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Abstract

Emerging evidence shows that oligodendrogenesis and myelination are highly responsive to
behavioral experience, including physical activity and social experience. This form of myelin
plasticity is being increasingly appreciated and examined in the prefrontal cortex (PFC), a critical
brain region involved in complex emotional and cognitive behavior. However, it remains unclear
whether myelination in other brain regions is affected by behavioral experience. Here we report
that exposure to four weeks of chronic variable stress induced anxiety- and depressive-like
behavior in male adult mice. In concert with these behavioral responses, transcriptional analysis of
PFC and nucleus accumbens (NAc), a brain region critical for reward response, revealed
downregulation of transcripts encoding for myelin genes and oligodendrocyte-specific genes. In
contrast, upregulation of myelin-related transcripts was observed in the corpus callosum (CC),
whereas the amygdala (AMG) did not show significant changes. Shorter exposure to the same
stressors induced behavioral changes to a less extent and was followed by a stress habituation
period. However, reduced myelin and oligodendrocyte-specific gene transcripts were detected as
early as one week following stress exposure in the PFC and NAc. These data indicate that
oligodendrocyte and their progenitors in multiple brain regions are responsive to stressful
experiences and show distinctive and region-specific patterns of gene expression.
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INTRODUCTION

It has been increasingly appreciated that myelination and oligodendrocyte development are
sensitive to stressful experience, even during adult life (Liu et al., 2012; Makinodan et al.,
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2012; Birey et al., 2015; Liu et al., 2016; Yang et al., 2016; Lehmann et al., 2017).
Neuroimaging studies have demonstrated abnormal myelin structure and reduced
oligodendrocyte function that nicely correlated with evidence of decreased oligodendrocyte-
related gene expression and reduced oligodendrocyte numbers and density in post-mortem
human brains from subjects with psychiatric disorders, including major depressive disorder,
schizophrenia and bipolar disorder (Tkachev et al., 2003; Aston et al., 2005; Katsel et al.,
2005; Takahashi et al., 2011; Tham et al., 2011; Haroutunian et al., 2014; Birey et al., 2015).
Recent studies using animal models have shown a clear alteration of myelination and
oligodendrocyte function in response to stressful stimuli. For instance, social isolation in
mice either during the critical period of adolescence or in the adulthood resulted in reduced
social interaction, a sign of depressive-like behavior, which are associated with changes in
oligodendrocyte gene expression, morphology and myelin thickness in the medial PFC (Liu
et al., 2012; Makinodan et al., 2012; Liu et al., 2016). Mice exposed to chronic
unpredictable stress displayed reduced myelination, oligodendrocyte progenitor cell (OPC)
proliferation and density (NG2+ cells) in the PFC (Banasr et al., 2007; Yang et al., 2016).
Similarly, rodents subjected to chronic social stress, for instance, daily social defeat by an
aggressive conspecific, showed reduced myelin gene transcripts, OPC proliferation and total
numbers of NG2+ cells in the medial PFC (Czeh et al., 2007; Birey et al., 2015; Lehmann et
al., 2017), the same region as identified in other types of stress models. Collectively, these
data suggest a strong association of oligodendrocyte dysfunction in the medial PFC with
behavioral deficits in psychiatric disorders.

Despite the increasing documentation of myelin plasticity in the PFC following various
types of stress, reports on altered myelination and oligodendrocyte function in other brain
regions have been sparse. Mice following social isolation did not show any structural or
transcriptional impairments in myelin in the NAc, CC or cerebellum (Liu et al., 2012),
whereas these brain regions were not examined in chronic unpredictable stress or chronic
social stress (Banasr et al., 2007; Czeh et al., 2007; Birey et al., 2015; Yang et al., 2016;
Lehmann et al., 2017). PFC is a critical brain region involved in complex emotional and
cognitive function. The medial PFC connects to multiple cortical and subcortical areas (Del
Arco and Mora, 2008; Riga et al., 2014), and may act as a hub to integrate information from
numerous input structures and converge to the updated information to output structures.
Therefore, it is not surprising that the medial PFC is highly sensitive and detrimental to
stress (Arnsten, 2009). However, it still remains an open question that whether
oligodendrocyte and OPCs residing outside the PFC, particularly regions which receive
projections from the medial PFC, are capable to response to stress stimuli and generate
molecular changes.

In this study we asked whether transcriptional activity in oligodendrocytes and OPCs in
regions outside of PFC are also responsive to chronic stress. We measured the behavioral
consequence and the myelin-related transcriptional changes in multiple brain regions
receiving inputs from the medial PFC, including NAc and amygdala; and the major white
matter track (i.e. CC), following four weeks of chronic stress induced by a combination of
three stressors: footshock, tail suspension and restraint. We also determined the molecular
changes occurring prior to the appearance of anxiety- and depression-associated behavior.
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Our data suggests a wide-spread effect of chronic stressful experience on cells of the
oligodendrocyte lineage.

All experimental C57BI/6 male mice (7-8 weeks old) were obtained from the Jackson
Laboratory (Bar Harbor, Maine) and allowed for one week acclimation prior to the onset of
each experiment. Mice were group housed and maintained on a 12 h light/dark cycle with ad
libitum access to food and water. Mouse procedures were performed in accordance with the
Institutional Animal Care and Use Committee guidelines of the Icahn School of Medicine at
Mount Sinai.

Chronic variable stress (CVS)

Chronic variable stress was performed as described previously (LaPlant et al., 2009), which
consists of three different stressors over 7, 14, 21 or 28 days depending on each experiment
setup. Stressors alternated during the entire period. Mice were exposed to only one stressor
each day at various time of the day. Stressors were administered in the following order: 100
random mild foot shocks at 0.45 mA for one hour (10 mice per footshock chamber), a tail
suspension stress for one hour and a restraint stress, placed inside a 50mL falcon tube in
home cage, for one hour. The three stressors were then repeated for the following days in the
same order. The control mice were handled daily by the same experimenters.

Behavioral assessments

Splash test—Splash test was performed according to previously published protocols with
adaptation (Isingrini et al., 2010). Test was performed under red light (230V, 15W). Mice
were habituated to the testing room for 1 hour prior to testing. Mice were sprayed on the
back with a 10% sucrose solution 3 times. Mice were then placed into an empty housing
cage and behavior for 5 minutes was recorded via videotape. The total amount of time
grooming over the 5-minute period was recorded by an observer who is blind to the
condition.

Novelty Suppressed Feeding (NSF)—NSF was performed according to previously
published protocols with adaptation (Santarelli et al., 2003). Mice were food restricted
overnight prior to testing. On day of testing mice habituated to the testing room for 1 hour
under red light conditions. Mice were then placed into a plastic box 50 x 50 x 20 cm with
bedding. A single pellet of food is placed in the center of the box. Mice were placed in the
corner of the box and the latency to eat was scored up to 10 minutes. Mice were then
immediately transferred to their home cage in standard lighting conditions with a single
pellet of food placed in the center of the home cage and the latency to eat was recorded.

Forced Swim Test (FST)—FST was conducted according to previously published

protocols (Golden et al., 2016). Animals were placed in the test room for 1 hour before
behavioral testing for habituation. Mice were tested in a 4L Pyrex glass beaker, containing
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2L of water at 25+1°C for 6 minutes. Behavioral was videotaped and hand scored for time
spent immobile by an observer blind to experimental conditions.

RNA extraction from tissue and quantitative PCR analysis

One day after the last behavioral test was performed, tissue punches were taken from the
medial prefrontal cortex, nucleus accumbens, corpus callosum and amygdala and flash
frozen for subsequent processing. RNA was extracted using Trizol (ThermoFisher) and
purified with the RNeasy Micro kit (QIAGEN) following the manufacturer’s protocol. RNA
was reverse transcribed with gScript cDNA Supermix (Quanta) and gRT-PCR was
performed using Perfecta Sybr Fast Mix Rox 1250 (Quanta). For a list of the primers used
for amplification, please refer to (Liu et al., 2012). Each transcript value was calculated as
the average of triplicate samples from several mice per experimental condition (typically 6—
12). After normalization to a reference gene (i.e. Gapah), the average values for each
transcript was calculated based on the values obtained in all the samples included for each
experimental condition. Two tailed Student’s t-tests were performed to assess statistical
differences between the average values in each condition, and a false discovery rate (FDR)
correction was applied for multiple testing within gene groups, with a significance threshold
of 0.05. All statistical analysis was performed using GraphPad Prism software.

RESULTS

Chronic variable stress induced anxiety- and depressive-like behavior in adult male mice

The current study was designed to test whether oligodendrocytes and oligodendrocyte
progenitor cells (OPC) in multiple brain regions are responsive to behavioral experience. We
and others have previously shown that social isolation of adult mice resulted in reduced
oligodendroglial transcripts and myelin thickness in the PFC, but not other brain regions,
including NAc, CC or cerebellum (Liu et al., 2012; Makinodan et al., 2012; Liu et al., 2016).
These results raised the question of whether these results could be explained by the mild
severity of the stress related to lack of social experience. In this study we adopted a modified
chronic unpredictable stress paradigm, chronic variable stress (CVS) (LaPlant et al., 2009),
in which mice were exposed to one type of stressors, including footshock, tail suspension
and restraint each day in a sequence that was repeated for a total of 28 days. Twenty-four
hours after exposure to the last stressor, mice were subjected to a battery of anxiety- and
depression-associated behavioral tests, including splash test, novelty suppressed feeding
(NSF) test, and forced swim test (FST) (Fig.1A). For the splash test, mice were sprayed with
10% sucrose solution, which induced grooming behavior and the amount of grooming time
was measured. Reduced grooming time is considered a measurable outcome of stressed
behavior (Hodes et al., 2015). For the NSF test, mice were placed into a novel environment
with a food pellet and the latency to start consuming the food pellet was recorded.
Immediately after the test, mice were transferred back to their home cages. A food pellet
was placed in the home cage and the latency to eat was recorded again. This test has been
associated with both anxiety and depression-like behavior, in which stressed mice display
longer latency to consume the food pellet (Santarelli et al., 2003). FST is an established
measure of behavioral ‘despair’ (Porsolt et al., 1978). For this task, mice were placed in an
inescapable tank that is filled with water and the time they spent immobile was measured
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(Golden et al., 2016). Mice that underwent 28 days of CVS, displayed a series of anxiety-
associated and depressive-like behavior, including reduced grooming time (87.0 £ 7.0 sec in
control vs. 69.4 £ 3.8 sec in CVS, p=0.0456) (Fig.1B), longer latency in NSF test in both
novel environment (224.8 £ 24.2 sec in control vs. 412.3 + 32.3 sec in CVS, p< 0.0001) and
home cage (61.6 £8.7 sec in control vs. 157.3 + 7.1 sec in CVS, p=0.0024) (Fig.1C), and
increased immobility time in FST (92.2 £ 15.0 sec in control vs. 140.0 + 14.3 sec in CVS,
p=0.035) (Fig.1D). These data clearly indicated that four weeks of CVS exposure induced
anxiety- and depressive-like behavior in adult mice.

Chronic variable stress induced wide-spread oligodendrocyte-specific transcriptional
changes in multiple brain regions

In order to determine whether CVS induced wide-spread molecular changes in
oligodendrocytes, we sought to define transcriptional changes in multiple brain regions.
Considering the capability of PFC in controlling other cortical and subcortical brain regions
through its dense projections, we examined not only the medial PFC, but also areas
receiving glutamatergic inputs from the PFC, including the NAc and amygdala (AMG), and
the major trans-hemispheric white matter track, CC (Fig.2). Indeed, downregulated myelin
gene transcripts were detected not only in the PFC (Fig.2A), but also in the NAc, a critical
brain region involved in reward response (Fig.2B). However, other brain regions, such as the
CC, showed an opposite transcriptional response (i.e. upregulation of myelin gene
transcription) (Fig.2C), while the basolateral amygdala (AMG) was not significantly
affected (Fig.2D).

To associate the wide-spread myelin gene transcript changes in multiple brain regions with
specific stages of the oligodendrocyte lineage, we further analyzed the transcript levels of
genes expressed throughout the differentiation (e.g. Sox10, Olig2, and OligI) as well as
those specific for the progenitor stage (e.g. Cspg4 and Pagfra) (Fig. 3). Consistent with
recent reports on NG2+ cell loss in the PFC following chronic stress (Birey et al., 2015;
Yang et al., 2016), we observed reduced levels of Cspg4and Pdgfraas well as O/ig2in the
PFC (Fig. 3A), thereby suggesting an overall reduction in total number of OPC after four
weeks of chronic stress. It is worth mentioning that in the NAc, reduced myelin gene
expression was also associated with decreased levels of genes specific for OPC (Fig. 3B),
suggesting a similar type of oligodendrocyte progenitor response in the NAc and PFC. In
contrast, the CC revealed only an upregulation of gene transcripts specific for the progenitor
(i.e. Cspg4) stage (Fig.3C), thereby suggesting an opposite type of regulation or possibly a
compensatory mechanism occurring in the major white matter tract connecting the two
hemispheres. The levels of oligodendrocyte transcripts were not significantly altered in the
amygdala (Fig.3D). Together, these results suggest that the transcriptional program in
oligodendrocyte-lineage cells is highly plastic, region-specific and responsive to external
stressors.

Shorter period of stress induced minor behavioral changes and transcriptional alterations
in adult mice

We have previously demonstrated that shorter period of social isolation in adult mice
induced ultrastructural changes in myelin and alterations in chromatin condensation in
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oligodendrocyte in the PFC, preceding the appearance of any behavioral consequences (Liu
et al., 2012). Given the extent of behavioral and transcriptional changes following four
weeks of CVS, we then asked whether briefer period of stress exposure would result in any
behavioral and transcriptional changes.

Mice were exposed to same type of stressors as described previously for 7, 14 or 21 days,
respectively. Anxiety- and depression-associated behaviors were assessed by a battery of
behavioral tests, including splash test, NSF test, and FST (Fig. 4). Interestingly, the greatest
behavioral changes were observed after only one week of stress, although these mice never
displayed behavioral changes to the same extent as those exposed to four weeks of CVS.
After one week of CVS, we detected reduced grooming time in splash test (102.2 + 5.7 sec
in control vs. 75.0 + 4.5 sec in CVS, p=0.0012), and increased latency to consume food
pellet only when placed in novel environment (249.4 + 18.2 sec in control vs. 355.5 + 42.3
sec in CVS, p=0.0056), but not in their home cages. No behavioral despair was detected in
FST at any time point (Fig.4A-C). As the exposure period of CVS increased, behavioral
changes started to normalize to control levels (Fig.4B-C), with the exception of NSF test
after two weeks of CVS, where increased latency to eat was observed in the stressed mice
(220.9 £ 25.4 sec in control vs. 303.7 + 32.4 sec in CVS, p=0.016), although the difference
became progressively smaller (Fig.4B). These results suggest a minor behavioral change
with shorter period of CVS exposure, with a possible induction of stress habituation after
one week of CVS.

Next, we asked whether any transcriptional changes would occur even with shorter exposure
of stress, when no or minor behavioral consequence. We focused our analysis in the PFC,
NAc and CC, which showed transcriptional changes after four weeks of CVS. Interestingly,
the transcriptional changes in myelin preceded changes in behavior. One week of CVS
exposure, for instance, was sufficient to decrease the levels of myelin gene transcripts, but
did not result in prominent changes in depressive-like or anxiety-like behavior as extensively
as the four-week exposure to CVS. The most extensive early transcriptional changes were
detected in the NAc (Fig.5A), and to a lower extent also in PFC (i.e. Mag), but not in the
CC. The myelin gene transcriptional profiles correlated with the downregulation of
oligodendrocyte-specific genes, including progenitor-specific genes (i.e. Cspg4 and Padgfra)
(Fig.6A). Interestingly, after two weeks of CVS, a subset of myelin gene transcripts (i.e.
Mag and Mobp) remained down-regulated in the NAc, whereas others and those in the PFC
recovered to control levels (Fig.5B). By three weeks of CVS exposure, all myelin gene
transcripts normalized to control levels with no significant changes detected in the PFC and
NAc, possibly revealing an underlying adaptive response to stress involving regulation of
myelin genes (Fig.5C). Transcripts of oligodendrocyte-specific genes returned to
comparable levels to control group by two weeks of CVS and remained indistinguishable
until three weeks of CVS (Fig.6B—C). These data indicate that the extensive transcriptional
changes of oligodendrocyte lineage gene preceded measurable behavioral consequences and
suggested plastic changes in oligodendrocyte and OPC in multiple brain regions during the
early phase of the response to stress.
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DISCUSSION

Widespread alterations in oligodendrocyte and myelin following chronic stress

It is increasingly accepted that myelination and oligodendrocyte, the cell forms myelin in the
central nervous system, are dynamic and responsive to experience. We and others have
demonstrated recently that social experience drives oligodendrocyte lineage dynamics and
myelin plasticity in the medial prefrontal cortex (PFC), a highly evolved brain region
involved in higher cognitive function (Liu et al., 2012; Makinodan et al., 2012; Birey et al.,
2015; Liu et al., 2016; Yang et al., 2016; Lehmann et al., 2017). Here, we expand our
findings by demonstrating transcriptional regulations in myelin and oligodendrocyte lineage
in brain regions outside the PFC, including NAc and CC, following chronic stress. We
reported here wide-spread transcriptional alterations that are associated with
oligodendrocyte and OPC following exposure to chronic stress in adult mice. Furthermore,
such adaptive changes occurred in the early phase of stress exposure, preceding the
appearance of a wide extent of anxiety- and depressive-associated behavior. Data presented
here suggests that the presence of myelin plasticity is not a unique feature of the PFC, but
also extends to areas receiving projections from the PFC and the white matter track.

One caveat of our study is that we cannot exclude the possibility that the detected gene
transcriptional changes in glial cells following chronic stress exposure could be the
consequence of changes in population dynamics and network function. Although not
examined here, recent studies have demonstrated loss of NG2+ cell in the PFC in mice
subject to chronic stress (Birey et al., 2015; Yang et al., 2016). These results are consistent
with our findings of reduced oligodendrocyte- and OPC-related genes (e.g. Cspg4, Pdgfra
and O/ig2) in the PFC (Fig. 3A) after exposure to strong stressors. Importantly, milder forms
of chronic stress for prolonged periods of time, such as 8 week social isolation in adult mice,
have milder effects and did not induce death in oligodendrocyte or OPC in the PFC, as only
moderate alterations in transcripts associated with the maturation of OPC could be detected
(Liu et al., 2012; Liu et al., 2016). The exact cellular mechanisms underlying the
transcriptional changes remain to be further investigated.

It is intriguing to notice that CVS induced a biphasic response in transcription alterations in
the PFC and NAc. Significant downregulation of myelin- and oligodendrocyte-specific
transcripts was detected as early as one week following CVS and after four weeks of CVS
exposure, but returned to control level in between. The underlying mechanism on the
biphasic response in oligodendrocyte is completely unknown. One possibility is that an
immediate adaptive response is generated after an acute (i.e. one week) stress. This adaptive
response may be compensated by enhanced transcription or by establishing a new
homeostasis (e.g. stress habituation), in the second and third week of CVS exposure, as
suggested by the behavioral tests. If the stress exposure is prolonged (i.e. four weeks),
however, the new homeostasis is eventually terminated, due to the accumulation of signaling
molecules that induce cell death, such as the upregulation of genes like the death receptor 6
(YYang et al., 2016), or the lack of signaling molecules such as, FGF2 (Birey et al., 2015). To
date, the exact underlying mechanism remains unclear.
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Region-specific transcriptional changes in response to chronic stress

Chronic exposure to stress has been well documented to alter the activity of neurons in
various brain regions, including, but not limited to, medial PFC (Radley et al., 2006; Vialou
et al., 2014), NAc (Vialou et al., 2010; Christoffel et al., 2011), amygdala (Akirav and
Maroun, 2007) and hippocampus (Surget et al., 2011). As an interplay between experience
and molecular changes in oligodendrocyte, neuronal activity has been shown to affect
oligodendrogenesis and myelin plasticity using rodent and zebrafish models (Gibson et al.,
2014; McKenzie et al., 2014; Hines et al., 2015; Mensch et al., 2015; Koudelka et al., 2016;
Xiao et al., 2016). Functioning as a control board with numerous connections to cortical and
subcortical areas, the PFC has been demonstrated to be the most sensitive and susceptible
region to changes in myelin structure and oligodendrocyte function in various mouse models
of depression (Liu et al., 2012; Makinodan et al., 2012; Birey et al., 2015; Liu et al., 2016;
Yang et al., 2016; Lehmann et al., 2017). Restoring myelination in the PFC has been shown
to exert an anti-depressant function in socially isolated mice (Liu et al., 2016). Consistent
with previous findings, we show here that PFC displayed downregulation of myelin genes
and oligodendrocyte-specific transcripts, thereby suggesting an impairment in
oligodendrocyte lineage function, including myelination.

The glutamatergic projection from the medial PFC to the NAc is well established (Britt et
al., 2012; Riga et al., 2014). We show here that NAc displayed downregulated myelin and
oligodendroglial transcripts to the same extent as the PFC, and that PFC and NAc showed
the highest level of transcriptional co-regulation of myelin and oligodendrocyte-specific
genes, either at the early or late stages of stress exposure. These data suggest that excitatory
input, or the weakening of an excitatory input, may be the driving force of the transcriptional
regulation occurring in oligodendrocyte lineage cells in response to chronic stress. However,
not all regions receiving glutamatergic inputs displayed similar transcriptional response.
Glutamatergic projections from the medial PFC to the basolateral AMG, for instance, did
not result in a significant impairment of myelin or oligodendroglial transcription. The exact
mechanism underlying the differential response is not clear. One possibility is that the
interaction between glia and neurons following chronic stress may be region-specific, with
neurons (or oligodendrocytes) in the AMG displaying different properties than those cell
populations in the NAc or PFC. For instance, since changes in neuronal arborization in the
AMY have been reported in rodents following chronic stress (Wang et al., 2012), it is
conceivable that oligodendrocytes may not need to further change their transcriptional
program because the changes occurring in the local neuronal function may provide sufficient
adaptation to stress. Another possibility for the lack of transcriptional myelin response in
AMG could be the intensity of the stressful experience, as longer exposure (for instance
seven weeks) and increasing types of stressors are capable of to inducing transcriptional
myelin changes in the AMG (Sibille et al., 2009). What underlies the intensity of stress
experience is not clear, but it is reasonable to speculate that sustained circuitry change may
be one of the underlying mechanisms.

Different transcriptional response in various animal models of stress

Stress exposure is tightly associated with the onset and development of depression, where
proper PFC function is required (Riga et al., 2014). However, despite the consistent
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impairment in structure and molecular function of myelin and oligodendrocytes in the PFC
in different models of stress, reports on changes occurring in other brain regions have been
very limited. Intriguingly, when examined in the social isolation model of stress,
myelination was not impaired in the NAc or CC, even when adult mice isolated for a
prolonged period of time (Liu et al., 2012). This suggests the differential response in the
NAc or CC could be due to the intensity of the stress, in which case CVS appears to be a
more aggressive form than social isolation. Underlying the intensity of stress might be the
extent in neuronal circuitry change, although a direct comparison is lacking and may be
difficult to accurately quantify. A distinct model could posit that the neuronal circuitry
change may need to exceed a certain threshold in order to induce myelin plasticity, in which
case, only stronger stimuli such as CVS, would reach the level needed to overcome the
threshold. Overall our data suggest a distinctive and stressor-dependent regulation of gene
expression in which the type of stressors, the duration and intensity of the stress could affect
the response d by oligodendrocyte, possibly resulting in various degrees of adaptive myelin
plasticity.

In conclusion, our data indicate that oligodendrocyte in multiple brain regions are responsive
to stress stimuli and suggest a widespread responsiveness of the oligodendrocyte
transcriptional program following behavioral experience.
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Figure 1. Chronic variable stress (CVS) induces depressive-like behavior in adult mice
(A) Schematic of CVS and behavioral testing. Mice were exposed to one type of stress per

day for 28 days. Stressors were repeated in the order of foot shock, tail suspension, and
restraint. (B) Mice undergoing CVS spent less time grooming in splash test compared to
controls. * p<0.05 by two-tailed unpaired #test, n=10-12 mice per group. (C) Mice
undergoing CVS demonstrated longer latencies to eat in a novel environment and in their
home cages in the novelty suppressed feeding (NSF) test. * p<0.05 by two-tailed unpaired #
test corrected for multiple comparison using Holm-Sidak method, n=10-12 mice per group.
(D) Mice undergoing CVS displayed longer time immobile in the forced swim test (FST). *
p<0.05 by two-tailed unpaired #test, n=10-12 mice per group. Data represented as mean *
S.EEM.
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Figure 2. Chronic variable stress (CVS) inducestranscriptional changesin myelin genesin the

adult mouse brain

Quantitative RT-PCR of myelin gene transcripts in (A) prefrontal cortex (PFC), (B) nucleus
accumbens (NAc), (C) corpus callosum (CC) and (D) amygdala (AMG) in mice following

28 days of CVS. Bar graphs indicate average values in stressed mice after Gapdh

normalization relative to average control levels (dashed line) (n=5-6 mice per group, * two-
tailed unpaired #test, FDR < 0.05). Note the decreased myelin gene transcripts in the PFC

and NAc, while increased myelin gene transcripts in the corpus callosum (CC). Data

represented as mean + S.E.M.
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Figure 3. Chronic variable stressinduces transcriptional changesin oligodendrocyte-specific
genesin the adult mouse brain

Quantitative RT-PCR of oligodendrocyte-specific gene transcripts in (A) prefrontal cortex
(PFC), (B) nucleus accumbens (NAc), (C) corpus callosum (CC) and (D) amygdala (AMG).
Bar graphs indicate average values in stressed mice after Gapah normalization relative to
average control levels (dashed line) (n=5-6 mice per group, two-tailed unpaired #test, *
FDR < 0.05, ** FDR < 0.01). Note the decreased oligodendrocyte-specific gene transcripts
in the PFC and NAc, while increased oligodendrocyte progenitor gene transcript (i.e.,
Cspg4) in the corpus callosum (CC). Data represented as mean = S.E.M.
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Figure 4. Time kinetics of behavioral assessments on mice undergoing chronic variable stress
CVS

f\/lice)were exposed to 7 days (A), 14 days (B), or 21 days (C) of stress followed by
behavioral assessments on each group. Only mice exposed to 7 days of stress displayed
minor depressive-like behavior in splash test and novelty suppressed feeding (NSF) test, but
not in forced swim test (FST). Mice exposed to 14 days or 21 days of stress displayed a
stress habituation phenotype. For splash test and FST, * p<0.05, ** p<0.01 by two-tailed
unpaired #test. For NSF test, statistical significance was determined by two-tailed unpaired
ttest corrected for multiple comparisons using Holm-Sidak method. * p<0.05, n=10-12
mice per group. Data represented as mean + S.E.M.
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Figure 5. Dynamic transcriptional changes of myelin genesin the prefrontal cortex (PFC),
nucleus accumbens (NAc) and cor pus callosum (CC) following increasing days of stress exposure

Quantitative RT-PCR of myelin gene transcripts in the PFC, NAc, and CC following 7 days
(A), 14 days (B), or 21 days (C) of chronic variable stress (CVS). Bar graphs indicate
average values in stressed mice after Gapah normalization relative to average control levels
(dashed line) (n=5-6 mice per group, statistical significance was determined by two-tailed
unpaired #test, * FDR < 0.05, ** FDR < 0.01). Note the decreased myelin gene transcripts
in the PFC and NAc in the early period of CVS. The downregulation of myelin gene
transcripts was compensated later in the PFC and NAc, followed by downregulation of
myelin gene transcripts in the CC. Data represented as mean + S.E.M.
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Figure 6. Dynamic transcriptional changes of oligodendrocyte-specific genesin the prefrontal
cortex (PFC), nucleus accumbens (NAc) and cor pus callosum (CC) following increasing days of
stress exposure

Quantitative RT-PCR of oligodendrocyte-specific gene transcripts in PFC, NAc, and CC

following 7 days (A), 14 days (B), or 21 days (C) of chronic variable stress (CVS). Bar
graphs indicate average values in stressed mice after Gapah normalization relative to average
control levels (dashed line) (n=5-6 mice per group, statistical significance was determined
by two-tailed unpaired #test, * FDR < 0.05, ** FDR < 0.01). Note the decreased
oligodendrocyte-specific gene transcripts in the PFC and NAc in the early period of CVS.
Data represented as mean + S.E.M.

Dev Neurobiol. Author manuscript; available in PMC 2019 February 01.



	Abstract
	INTRODUCTION
	METHODS
	Animals
	Chronic variable stress (CVS)
	Behavioral assessments
	Splash test
	Novelty Suppressed Feeding (NSF)
	Forced Swim Test (FST)

	RNA extraction from tissue and quantitative PCR analysis

	RESULTS
	Chronic variable stress induced anxiety- and depressive-like behavior in adult male mice
	Chronic variable stress induced wide-spread oligodendrocyte-specific transcriptional changes in multiple brain regions
	Shorter period of stress induced minor behavioral changes and transcriptional alterations in adult mice

	DISCUSSION
	Widespread alterations in oligodendrocyte and myelin following chronic stress
	Region-specific transcriptional changes in response to chronic stress
	Different transcriptional response in various animal models of stress

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

