in citrate buffer (pH 6.0) and heated up to 
and left at 97 ◦C for 10 min; the sections were then allowed to cool to RT 
during 30 min, washed 3 times in 1x PBS, blocked in 3% donkey serum 
in 0.2% (v/v) Trion X-100 in PBS for 1 h at RT, and then stained with 
rabbit anti-cleaved caspase 3 (1:200, #9661, Cell Signalling Technol
ogy) and counterstained with mouse anti-NeuN (1:1000, MAB377, 
Merck) in 2% donkey serum in 0.2% (v/v) Trion X-100 in PBS for 18 h at 
4 ◦C. On the following day, sections were incubated with fluorophore- 
conjugated secondary antibodies (1:500; Alexa Fluor Secondary Anti
bodies, Thermofisher) in 2% donkey serum in 0.2% (v/v) Trion X-100 
for 2 h at RT. Cell nuclei were stained directly by addition of DAPI 
Fluoroshield Mounting Medium (F6057, Merck). Images were acquired 
at a confocal laser scanning microscope Leica Sp8, with an HC PL APO 
CS2 20x NA 0.75 multi-immersion objective in standard mode. The 
pinhole was set to 1AU, pixel size to 0.3342 × 0.3342 μm2 and z-stack 
interval to 2 μm. 

For myelin content analysis using the markers myelin basic protein 
(MBP) and neurofilament-200 (NF200), sections were incubated in 0.5% 
(v/v) Triton X-100 in PBS for 90 min at RT, blocked in 5% (w/v) donkey 
and 5% (w/v) goat serum in 0.5% (v/v) Triton X-100 in PBS for 1 h at RT 
and incubated with rat anti-MBP (1:200; MCA409S, Serotec) and mouse 
anti-NF200 (1:200; N0142, Sigma) in 1.5% (w/v) donkey and 1.5% (w/ 
v) goat serum for 18 h at 4 ◦C. On the following day, sections were 
incubated with fluorophore-conjugated secondary antibodies (1:500; 
Alexa Fluor Secondary Antibodies, Thermofisher) in 1.5% donkey and 
1.5% goat serum in 0.5% (v/v) Triton X-100 for 2 h at RT. Sections were 
mounted on SuperFrost slides with Fluoroshield Mounting Medium. 
Images were acquired at a Leica Sp8, with an HXC PL APO 37 ◦C CS2 63x 
NA1.3 glycerol objective in photon counting mode; pinhole was set to 1 
AU, pixel size to 0.1002 × 0.1002 μm2 and z-stack interval to 0.3 μm. 

Image acquisition was conducted within 48 h of completion of the 
corresponding staining protocol, with the order of image acquisition 
randomized across subjects to exclude occurrence of any technical bias. 
Fig. S4 illustrates the OL lineage cell types and myelin markers. 

2.5.2. Fluorescence image analysis and quantification 
Image processing and quantification in Expt 1 were performed with 

FIJI (Schindelin et al., 2012). For OL lineage fate mapping analysis in 
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mPFC (PrL and IL combined and separately) and BLA, both cell density 
and marker co-localization were quantified in a semi-automated manner 
using a custom-written macro and a FIJI co-localization plugin. For 
myelin content analysis in the same (sub-)regions, the mean grey value 
of the total field of view was calculated for each optical plane of each 
acquired z-stack and the optical plane with the maximum mean grey 
value was identified. This optical plane and the 10 optical planes above 
and below it were included in the analysis, so that 6 μm of the total 
section thickness was used for quantification. Semi-automated seg
mentation of MBP+ fibers was performed via a custom-written macro 
and the integrated density of the MBP+ signal was used to quantify MBP 
content. In order to estimate the level of apoptosis, the number of cells 
expressing cleaved caspase 3 per section was counted manually. 

2.6. Myelin ultrastructure 

2.6.1. Transmission electron microscopy 
In Expt 2, on day 16, mice (CON n = 6; CSS n = 6) were perfused 

transcardially with 5 mL of 0.1M cacodylate buffer/0.1M sucrose, pH 
7.4 at 37 ◦C, followed by 30 mL of 2.5% glutaraldehyde (GA, 16200, 
Electron Microscopy Science)/2% formaldehyde (FA, 15719, Electron 
Microscopy Science) in 0.1M cacodylate buffer/0.1M sucrose, pH 7.4 at 
RT. Coronal sections at 800 μm were prepared at the vibratome and 
stored in fixative at 4 ◦C until further processing. Micropunches of mPFC 
and amygdala (AMY, including BLA) tissue were obtained out of the 
coronal sections, incubated in 1% osmium tetroxide (OsO4) in 0.1M 
cacodylate buffer followed by 1% uranyl acetate in ddH2O, dehydrated 
in alcohol and ether, and embedded in Epon. After trimming the Epon 
block, semi-thin sections were collected and stained with methylene 
blue to confirm the brain region. Epon blocks were then trimmed further 
to prepare the specimen for ultra-thin sectioning. Sections of 60 nm were 
prepared with a diamond knife at the ultramicrotome (Leica Ultracut 
UCT OPH-045). Three of these sections were collected with a copper 
perfect loop and loaded onto a carbon-labelled copper grid. Three cop
per grids (nine sections) per region were collected per mouse. For the 
mPFC, a minimum of 80 micrographs were acquired at a TEM FEI CM 
100 (acceleration voltage 40–100 kV, aligned for 80 kV; digital Gatan 
Orius 1000 as detector system). For the AMY, a minimum of 70 micro
graphs were acquired at a TEM FEI Tecnai G2 Spirit (acceleration 
voltage 40–120 kV, aligned for 120 kV; digital camera Gatan Orius 1000 
as detector system). Myelin thickness (in μm and g-ratio) and myelinated 
axon density were quantified manually using FIJI software. Given that 
the non-compacted myelin compartment has been reported to exhibit 
changes in stress-related psychiatric disorders (Uranova et al., 2001, 
2011, 2007), the myelin g-ratio was calculated excluding the 
non-compacted myelin compartment and the periaxonal space (Poggi 
et al., 2016). All the axons contained in the acquired micrographs – total 
≥70 axons/region/mouse - were quantified, except for any myelinated 
axons that presented obvious fixation artefacts which were excluded 
from the analysis. 

2.7. Statistics 

The experimenters were blinded to the identity of the sections for all 
neuroanatomical image capturing and analysis. Statistical analysis was 
performed using GraphPad Prism. Data normality was assessed using the 
Shapiro-Wilk test and any outliers identified using Grubbs’ test were 
excluded. With normally distributed data: For unpaired two-sample CSS 
versus CON comparisons, Student’s t-test was used, or Welch’s t-test in 
the case of unequal group variances. For analysis of group (CON, CSS) 
and time (day 16, day 31) effects, two-way repeated measures ANOVA 
was used, followed as appropriate by Tukey’s or Sidak’s post hoc test. 
With non-normally distributed data, unpaired two-sample group com
parisons were conducted using the Mann-Whitney U test. Data are pre
sented as mean ± S.E.M. and, wherever practicable, individual data 
points are also given in the graphs. Statistical significance was set at p ≤

0.05. 

3. Results 

3.1. CSS causes consistent changes in physical status 

In Expt 1, as is typical for the CSS procedure, mice received about 45 
s of daily attack and displayed submissive behavior including vocali
zation, across the 15-day protocol. Importantly, no deep bite wounds 
occurred, and a 15-day total of 2.08 ± 0.38 (mean ± SEM) small surface 
wounds were recorded per mouse. Body weight (BW) increased from day 
1 to day 15 and comparably so in both groups (Fig. 1B, time: F(1,24) =
36.14, p < 0.0001). As expected, CSS mice presented with a higher 
average absolute day-to-day BW delta (ΔBW) than CON mice (Fig. 1C 
and D, Mann-Whitney U = 37, p = 0.01). CSS mice also had higher 
average daily water intake than CON mice (Fig. 1E and F, Mann-Whitney 
U = 42, p = 0.03). Based on this latter effect, EdU concentration in the 
drinking water was adjusted, such that the average daily EdU intake was 
similar in the two groups (Fig. 1G, Mann-Whitney U = 51, p = 0.15). In 
Expt 2 (Fig. S1A), BW was again higher at day 15 than day 1 of the CSS/ 
CON protocol (Fig. S1B, time: F(1,10) = 26.59, p = 0.0004), and in this 
cohort the increase was greater in CSS than CON mice (group x time 
interaction: F(1,10) = 12.70, p = 0.005). Again, CSS mice exhibited 
higher average absolute day-to-day ΔBW than CON mice (Figs. S1C–D, 
unpaired t-test t = 3.962, df = 10, p = 0.003). The CSS-related physical 
and behavioral effects and the minimal surface wounding observed in 
both experiments were consistent with the expected outcomes for the 
CSS protocol (Azzinnari et al., 2014; Bergamini et al., 2018). Further
more, in Expt 1 there was no confounding effect of CSS on EdU intake. 

3.2. Chronic social stress leads to area- and stress state-specific changes in 
oligodendrocyte lineage density, proliferation, and maturation 

Our first aim was to determine the effects of CSS on the total density 
of the OL lineage, directly after the 15-day protocol (day 16) and after a 
post-CSS period of 15 days (day 31); accordingly, we quantified the 
densities of NG2+-OPCs, CC1+ type 1 OLs and ASPA+ type 2 OLs (see 
Material and Methods section; Fig. S2). Second, we aimed to determine 
the effects of CSS on OL lineage proliferation-maturation dynamics, 
achieved by labelling proliferative cells with EdU administered during 
the CSS/CON protocol specifically, and then quantifying the density of 
EdU+ OL lineage cells. These quantifications were performed in mPFC 
(PrL and IL, combined and separately) and BLA. 

3.2.1. CSS leads to decreased OPC proliferation in medial prefrontal cortex 
In mPFC (Fig. 2) there was no effect of CSS or time on the total 

density of OPCs (Fig. 2A). For type 1 OLs, although there was a signif
icant group x time interaction effect (F(1,22) = 6.053, p = 0.02), there 
was not a significant CSS effect at either time point (Tukey’s multiple 
comparison test: d31 CSS > CON: p = 0.09). There was also no effect of 
CSS or time on type 2 OLs (Fig. 2A). CSS led to a reduction in the total 
number of proliferative cells in the mPFC (Fig. S5A, group: F(1,22) =
7.086, p = 0.01). OL lineage cell type-specific analysis revealed that the 
CSS effect on proliferation was specific to OPCs (Fig. 2B, group: F(1,22) 
= 4.396, p = 0.05). This did not correlate with EdU intake (Fig. S6) and 
co-occurred with a reduction in proliferative OPCs in both groups from 
day 16 to day 31 (Fig. 2B, time: F(1,22) = 33.56, p < 0.0001). Consistent 
with a previous report of OL lineage turnover (Young et al., 2013), about 
35% of total OPCs (Fig. 2A, day 16) had proliferated 
(EdU+/NG2+/CC1–) within 16 days after the onset of EdU administra
tion (Fig. 2B, day 16), and the density of these cells was reduced by day 
31 (Fig. 2B, time: F(1,22) = 33.56, p < 0.0001). There was no effect of 
CSS or time on the density of EdU+ type 1 OLs (Fig. 2B). For EdU+ type 2 
OLs (Fig. 2C, EdU+/ASPA+), there was no effect of CSS and the density 
increased in both groups from day 16 to day 31 (Fig. 2C, time: F(1,22) =
33.42 p < 0.0001). Interestingly, in both groups at day 16, most of the 
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EdU+ OLs belonged to type 1 OLs, and the density of EdU+ type 1 OLs 
was higher than the density of EdU+ type 2 OLs (Fig. S7A, cell type: F(1, 
11) = 6.852, p = 0.02). There was no difference in the density of EdU+

type 1 and type 2 OLs at day 31 (Fig, S7B). This suggests that type 1 OLs 
precede type 2 OLs in the developmental trajectory of the OL lineage. 
Therefore, in the mPFC, CSS was without effect on the total density of 
any OL lineage cell type studied but led to a reduction in proliferative 
OPC density that pertained at days 16 and 31. 

In the PrL or the IL specifically, as for mPFC overall, there was no 
effect of CSS or time on total densities of OL lineage cells (PrL: Fig. S8; IL: 
Fig. S9). In both subregions, total EdU+ cell density was on average 
lower in CSS than CON mice, and at both time points, but statistically 
this was at trend level (S5B, PrL: F(1,22) = 2.850, p = 0.10; S5C, IL: F 
(1,22) = 3.785, p = 0.06). As for the mPFC overall, the (trend to) 
reduced EdU+ cell density in CSS mice was attributable to OPCs and this 
co-occurred with a reduction in EdU-labelled OPCs from day 16 to day 
31 (PrL: group: p = 0.10, time: F(1,22) = 11.91, p = 0.002; IL: group: p 
= 0.11, time: F(1,22) = 30.00, p < 0.0001), consistent with the expected 
OL turnover (Young et al., 2013). There was no effect of CSS on the 
number of cleaved caspase 3 cells, as an apoptotic marker (Fig. S10A). 

3.2.2. CSS leads to decreased OPC proliferation and increased OL lineage 
maturation in basolateral amygdala 

In BLA (Fig. 3) there was no effect of CSS or time on total OPC density 
(Fig. 3A). The total density of type 1 OLs was higher in CSS than CON 
mice at day 31 (Fig. 3A, group x time interaction: F(1,22) = 7.248, p =

0.01, Tukey’s multiple comparison test: d31 CSS > CON). The total 
density of type 2 OLs was higher in CSS than CON mice independently of 
time (Fig. 3A, group: F(1,22) = 6.177, p = 0.02). CSS had no effect on 
the total number of proliferative cells in the BLA, whilst a decrease in the 
total number of proliferative cells was detected in both CSS and CON 
mice from day 16 to day 31 (Fig. S5D, EdU+, time: p = 0.02). In OL 
lineage cells specifically, CSS led to a reduction in proliferative OPCs 
(Fig. 3B, group: F(1,22) = 4.987, p = 0.04). This co-occurred with a 
reduction in proliferative OPCs in both groups from day 16 to day 31 
(time: F(1,22) = 46.65, p < 0.0001), a time effect that also occurred in 
mPFC (subregions) and is in line with the expected OL turnover (Young 
et al., 2013). There was no effect of CSS or time on the density of EdU+

type 1 OLs (Fig. 3B). For EdU-labelled type 2 OLs (Fig. 3C), there was no 
effect of CSS, whilst their density increased in both groups from day 16 
to day 31 (Fig. 3C, EdU+/ASPA+, time: F(1,22) = 13.30, p = 0.001), 
consistent with the expected OL turnover (Young et al., 2013). Inter
estingly, in both groups at day 16, most of the EdU+ OLs belonged to 
type 1 OLs, and the density of EdU+ type 1 OLs was higher than the 
density of EdU+ type 2 OLs (Fig. S7C, cell type: F(1,11) = 7.254, p =
0.02). There was no difference in the density of EdU+ type 1 and type 2 
OLs at day 31 (Fig, S7D). This suggests that type 1 OLs precede type 2 
OLs in the developmental trajectory of the OL lineage. Therefore, in the 
BLA, CSS led to an increase in total type 1 OLs by day 31, an increase in 
total type 2 OLs by day 16 that was maintained until day 31, and a 
sustained decrease in OPC proliferation by day 16 that persisted until 
day 31. There was no evidence that the increase in type 2 OLs in CSS 

Fig. 2. Chronic social stress (CSS) 
leads to a reduction in OPC prolifer
ation in medial prefrontal cortex. (A) 
Total densities of OL lineage cell types 
were comparable between groups and 
time points (2-way ANOVA, NG2+

group: p = 0.39; time: p = 0.69; group x 
time interaction: p = 0.88. CC1+ group: 
p = 0.28; time: p = 0.41; group x time 
interaction: F(1,22) = 6.053, p = 0.02. 
ASPA+ group: p = 0.71; time: p = 0.08; 
group x time interaction: p = 0.65). (B) 
Density of EdU+/NG2+/CC1- cells was 
lower in CSS than CON mice and 
decreased from day 16–31 (2-way 
ANOVA, group: F(1,22) = 4.396, p =
0.05; time: F(1,22) = 33.56, p < 0.0001; 
group x time interaction: p = 0.60). 
Density of EdU+/NG2-/CC1+ cells was 
comparable between groups and time 
points (group: p = 0.53; time: p = 0.12; 
group x time interaction: p = 0.49). (C) 
Density of EdU+/ASPA+ cells increased 
from day 16–31, without an effect of 
CSS (time: F(1,22) = 33.42, p < 0.0001; 
group: p ≥ 0.18). Data are presented as 
mean ± SEM cells/mm2, with values for 
each mouse being the mean of 2 sec
tions x 2 subregions x 2 hemispheres. 
(D) Representative micrographs of the 
OL lineage markers in mPFC (open ar
rows denote OL marker, closed arrows 
denote OL marker and EdU). Scale bar 
= 50 μm. Brightness and contrast have 
been adjusted for display purposes.   
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mice was related to a reduction in apoptosis based on the number of 
cleaved caspase 3 cells (Fig. S10B). 

3.2.3. Unresolved identity of a proportion of EdU-positive cells 
As can be deduced from Figs. 2 and 3, in mPFC and BLA about 15% of 

EdU+ cells at day 16 and 35% of EdU+ cells at day 31 were neither NG2+

nor CC1+. Based on ASPA staining of adjacent brain sections, it is clear 
that only a small proportion of these cells could be type 2 OLs (see 
Figs. 2C and 3C). Our attempt to identify these cells as belonging to the 
OL lineage using Olig2 staining as a pan-OL marker were unsuccessful 
(see Materials and Methods, Fig. S3). Therefore, we focused on exclusion 
of other potential cell types. Microglia immunostaining was conducted 
with the markers Iba1 and CD68. The total density of microglia was 
unaffected by CSS and only a low proportion of EdU+ cells was identified 
as microglia (Fig. S11). (In a study with BrdU and the astrocyte marker 
glial fibrillary acidic protein (GFAP), no BrdU+ cells were astrocytes 
(Fig. S11)). Since the analysed brain regions are distant from the con
ventional regions for adult neurogenesis (e.g. (Urbán and Guillemot, 
2014) and the EdU+-labelled nuclei were relatively small (Fig. S12), it is 
unlikely that the EdU+ cells of unidentified cell type belonged to the 
neuronal lineage. Overall, therefore, EdU+ cells that were neither NG2+

nor CC1+ might well belong to the OL lineage, potentially at an inter
mediate stage of maturation. 

3.3. Chronic social stress leads to increased myelin basic protein in mPFC 
specifically 

Changes in the OL lineage might result in alterations in myelin 
content. Therefore, we investigated the effects of CSS on myelination 
status in mPFC and BLA using quantitative immunofluorescence for the 
myelin-specific marker MBP and qualitative counter-staining for the 
mature axon marker NF200. In mPFC (Fig. 4A), CSS resulted in 
increased MBP integrated density (IntDen) at day 31 (group x time 
interaction: F(1,21) = 5.949, p = 0.02, Tukey’s multiple comparison 
test: d31 CSS > CON; time p = 0.002). When analysing the two mPFC 
subregions separately, effects were comparable to mPFC overall. Thus, 
in PrL (Fig. S13A), CSS resulted in increased MBP IntDen (group: F 
(1,20) = 4.809, p = 0.04), and this effect tended to be more pronounced 
at day 31 than day 16 (group x time: p = 0.08; time: p = 0.0007). In IL 
(Fig. S13B), CSS induced increased MBP IntDen at day 31 specifically 
(group x time: F(1,21) = 5.582, p = 0.03, Tukey’s multiple comparison 
test day31: CSS > CON p = 0.03). Therefore, despite the absence of 
effects on type 1 or type 2 OLs in the mPFC, CSS increased the intensity 
of MBP immunostaining, most prominently at day 31 post-CSS onset. 
These findings represent a double dissociation with those observed in 
the BLA: That is, whereas CSS led to an increase in BLA total type 2 OLs 
at days 16 and 31 and type 1 OLs at day 31 (see above), there was no 
effect of CSS on MBP IntDen at day 16 or 31 (Fig. 4B). MBP IntDen in 
BLA was increased at day 31 compared with day 16 (time: F(1,20) =
5.905, p = 0.02); in addition, it is noteworthy that mean MBP IntDen 

Fig. 3. Chronic social stress (CSS) reduces OPC proliferation and increases the total density of mature oligodendrocytes in basolateral amygdala. (A) Total 
NG2+ cell density was comparable between groups and time points (2-way ANOVA, group: p = 0.56; time: p = 38; group x time interaction: p = 0.69). Total CC1+

cell density was higher in CSS than CON mice at day 31 (2-way ANOVA, group x time interaction: F(1,22) = 7.248, p = 0.01). Total ASPA+ cell density was higher in 
CSS than CON mice in the absence of an effect of time (2-way ANOVA, group: F(1,22) = 6.177, p = 0.02; time: p ≥ 0.13). (B) Density of EdU+/NG2+/CC1- cells was 
lower in CSS than CON mice and decreased from day 16–31 (2-way ANOVA, group: F(1,22) = 4.987, p = 0.04; time: F(1,22) = 46.65, p < 0.0001). Density of EdU+/ 
NG2-/CC1+ cells was comparable between groups and time points (2-way ANOVA, group: p ≥ 0.13; time: p ≥ 0.40). (C) Density of EdU+/ASPA+ cells increased from 
day 16–31, without an effect of CSS (2-way ANOVA, time: F(1,22) = 13.30, p = 0.001; group: p ≥ 0.55). Data are presented as mean ± SEM cells/mm2, with values 
for each mouse being the mean of 2 sections x 2 hemispheres per mouse. (D) Representative micrographs of the OL lineage markers in basolateral amygdala (open 
arrows denote OL marker, closed arrow denotes OL marker and EdU+). Scale bar = 50 μm. Brightness and contrast have been adjusted for display purposes. 
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was relatively low in CSS mice at day 16. 

3.4. Chronic social stress leads to alterations in myelin ultrastructure in 
mPFC specifically 

The increase in MBP signal intensity in mPFC in CSS mice at day 31 
could reflect CSS-induced changes in myelinated-axon density and/or 
myelin thickness per axon. To investigate these factors, complementary 
to the MBP experiment, transmission electron microscopy was con
ducted on mPFC and AMY samples from brains collected at day 16 in a 
separate cohort of CSS and CON mice (Expt 2) (Fig. 5A). In mPFC, CSS 
led to an increase in myelinated axon density (Fig. 5B, unpaired t-test, t 
= 2.427, df = 5.833, p = 0.05). The myelin g-ratio was calculated 
excluding the non-compacted myelin compartment and the periaxonal 
space: there was a tendency to a lower g-ratio (increased myelination) in 
CSS compared with CON mice (Fig. 5C, unpaired t-test p = 0.07), and 
there was an increase in myelin thickness with adjustment for axonal 
diameter in CSS versus CON mice (Fig. 5D, unpaired t-test p = 0.01). 
Importantly, the mean diameters of the axons included in the quantifi
cation were comparable between groups (Fig. 5E) and therefore unlikely 
to be the underlying cause of the CSS effects on myelin. Indeed, there 
were similar, significant positive correlations between g-ratio and axon 
diameter in CSS (r = 0.51, p < 0.0001) and CON mice (r = 0.59, p <
0.0001) (Fig. 5F), and also similar significant positive correlations be
tween myelin thickness and axon diameter in CSS (r = 0.54, p < 0.0001) 
and CON mice (r = 0.45, p < 0.0001) (Fig. 5G). 

In AMY, CSS did not influence myelinated axon density (Fig. 6A). 
Also, there was no effect of CSS on g-ratio (Fig. 6B), or on myelin 
thickness adjusted for axonal diameter (Fig. 6C). As for mPFC, also in 
AMY, axonal diameter was comparable between groups (Fig. 6D). There 

were also similar, significant positive correlations between g-ratio and 
axon diameter in CSS (r = 0.57, p < 0.0001) and CON mice (r = 0.60, p 
< 0.0001) (Fig. 6E), and also similar significant positive correlations 
between myelin thickness and axon diameter in CSS (r = 0.40, p <
0.0001) and CON mice (r = 0.40, p < 0.0001) (Fig. 6F). 

Taken together, consistent with the MBP signal quantification 
readouts, CSS impacted on myelin content and ultrastructure in mPFC 
specifically, leading to an increase in myelin content (myelinated axon 
density), an increase in myelin thickness adjusted for axonal diameter, 
and a tendency to an increase in myelin thickness (lower g-ratio). CSS 
had no effect on myelin content or ultrastructure in AMY. 

4. Discussion 

Human MRI and post-mortem histological studies provide some ev
idence for changes in OL lineage and myelination status in ACC, AMY 
and the ACC-AMY network in patients with stress-related psychiatric 
disorders (Drevets, 2001; Harrison, 2002; Hughes and Shin, 2011; Kim 
and Whalen, 2009). These regions and this network are directly involved 
in the regulation of aversion processing, dysfunctions of which consti
tute major symptoms in stress-related disorders. Accordingly, it is 
important to investigate the nature and extent of effects of chronic 
psychosocial stress on OL lineage and myelin status in relevant animal 
models. In previous studies, CSS in young-adult mice was shown to lead 
to increased mPFC- and AMY-dependent behavioral responsiveness to 
aversion, increased mPFC-AMY functional connectivity, metabolite 
changes in mPFC and AMY, increased levels of immune-inflammation 
markers in mPFC and AMY, and decreased expression of OL-enriched 
genes in mPFC and AMY (Adamcyzk et al., 2021; Azzinnari et al., 
2014; Bergamini et al., 2018; Cathomas et al., 2019; Fuertig et al., 2016; 

Fig. 4. Chronic social stress (CSS) leads to increased MBP signal in medial prefrontal cortex and is without effect in basolateral amygdala. (A) mPFC MBP 
intensity density was increased in CSS vs CON mice at day 31 (2-way ANOVA, group x time interaction: F (1, 21) = 5.949, p = 0.02; group: p ≥ 0.08; time: p = 0.002). 
(B) BLA MBP intensity density was comparable between groups and higher at day 31 than day 16 (2-way ANOVA, group: p ≥ 0.27; time: F(1,20) = 5.90, p = 0.02). 
Data are presented as mean ± SEM integrated density, with values for each mouse and brain region being the mean of 2 sections x 2 hemispheres per mouse. (C) 
Representative micrographs of MBP and NF200 in mPFC (prelimbic and infralimbic cortices separately) and BLA. Scale bar = 10 μm. 
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Grandjean et al., 2016; Just et al., 2018). In the present study, we 
investigated to what extent CSS affects OL lineage 
proliferation-maturation and myelination status in mouse mPFC and 
AMY. Through a combination of cell fate mapping and histological ap
proaches applied to mPFC and AMY tissues, we demonstrate that CSS 
affects OPC proliferation, OL-lineage cell density, MBP density and 
myelin thickness, and largely in a region-specific manner. A summary of 
the findings is given in Fig. 7A. 

In the mPFC, CSS was without effect on the densities of OPCs (NG2+/ 
CC1- cells), type 1 OLs (NG2-/CC1+ cells) and type 2 OLs (CC1+/ASPA+

cells). A paradigm referred to as chronic social defeat stress (CSDS) 
(Golden et al., 2011) is similar to CSS but has several important differ
ences: these include a duration of 10 rather than 15 days, and classifi
cation of mice into “susceptible” versus “resilient” based on whether 
they subsequently avoid or approach CD-1 mice, respectively. In one 
study, CSDS led to decreased mPFC OPC density in susceptible versus 
resilient mice at days 8 and 18 (Birey et al., 2015), and in another study 
it led to increased mPFC OPC density in susceptible versus control and 
resilient mice (Bonnefil et al., 2019). The mPFC density of mature OLs 
was decreased in susceptible versus control mice in the latter study 
(Bonnefil et al., 2019). In a study in which CSDS had a duration of 14 

days, all CSDS mice subsequently avoided CD-1 mice i.e. were suscep
tible, and brains were collected at day 15: there was no effect of CSDS on 
mPFC mature OL density (Lehmann et al., 2017). In the present study, 
whilst CSS was without effect on the total densities of OL lineage cells in 
mPFC, using EdU we were able to demonstrate that proliferation of OPCs 
was decreased in CSS mice at days 16 and 31. The CSS-induced decrease 
in OPC proliferation was not sufficient to lead to a reduction in the total 
OPC population density. 

A study that evaluated the effects of maternal separation at postnatal 
days 2–14 (early-life stress) on OL lineage proliferation showed that OPC 
proliferation was decreased at postnatal day 15; whilst total OPC density 
was unaffected at this time point, it was decreased in adulthood (Teissier 
et al., 2020). In the current study, the decrease in OPC proliferation in 
CSS mice co-occurred with no change in the densities of EdU+ type 1 OLs 
or type 2 OLs. This can be explained by the evidence for the adult mouse 
that, typically, in the cortex only about 25% of newly generated 
pre-myelinating OLs are integrated stably into the network and the 
majority die within 2 days of differentiation (Hughes et al., 2018). 
Furthermore, the lack of a contiguous effect of decreased OPC prolifer
ation on the total density of type 1 OLs or type 2 OLs might indicate that, 
in mPFC, a higher proportion of extant (non-EdU-labelled) OPCs 

Fig. 5. Chronic social stress (CSS) 
leads to increased myelinated axon 
density and myelin thickness in the 
mPFC. (A) Electron micrograph of a 
coronal section of an axon in the mPFC 
of a CON mouse and a schema indi
cating the measurement of relevant pa
rameters: g-ratio was calculated 
excluding the non-compacted myelin 
and the periaxonal compartment, i.e. 
[Ad/Ad(Md-Td)], where Ad = axonal 
diameter, Md = diameter of: axon +
non-compacted myelin (and periaxonal 
compartment) + compacted myelin, Td 
= diameter of: non-compacted myelin 
compartment (and periaxonal compart
ment) + axon. (B) Myelinated axon 
density was increased in CSS mice (2- 
tailed unpaired t-test with Welch’s 
correction, t = 2.43, df = 10, p = 0.05). 
(C) g-ratio tended to be lower in CSS 
mice (2-tailed unpaired t-test, t = 2.029, 
df = 10, p = 0.07). (D) CSS led to 
increased myelin thickness corrected by 
axonal diameter (2-tailed unpaired t- 
test, t = 3.17, df = 10, p = 0.01). (E) 
Diameter of the analysed myelinated 
axons was similar in CSS and CON mice 
(2-tailed unpaired t-test, t = 0.17, df =
10, p = 0.87). (F) g-ratio was correlated 
positively with axon diameter in CSS 
and CON mice (CSS Pearson’s r = 0.59, 
p < 0.0001; CON Pearson’s, r = 0.51, p 
< 0.0001). The linear least squares 
regression equations and corresponding 
best-fit lines are given for CON and CSS 
mice separately. (G) Myelin thickness 
was correlated positively with axon 
diameter in CSS and CON mice (CSS 
Pearson’s r = 0.45, p < 0.0001; CON 
Pearson’s r = 0.54, p < 0.0001). Data 
are presented as individual values and 
mean ± SEM in B-E and as scatter plots 
in F and G.   
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matured into type 1 OLs and type 2 OLs in CSS mice than in CON mice. 
Using cleaved caspase 3, there was no evidence that CSS affected 
apoptosis. Another possibility is that lower density of EdU+ cells in CSS 
compared with CON mice was due to an increased amount of DNA 
repair, which would temporarily block cell-cycle progression and could 
therefore reduce EdU incorporation (Branzei and Foiani, 2008). One 
way to further corroborate the reduction in cell proliferation would be to 
employ a marker for actively proliferating cells, such as Ki-67, in com
bination with EdU labelling. However, a single time-point marker to 
investigate this would probably identify rather few actively proliferating 
cells and render quantitative analysis difficult. It is also relevant that, 
next to their role in oligodendrogenesis, some OPCs have other functions 
in the adult brain, including immunomodulation and neuromodulation 
(Akay et al., 2021). One limitation of this study is that despite having 
employed a comprehensive set of OL lineage markers, we did not have 
an antibody for Olig2 that labelled all NG2+, CC1+ or ASPA+ cells, and 
would therefore serve as a pan-OL marker, to investigate whether the 
relatively high number of EdU+ cells that did not express CC1, NG2 or 
ASPA belonged to the OL lineage. We do provide evidence that only a 
small number of these cells are microglia or astrocytes. It is possible that 
the non-identified EdU+ cells were of the OL lineage in a state of 
maturation between OPCs and OLs. To clarify this issue, a future study 
would need to identify a suitable pan-OL marker, and possibly also 
employ OL markers that specifically label pre-myelinating and newly 
forming OLs, such as breast carcinoma amplified sequence 1 (BCAS1) 
and ectonucleotide pyrophosphatase/phosphodiesterase 6 (Enpp6) 
(Fard et al., 2017; Xiao et al., 2016). 

Perhaps related to this apparent shift in OL lineage proliferation- 
maturation, clear evidence for increased myelin content and thickness 

in the mPFC of CSS compared with CON mice was obtained with both 
immunofluorescence- and TEM-based readouts, which were carried out 
in two separate CSS-CON cohorts. This pro-myelination effect of CSS was 
apparent at days 16 and 31 and, according to quantitative immunoflu
orescence for MBP, was more prominent at the latter time point, 
consistent with a sustained and cumulative effect. This mPFC finding 
differs from those of studies conducted with CSDS, and the latter also 
differ from each other to some extent: With 14-day CSDS (without sus
ceptibility subgrouping) and collection of brains at day 15, CSDS led to 
decreased mPFC myelin fiber density (Lehmann et al., 2017). Ten-day 
CSDS was without effect on percentage of mPFC covered by MBP area 
but did lead to decreased mPFC myelin thickness in susceptible mice 
specifically (Bonnefil et al., 2019). Also using 10-day CSDS, there was no 
change in myelin thickness in susceptible mice and an increase in 
resilient mice, relative to controls (Laine et al., 2018). These inter-study 
differences in the observed effects of chronic social stress on mPFC 
myelination status could well be attributable to differences in the pro
tocol duration, duration of daily attacks, whether or not the teeth of 
CD-1 mice are trimmed to avoid wounding, and whether or not mice are 
sub-grouped according to passive avoidance of the aggressor mouse 
strain. 

Therefore, CSS led to a decrease in OPC proliferation and a sustained 
increase in myelination, in mPFC. Recently, it was reported that 
contextual aversion learning in relation to high-intensity foot-shock is 
associated with an immediate increase in proliferation of OPCs (day 1) 
which mature into OLs (day 30) as well as with increased myelination 
(day 30), in mPFC (both PrL and IL) (Pan et al., 2020). The same study 
demonstrated that transgenic blocking of new OL formation in mPFC 
after contextual aversion learning prevented the recall, and presumably 

Fig. 6. Chronic social stress (CSS) is without effect on myelinated axon density and myelin thickness in the AMY. CSS and CON mice were similar in terms of: 
(A) Myelinated axon density (p = 0.34). (B) g-ratio (p = 0.81). (C) Myelin thickness corrected by axonal diameter (p = 0.87). (D) Axon diameter (p = 0.76). (E) g- 
Ratio was correlated positively with axon diameter in CSS and CON mice (CSS Pearson’s r = 0.57, p < 0.0001; CON Pearson’s r = 0.60, p < 0.0001). (F) Myelin 
thickness was correlated positively with axon diameter in CSS and CON mice (CSS Pearson’s r = 0.40, p < 0.0001; CON Pearson’s r = 0.40, p < 0.0001). Data are 
presented as individual values and mean ± SEM in A-D and as scatter plots in E and F. 
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the storage, of aversion memory, consistent with a critical role for de 
novo mPFC myelination synthesis in storing adaptive long-term aversion 
memories (Pan et al., 2020). That CSS also induces increased mPFC 
myelination, as well as excessive, i.e. maladaptive, contextual and 
discrete conditioned-stimulus aversion learning and memory (Adam
cyzk et al., 2021; Azzinnari et al., 2014; Cathomas et al., 2019; Fuertig 
et al., 2016), suggests that increased mPFC myelination can shift from 
adaptive to maladaptive as environments shift from acutely to chroni
cally aversive. 

To our knowledge, this is the first mouse study to investigate chronic 
social stress effects on OL lineage-marker density in AMY. In the BLA, 

CSS led to increases in the densities of type 1 OLs at day 31 and of type 2 
OLs at days 16 and 31. This co-occurred with a decrease in OPC pro
liferation in CSS mice at both days 16 and 31, whilst there was no 
contiguous effect on the densities of EdU+ type 1 OLs or type 2 OLs. 
Taken together, these BLA findings suggest that a higher proportion and 
absolute number of extant OPCs matured into OLs in CSS mice than was 
the case in CON mice. Despite the increase in type 2 OL density in CSS 
mice, there was no contiguous CSS effect on MBP integrated density in 
the BLA of these same mice. Furthermore, in Expt 2, there was no CSS 
effect on myelin thickness in AMY, as measured at day 16. 

Therefore, whilst there was a common and sustained inhibitory 

Fig. 7. Double dissociation of CSS effects in mPFC 
and AMY: summary of findings and explanatory 
hypothesis. (A) Summary of findings. The upper part 
of the figure depicts the mPFC and the lower part the 
BLA/AMY. In mPFC, CSS led to a decrease in overall 
cell proliferation attributable to OPCs, at days 16 and 
31. CSS led to increases in MBP density at days 16 and 
31 and myelin thickness at day 16. In BLA, CSS led to 
increases in densities of type 1 OLs at day 31 and type 
2 OLs at days 16 and 31. CSS led to a decrease in 
proliferative OPCs at days 16 and 31. CSS was 
without effects on MBP density or myelin thickness at 
days 16 and 31. Figure created with BioRender.com. 
(B) Model of the actual and hypothesized temporal 
sequences of events in mPFC and AMY. The x-axis 
depicts time in days from the start of the CSS protocol 
(day 0) to day 45, and the y-axis depicts the relative 
quantities of OL lineage cells and myelin across this 
time period. The light blue area depicts days 16 and 
31, the time points at which experimental data were 
collected. The black line (solid, dashed) depicts the 
control (CON) condition. The data points prior to day 
16 and after day 31 depict data points consistent with 
the hypothesis that the current findings do not 
represent a double dissociation between mPFC and 
AMY, but rather a shift in their temporal responses to 
CSS in terms of OL lineage status and myelination 
status. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web 
version of this article.)   
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effect of CSS on OPC proliferation in both mPFC and BLA/AMY, the 
other CSS effects observed were region-specific. Indeed, that CSS was 
without effect on OL-cell densities and increased MBP intensity/myelin 
thickness in mPFC whilst it increased OL-cell densities and was without 
effect on MBP intensity/myelin thickness in BLA/AMY, constitutes, 
prima facie at least, a double dissociation. This might reflect basic dif
ferences in OL lineage and myelination between cortical and subcortical 
regions. Indeed, even within the cortex, myelination is heterogeneous, 
with respect to myelin abundance and axonal distribution, which vary 
according to cortical region and neuronal type (Call and Bergles, 2021; 
Yang et al., 2021). However, it is also possible that the timing of the CSS 
response sequence is region-specific. Some evidence for differential 
responsiveness of mPFC and BLA OL lineages to aversion is provided by 
a study of contextual aversion learning: newly formed OLs were already 
detectable at 7 days post-aversion conditioning in mPFC, whilst in BLA 
such cells started to be observable at 14 days post-aversion learning (Pan 
et al., 2020). Extrapolating from this, it is possible that, relative to that of 
the mPFC, the AMY response to CSS is also delayed, and that at a time 
point beyond day 31 there would be an increase in MBP intensity and 
myelin thickness in AMY. This hypothesis is illustrated in Fig. 7B and 
remains to be investigated. 

In a previous, hypothesis-free study that deployed region-specific 
tissue RNA sequencing (Cathomas et al., 2019), CSS led at day 16 to 
down-regulation of expression of 20 and 34 oligodendrocyte-enriched 
genes in mPFC and AMY (BLA and central nucleus), respectively, with 
a high degree of overlap in gene identity between the two regions. 
Identity of cell type-specific gene enrichment was based on a tran
scriptome database for mouse forebrain tissue (Cahoy et al., 2008): 
approximately half of the genes downregulated by CSS were classified as 
“enriched in OLs compared to OPCs” (Cahoy et al., 2008), whereas none 
of the down-regulated genes were classified as “enriched in OPCs” 
(Cahoy et al., 2008). Integrating these day 16 transcriptome study 
findings and the current study day 16 findings of unchanged total OL 
lineage density in mPFC and increased total OL lineage density in AMY, 
the evidence indicates that the CSS-induced decrease in expression of 
OL-enriched genes in mPFC and BLA reflects a decrease in expression of 
certain genes in extant OLs. Whether or not there is a causal association 
in AMY at day 16 between the decrease in gene expression in extant OLs 
(Cathomas et al., 2019) and the increase in OL density, remains to be 
investigated. The absence of a CSS effect on OPC-enriched transcripts in 
mPFC and AMY (Cathomas et al., 2019) is consistent with the stable 
density of total OPCs observed in mPFC and AMY at day 16 in the pre
sent study. Furthermore, with respect to myelination, in the mPFC, the 
transcript level of Mbp was not changed by CSS and no CSS effect on 
mPFC MBP was observed at day 16 in the present study. In the AMY, 
whereas the transcripts for Mbp and Plp1 were downregulated in CSS 
mice, there was no corresponding CSS effect at the protein level (Cath
omas et al., 2019), and no CSS effect on AMY MBP was observed at day 
16 in the present study. 

Clearly, mouse studies investigating effects of chronic social stress on 
mPFC OL lineage and myelin content have yielded heterogeneous 
findings to date. This could well be due to the specifics of the daily 
procedure, the total duration of the social aversion procedure, the 
timing of brain collection, and whether additional manipulations were 
included, most notably behavioural testing. Regarding the specifics of 
the daily procedure, one difference is likely to be bite wounds and their 
consequences. In our CSS protocol, we minimize bite wounds by trim
ming the teeth of the CD-1 mice, whilst this is not the case for the 
standard CSDS protocol (Golden et al., 2011). Bite wounds induce pe
ripheral inflammatory processes and, in turn, chronic peripheral 
inflammation can lead to microglia-mediated inflammatory responses in 
the central nervous system (Süß et al., 2020). Microglia are intimately 
involved in the regulation of OL lineage and myelin function (Hughes 
and Appel, 2020; Lloyd et al., 2017; Stadelmann et al., 2019). Psycho
logical stress activates the immune-inflammatory system via the sym
pathetic autonomic nervous system and its release of catecholamines, 

which in turn are bound by adrenergic receptors expressed by immune 
cells, most notably macrophages (Miller et al., 2009). There is sub
stantial evidence that stress-related psychiatric disorders often present 
with increased peripheral and central indices of chronic, low-level 
inflammation (Fleshner et al., 2017; Rohleder, 2014). It is therefore 
important that stress-based animal models that aim to increase under
standing of the pathophysiology of these disorders do, indeed, include 
chronic, low-level inflammation induced by social subordination stress. 
At the same time, it is essential to minimize the confounding effects of 
marked immune-inflammatory activation induced by physical (bite) 
wounding. In our CSS protocol with minimizing of bite wounding by 
trimming the teeth of the CD-1 mice, mice obtain on average two small 
surface wounds across the 15-day period, as in the present study. In CSS 
mice compared with CON mice, we observe moderate, consistent in
creases in spleen myeloid cells (e.g. granulocytes, inflammatory mono
ctyes) and moderately higher blood levels of pro-inflammatory 
cytokines and kynurenine metabolites (Azzinnari et al., 2014; Bergamini 
et al., 2018; Fuertig et al., 2016). In the brain, CSS has no effect on 
whole-brain microglia, macrophages or lymphocytes (Bergamini et al., 
2018); region-specific activation of microglia in terms of Iba1 immu
noreactivity is observed in sub-cortical regions including AMY, but not 
in mPFC (Bergamini et al., 2018; Cathomas et al., 2019). To the best of 
our knowledge, teeth trimming of CD-1 mice is not used in CSDS pro
tocols (e.g. (Golden et al., 2011)). The procedure of repeated social 
defeat stress (RSDS), comprising 2 h physical exposure to a CD-1 mouse 
on each of 6 days, led to whole-brain activation of microglia and even to 
monocyte trafficking from periphery to brain (Wohleb et al., 2012, 
2014). It is possible that the profound activation of central inflammatory 
processes by RSDS – much greater than that caused by CSS - is attrib
utable to high levels of wounding and, whilst RSDS is unusual in the long 
duration of each bout of physical attack, these differences in the extent 
of brain immune-inflammatory activation testify to the importance of 
minimizing physical wounding with respect to model validity. In sum
mary, some reported effects of CSDS/RSDS on OLs and myelin could be 
due to physical wounding; it is essential to minimize any such effects in 
order to maximize the translational relevance of the observed effects, 
including those on the OL lineage and myelination, to human psycho
social stress-related psychiatric disorders. 

Concerning the latter, to-date a small number of histological studies 
have investigated OL lineage cells specifically (in contrast to glia in 
general) in tissue from MDD patients and control subjects and, to our 
knowledge, no data are available for GAD or PTSD. In the AMY, the 
density of OL lineage cells, identified using Nissl staining, was decreased 
in MDD compared with control subjects (Hamidi et al., 2004). In the 
frontal region, including ACC, one study identified a reduction of NG2+

cell density in MDD patients compared to controls (Birey et al., 2015). In 
the white matter adjacent to the pregenual ACC, the density of cells 
positive for the OL lineage-cell marker Olig1 in the nuclear compartment 
was increased in MDD, but the density of fibers expressing MBP was 
unchanged (Mosebach et al., 2013). In another study (Lutz et al., 2017), 
there was no change in ACC OL lineage cell density, myelin content or 
axonal diameter in MDD patients who committed suicide compared with 
controls; however, MDD patients who committed suicide and had 
experienced early-life abuse displayed significant reduction in each of 
these parameters (Lutz et al., 2017). Clearly, coherence between the 
findings of the current study and studies of MDD post-mortem brain 
tissue is limited. However, it is important to emphasize that human 
samples are derived from patients with varying durations of 
stress-related psychiatric disorder; to address the possibility that 
changes in the OL lineage and myelination in ACC and AMY occur early 
in the human disorder specifically, and that these might be similar to 
those induced by CSS in the mouse brain, it will be essential to identify 
appropriate translational biomarkers. 

Whilst it is beyond the scope of the present study, it is important to 
mention the mechanisms which mediate chronic stress effects on the OL 
lineage and myelination. It is noteworthy that CSS mice display a 
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number of changes in external glands and organs, including increased 
weight of the adrenal glands and the spleen (Azzinnari et al., 2014; 
Bergamini et al., 2018). Accordingly, it is possible that changes in 
circulating levels of specific hormones, cytokines and chemokines could 
lead to changes in their brain levels and contribute to the CSS effects on 
the OL lineage and/or myelination observed in the present study (see 
above). Concerning increased levels of corticosterone, which the in
crease in adrenal gland weight indicates to occur at some point during 
CSS, it has been reported that this hormone does indeed influence oli
godendrogenesis, at least in hippocampus (Chetty et al., 2014; Treccani 
et al., 2021). 

5. Conclusion 

In summary, the present study provides evidence for mice that 
chronic social stress in young adulthood leads to changes in the density 
and proliferation-maturation of OL lineage cells in the mPFC and AMY, 
including decreased OPC proliferation in both regions and increased 
densities of type 1 and type OLs in AMY. Furthermore, CSS led to sub
stantial and sustained increases in MBP density and myelin thickness in 
the mPFC specifically and was without effect on myelination in the AMY 
within the study period. Whilst the limited agreement of the current 
findings with some previous mouse studies, and indeed the limited 
agreement of the latter with each other, demonstrates the need for 
further investigation before drawing firm conclusions regarding the 
definitive effects of chronic stressors on OL lineage and myelination 
status, the present data certainly do constitute definitive evidence that 
mPFC and AMY OL lineage cells and, in the case of mPFC, their myeli
nation activity, are sensitive to chronic psychosocial aversion. Accord
ingly, integrated animal model and human studies will be required to 
elucidate the relevance of these changes to the pathophysiology and 
treatment of stress-related psychiatric disorders. 
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