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Psychosocial stress occurs in response to a
potentially life-threatening interaction
and leaves a lasting impact that can be de-
tected and measured physiologically and
psychologically. This type of stress is a
major risk factor for the development of
psychopathologies like depression and
anxiety (Corcoran et al., 2002; Yang et al.,
2015), making it a subject of intense inter-
est. In recent years, strong correlative ar-
guments have been made that suggest that
at least some of the negative behavioral
outcomes of psychosocial stress may lie
downstream of immune responses, but
causal evidence has been thin.

A prevalent animal model for studying
the effects of psychosocial stress on the
brain and body is chronic social defeat
(CSD), a paradigm in which animals un-
dergo daily bouts of physical subordina-
tion by a larger mouse for �10 d (Iñiguez
et al., 2016). After undergoing CSD, ro-
dents display several social and anxiety-
like behaviors that are similar to those
observed in human depression and are re-

versed by treatment with antidepressants
(Vialou et al., 2013).

CSD is also associated with an increase
in inflammatory cytokines in the serum of
rodents exhibiting depressive-like behav-
iors, and similar increases are seen in
patients with treatment-resistant major
depressive disorder (Hodes et al., 2014),
suggesting that inflammatory markers
may mediate the development of psycho-
pathologies after stress. A possible avenue
by which peripheral inflammation has been
thought to induce inflammation in the CNS
is through microglia, the primary immune
responders of the brain and a unique my-
eloid cell population (Dionisio-Santos et al.,
2019). Microglia can become activated by
challenges like psychosocial stress, but the
mechanisms by which microglia communi-
cate during or after stressful events are not
entirely understood (Galic et al., 2012).

As a result of infection, trauma, or
CSD, activated microglia produce reactive
oxygen species (ROS; Wolf et al., 2017).
ROS can be beneficial to the CNS by dam-
aging exogenous pathogens and playing
important roles in the development of
neural circuits (Zhang et al., 2016; Oswald
et al., 2018), but when ROS are produced
at high and sustained levels, they can dam-
age cell membranes, proteins, and DNA
of neighboring neurons (Spencer et al.,
2016). Excessive production of ROS by
microglia can also stimulate microglial
production and secretion of proinflam-

matory substances, which can create a
self-reinforcing cycle of microglial activa-
tion that negatively impacts neuronal
health and viability (Spencer et al., 2016).

In addition to microglia, neurons also
generate ROS after stressful events. A
study showing that stress increases ROS
production in neurons also showed that
accompanying anxiety-like behaviors were
reduced when ROS production was limited
(Seo et al., 2012). Similarly, there is a posi-
tive correlation between anxiety-like behav-
ior in mice and levels of ROS activity in
neurons and glia (Rammal et al., 2008). Al-
though these data suggest that microglia and
neurons may respond similarly to stressful
events, the dependency of ROS production,
if any, on one cellular population versus an-
other is not well understood.

To directly evaluate the contribution
of microglia to social stress responses and
ROS production, Lehmann et al. (2019)
first depleted microglia in mice by admin-
istering PLX5622, an inhibitor that blocks
access to a microglial survival factor, dur-
ing and after CSD. Behavioral responses
to the depletion of microglia were then
monitored using two assays: an anxiety-
like light/dark test measuring time spent
in or crossing between brightly lit and
dark compartments of a cage, and a two-
chamber social interaction test measuring
time spent near a perforated chamber
housing a novel mouse versus one that
was empty. Whereas CSD mice with intact
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microglia showed anxiety-like behavior,
mice depleted of microglia sustained base-
line pre-stress behavior after CSD, present-
ing no anxiety-like behavior. These results
suggest that microglial depletion protects
mice from anxiety-like behavioral effects of
stress, whereas microglia activation during
CSD in microglia-intact mice may contrib-
ute to anxiety-like behavior.

To understand the role of ROS in re-
sponses to psychosocial stress, 2-OH-E
fluorescence, a marker for ROS activity,
was quantified in tissue sections after
CSD. Microglia-depleted mice demon-
strated a significant decrease in the inten-
sity of 2-OH-E after CSD compared
with CSD-exposed microglia-intact mice,
which presented significantly elevated
2-OH-E intensity. To determine whether
changes in behavior were due to elevated
ROS during stress, an antioxidant, N-
acetylcysteine (NAC), was injected intracra-
nially. As expected, NAC-treated mice
produced less 2-OH-E than controls. This
intervention also reduced the social avoid-
ance and anxiety-like behavioral effects of
CSD. Specifically, microglia-intact mice in-
jected with NAC showed more social inter-
action and more crosses between light and
dark chambers after CSD compared with
mice that were injected with vehicle.

Having shown that depleting micro-
glia or reducing ROS protected against
CSD-induced behavioral changes, Leh-
mann et al. (2019) asked whether micro-
glia are the source of the damaging ROS.
To do so, they allowed microglia to repop-
ulate the brain after microglia-depleted
mice underwent CSD. Surprisingly, this
led to an increase in ROS, as measured by
an increase in 2-OH-E intensity, and a
reinstatement of CSD-induced anxiety-
like behavior and social avoidance. Con-
versely, mice with continued microglia
depletion showed consistently reduced
2-OH-E levels and a sustained protection
from the anxiety-like behavior and social
avoidance effects of CSD. These data sup-
port that microglia serve as the principal
source of ROS and are necessary to medi-
ate CSD-induced behaviors.

Considering that NAC-driven inhibi-
tion of ROS prevented anxiety-like and
social avoidance behaviors, Lehmann et
al. (2019) asked whether antioxidant ad-
ministration during microglia repopula-
tion would have a protective effect. The
data show that NAC administration at-
tenuated the behavioral effects of CSD in
both microglia-intact and repopulated
mice. Together, these findings suggest
that microglia contribute to the ROS ac-
tivity measured and drive social avoidance

and anxiety-like behavioral effects of CSD
stress.

The findings of Lehmann et al. (2019)
contribute directly to a growing body of
research probing the causal relationship
between microglia, social avoidance, and
anxiety (Yirmiya et al., 2015; McKim et
al., 2018; Wohleb et al., 2018). Data from
one study suggests that microglia are nec-
essary to recruit circulating inflammatory
monocytes to the brain, which they be-
lieve serve as the source for inflammatory
cytokine-dependent modulation of behav-
ioral responses to stress (McKim et al.,
2018). Consistent with this interpretation,
McKim et al. (2018) showed that adminis-
tration of clonazepam (a benzodiazepine
used to treat certain anxiety disorders)
blocked microglial activation, monocyte re-
cruitment, social avoidance, and anxiety-
like behaviors in mice that underwent
CSD. These findings fit well with previous
research showing that antidepressants
suppress microglial activation and inhibit
proinflammatory cytokine production.
They also support the hypothesis that mi-
croglia are key regulators of social avoidance
and anxiety-like behaviors resulting from
psychosocial stress (Yirmiya et al., 2015).

Although Lehmann et al. (2019) iden-
tified an increase in ROS production after
CSD that was prevented by microglial
depletion, a direct mechanism by which
microglia influence ROS production re-
mains to be defined. Studies by Ding et al.
(2017) and Kawai et al. (2018) propose
NADPH oxidase and voltage-gated pro-
ton channels as potential targets that may
influence microglia-specific ROS produc-
tion. However, it is not known whether
these proteins contribute significantly to
the behavioral readout observed in the
study by Lehmann et al. (2019). Given
that NAC administration fully protected
against the behavioral effects of CSD, the
contribution of NADPH oxidase and
voltage-gated proton channels may be mi-
nor in this context. Future studies would
need to manipulate NADPH oxidase and
voltage-gated proton channels to better
understand the direct link between ROS
production, microglia, and the behavioral
effects of psychosocial stress.

One of the most intriguing observa-
tions by Lehmann et al. (2019) was that
even when CSD takes place when micro-
glia are depleted, mice with repopulated
microglia show increased ROS and exhibit
behaviors resembling mice having intact
microglia throughout CSD. If most mi-
croglia were depleted, newly proliferated
microglia that produce ROS at levels sim-
ilar to those in non-microglia-depleted

mice must have had a “memory” of CSD.
In other words, either the small popula-
tion of microglia that survived depletion
or neighboring cells exhibit lasting CSD-
related effects. A variety of epigenetic
modification targets have been shown
to directly influence microglial memory
(Desplats et al., 2019) and may explain the
findings by Lehmann et al. (2019). For ex-
ample, it has been shown that broadly in-
hibiting histone deacetylases (HDACs),
enzymes that modulate DNA expression,
decrease cytokine release, suggesting a de-
cline in microglial activation (Suh et al.,
2010). Relevant targets may also be con-
tained within the microglia-specific tran-
scriptional changes in mice that have
undergone psychosocially stressful events
(Lacal and Ventura, 2018). To further
support that epigenetic modifications
contribute to a microglial memory after
challenging events, a study by Wendeln et
al. (2018) found that microglia underwent
epigenetic remodeling after inflammatory
stimuli were peripherally applied in mice,
and that this remodeling was impaired
when HDAC 1 and 2 were knocked out in
microglia. Localizing the sites and agents
underlying microglial memory forms part
of an exciting avenue of research that pro-
vides a continuing expansion of potential
targets for therapeutic intervention.

Subsequent experiments could build
on the findings by Lehmann et al. (2019)
by identifying the microglial epigenetic
signatures of animals that did not show
social avoidance and anxiety-like behav-
iors as a result of CSD. In this regard, Le-
hmann et al. (2019) did not address the
natural susceptibility and resiliency-to-
stress spectrum of their animals before
CSD, nor did they assay behavioral sus-
ceptibility or resiliency to CSD effects be-
fore microglia depletion. A previous study
from this group showed that the gene ex-
pression profile of microglia in the brains
of mice resistant to the social avoidance
and anxiety-like behavioral effects of CSD
was largely similar to home-cage, un-
stressed controls. Such expression profiles
were heavily enriched in genes implicated
in reducing the effects of stress (Lehmann
et al., 2018). In contrast, stress-susceptible
mice, which are socially avoidant and
exhibit anxiety-like behavior after CSD,
showed elevated levels of expression of mi-
croglial gene profiles implicated in inflam-
mation, oxidative stress, and blood–brain
barrier breakdown. These observations sug-
gest a difference in microglial gene expres-
sion profiles between stress-resilient and
susceptible animals, as well as demonstrate
the importance of observing microglial ge-
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netic signatures before microglial depletion
and after microglial repopulation in relation
to CSD.

The work by Lehmann et al. (2019)
highlights the relevance of microglia and
ROS in mediating behavioral responses to
psychosocial stress. It also serves to under-
score that such responses are a collabora-
tive effort that crosses cell type and
requires multiple molecular mechanisms
that are nevertheless lasting and coordi-
nated by a form of cellular memory.
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