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Abstract

Background: Recent studies have suggested that microglial activation plays a key role in the pathogenesis of depression. In fact, neuroinflammation
is associated with a phenotypic change of microglia, consisting of morphological differences, increased release of cytokines and oxidative stress
products, which may contribute to the development and maintenance of depression. Antidepressants, including selective serotonin re-uptake inhibitors
and serotonin-norepinephrine reuptake inhibitors, have been shown to act on the immune and oxidative stress mechanisms commonly found to be
disrupted in depression. Thus, the inhibition of microglial activation may be one of the mechanisms through which they exert an antidepressant action.
Aim: This is the first review summarising in vitro and ex vivo studies investigating the effects of different classes of antidepressants on microglia
activation, by examining cellular changes and/or via measuring the production of immune and/or oxidative stress signalling molecules, in microglia
models of neuroinflammation with either lipopolysaccharide (LPS) or cytokines. A total of 23 studies were identified, 18 using LPS stimulation and 5
using cytokines stimulation.

Results: Overall, the studies show that antidepressants, such as selective serotonin re-uptake inhibitors, serotonin-norepinephrine reuptake inhibitors,
monoamine oxidase inhibitors and tricyclic antidepressants prevented microglial activation, including reduced microglial reactivity and decreased
immune and oxidative stress products, in both models. However, specific antidepressants, such as bupropion and agomelatine did not prevent
interferon-gamma (IFN-y)-induced microglial activation; and for other antidepressants, including phenelzine, venlafaxine and sertraline, the results of
different studies were inconsistent.

Conclusions: Overall, results summarised in this review support the hypothesis that the action of at least certain classes of antidepressants may

involve regulation of microglial activation, especially when in presence of increased levels of inflammation.
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Introduction

Major depressive disorder (MDD) is projected to be the leading
cause of disease burden globally by 2030 (World Health
Organization, 2011). The focus of depressive pathophysiology
has evolved from dysregulated monoaminergic neurotransmis-
sion towards increased neuroinflammation, affecting both neu-
ronal and glial function under the environmental influence
(Abbink et al., 2019; van den Bosch and Meyer-Lindenberg,
2019). In fact, it is clear that dysfunctions in excitatory and/or
inhibitory glutamate and gamma-aminobutyric acid (GABA)
signalling mechanisms may play a critical role in depression
(Fee et al., 2017; Goshen et al., 2008; Luscher and Fuchs, 2015;
Luscher et al., 2011). It is also well-established that inflamma-
tion within the central nervous system (CNS) significantly con-
tributes to the development of psychiatric diseases (Stephenson
etal., 2018), whereby pro-inflammatory cytokines, such as
interleukin 1 beta (IL-1B), IL-6 and tumour necrosis factor-
alpha (TNF-a) are significantly raised in serum and cerebral
spinal fluid (CSF) of, at least, a subgroup of patients suffering
from depression (Wang and Miller, 2018; Zou et al., 2018).
Indeed, within the CNS, cytokines are secreted by numerous cell
populations, including neurons and astrocytes (Galic et al.,
2012), however, since microglia act as the principal immune
cells in the brain, they play a central role in regulating distinct

neuroinflammatory processes involved in the depressive psy-
chopathology (Perry and Teeling, 2013; Réus et al., 2015). To
support this evidence, different studies have shown that a high
proportion of cancer and hepatitis C patients who receive
cytokine including interferon-alpha (IFN-a) therapy develops
symptoms of depression that are indistinguishable from those
found in MDDs (Denicoff et al., 1987; Schifer et al., 2007; Su
et al., 2010; Udina et al., 2012; Valentine et al., 1998). In fact,
IFN-a treatment can lead to the development of depression in up
to 30% of patients within the first 3 months of therapy (Schaefer
et al., 2012). IFN-a is a cytokine associated with an early viral
infection and has both anti-viral and anti-proliferative properties
(Stark et al., 1998).

Stress, Psychiatry and Immunology Laboratory, Department of
Psychological Medicine, Institute of Psychiatry, Psychology &
Neuroscience, King’s College London, London, UK

Corresponding author:

Alessandra Borsini, Stress, Psychiatry and Immunology Lab & Perinatal
Psychiatry, Division of Psychological Medicine, Institute of Psychiatry,
Psychology & Neuroscience, King's College London, The Maurice Wohl
Clinical Neuroscience Institute, Cutcombe Road, London SE5 9RT, UK.
Email: alessandra.borsini@kcl.ac.uk


https://uk.sagepub.com/en-gb/journals-permissions
https://journals.sagepub.com/home/jop
mailto:alessandra.borsini@kcl.ac.uk

132

Journal of Psychopharmacology 36(2)

Several pre-clinical (Lehmann etal., 2016; Wang et al.,
2018b) and clinical studies in depression, including neuroimag-
ing (Holmes et al., 2018) and post-mortem studies (Schnieder
etal., 2014; Steiner et al., 2008, 2011), have shown an increase in
the numbers of activated microglia, in particular, in individuals
with suicidal ideation. Specifically, neuroimaging studies have
analysed microglial activation through measurement of positron
emission tomography (PET) radioligands targeting translocator
protein (TSPO), a protein located on outer mitochondrial mem-
branes in microglia. In contrast, post-mortem studies, have inves-
tigated microglial reactivity through other markers, including
major histocompatibility complex class II (MHC-II), CDA40,
CD68 and the peripheral-type benzodiazepine receptor. In par-
ticular, expression of MHC-II (i.e. HLA-DR) in microglial cells
is often an indication of activated neuroinflammatory and neuro-
degenerative processes in histological studies and, therefore,
considered a reliable marker of microglial reactivity (Schmitt
etal., 1998).

Microglia naturally exist within the M2 phenotype, mediating
synaptic pruning and surveilling the CNS parenchyma to maintain
homeostasis (Nimmerjahn et al., 2005). However, biological or
psychosocial insults, such as infections or periods of chronic
stress, stimulate microglia to enter the M1 phenotype, where sur-
veillance and synaptic pruning are reduced, and further inflamma-
tion is encouraged, through an increase in pro-inflammatory
cytokines, such as IL-1f3, IL-6 and TNF-o (Zhao et al., 2019).
However, it is reductive to classify microglia’s phenotypes in a
similar way to peripheral macrophages. In fact, according to find-
ings from genetic data analyses (Martinez and Gordon, 2014;
Ransohoft, 2016), this classification method needs reconsidera-
tion of the restrictive M1/M2 activation paradigm to fully describe
the broad diversity of microglial response. Specifically, the
numerous functions of microglia, integrating both immune and
metabolic cell characteristics, would be achieved by obtaining
multiple phenotypes, each of which is associated with a different
molecular signature (Bennett etal., 2016; Crain etal., 2013;
Hammond et al., 2019; Hickman et al., 2013). Said that, while
microglia exist on a spectrum of polarisation, it is well-established
that neuroinflammation is associated with a phenotypic change of
microglia. This phenotypic change may occur due to morphologi-
cal differences, as well as by the increased release of cytokines
and oxidative stress products (Harry and Kraft, 2008; Lehnardt,
2010), which can ultimately disrupt neuronal differentiation and
increase cell death, similar to what is often observed in pre-clini-
cal (Goshen et al., 2008; Koo and Duman, 2008) and post-mortem
studies in depression (Boldrini et al., 2013).

Interestingly, a few classes of antidepressants, including
selective serotonin re-uptake inhibitors (SSRIs) and serotonin—
norepinephrine reuptake inhibitors (SNRIs) can act on the same
inflammatory and oxidative stress mechanisms commonly found
to be disrupted in depression, and this may be one of the mecha-
nisms through which they exert an antidepressant action. In fact,
antidepressants can reduce inflammation and oxidative stress, as
shown both in pre-clinical (Abdel-Salam et al., 2011; Hashioka,
2011; Myint et al., 2007) and clinical models of neuropsychiatric
conditions (Hamer et al., 2011; Hashioka et al., 2009). However,
the way antidepressants regulate these biological mechanisms
remains unknown. Considering the fundamental role of micro-
glia in regulating inflammation and oxidative stress signals on
one hand (Harry and Kraft, 2008; Lehnardt, 2010), and the ability

of antidepressants to govern microglial cell function on the other
(Sanacora and Banasr, 2013), there is now a growing belief that
one way for antidepressants to work is to inhibit microglial acti-
vation and ultimately reduce inflammation in the brain (Kalkman
and Feuerbach, 2016).

Although the effect of different classes of antidepressant on
neurons and astrocytes is well-documented in other reviews
(Czéh and Di Benedetto, 2013; Drzyzga et al., 2009; Hanson
etal., 2011), articles discussing their influence on microglial
function in pre-clinical models of neuroinflammation is sparse,
suggesting a need for a microglia-centric review. Although a pre-
vious review by Kalkman et al. in 2016 has discussed the anti-
inflammatory effect of antidepressants on microglia/macrophage
M1 polarisation, they have only reported studies on cells exposed
to selected classes of antidepressants (SSRIs, monoamine oxi-
dase inhibitors (MAOISs) and tricyclic antidepressants (TCAs))
where only inflammation, but not oxidative stress, has been
investigated (Kalkman and Feuerbach, 2016). Hence, to our
knowledge, this is the first and most updated review summarising
all available findings on the effects of multiple classes of antide-
pressants, including SSRIs, SNRIs, TCAs, MAOIs and atypical
antidepressants, on microglial activation, in lipopolysaccharide
(LPS) and cytokines models of neuroinflammation. In particular,
this narrative review collates in vitro and ex vivo studies, which
investigated microglial activation, by assessing cellular changes
and/or via measuring the production of inflammatory and/or oxi-
dative stress signalling molecules, in microglia exposed to treat-
ment with LPS/cytokines alone or in combination with an
antidepressant. A total of 23 studies were identified, including 18
using stimulation with LPS and 5 using stimulation with
cytokines. Studies were excluded if they did not measure at least
one of our three outcomes (microglia morphological changes,
inflammation or oxidative stress), did not use a direct biological
challenge to model neuroinflammatory disease, were not in the
English language, analysed homogenised brain tissue rather than
just microglia, did not specify the analysed tissue or did not
report the effect of an antidepressant on microglia directly.

Results

LPS-induced models of neuroinflammation

This section summarises the findings of 18 articles, which report
the effect of SSRIs, SNRIs, tricyclic and MAOIs antidepressants in
preventing microglial activation induced by LPS treatment in in
vitro and ex vivo models of neuroinflammation. LPS administra-
tion is frequently used in several models of inflammation, both in
vivo and in vitro models (Carvey et al., 2003; Gao et al., 2002). It
has several essential advantages, including technical ease and high
reproducibility, particularly in the inflammatory response pro-
duced. Across these studies, microglial activation has been identi-
fied by cellular changes and/or by the presence of inflammatory
and/or oxidative stress products typical of an activated status.

Selective serotonin re-uptake inhibitors

Fluoxetine. Nine in vitro and three ex vivo studies investi-
gated the effect of fluoxetine in preventing LPS-induced micro-
glial activation (Table 1). Overall, studies showed that fluoxetine
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can prevent microglial cellular changes, as well as immune acti-
vation and oxidative stress production upon in vitro and ex vivo
exposure to LPS.

Five studies showed the ability of fluoxetine to prevent micro-
glial cellular changes induced by treatment with LPS in vitro and
ex vivo (Anderson et al., 2016; Chung et al., 2010; Liu et al.,
2011; Rodrigues et al., 2018; Zhang et al., 2012). In particular,
Zhang et al. (2012) showed that treatment with fluoxetine pre-
vented LPS-induced increase in ionised calcium-binding adaptor
molecule 1 (IbA1) expression and morphological changes, such
as larger cell bodies, thicker processes and irregular shapes, in
primary rat microglial cells. Moreover, Liu et al. (2011) showed
that treatment with fluoxetine, followed by the LPS challenge,
reduced CDI11b expression in mice primary microglial cells.
Similarly to the in vitro studies, two ex vivo studies showed that
treatment with fluoxetine prevented LPS-induced increase in
0X-42 and EDI1 microglia marker expression in rats substantia
nigra (Chung et al., 2010), and increase in IbA1l expression in
mice hippocampi (Anderson et al., 2016). However, in another
ex vivo study using the same experimental model, Rodrigues
etal. did not find any effect of fluoxetine on LPS-induced
increase in IbA1l in mice hippocampi (Rodrigues et al., 2018).
The hippocampus is an area of the brain responsible for neuro-
genesis, the process through which new neurons are generated in
the brain, and it is known to regulate both memory and emotion,
all of which are dysregulated patients with depression (Boldrini
etal., 2014, 2012; Sheline et al., 1996).

Three of the studies previously mentioned (Liu et al., 2011;
Rodrigues et al., 2018; Zhang et al., 2012) and seven additional
studies (Dhami et al., 2013; Du et al., 2014, 2016; Park et al.,
2019, 2020; Tynan et al., 2012; Yang et al., 2014) also showed
the ability of fluoxetine to prevent the production of microglial
immune markers induced by LPS in vitro and ex vivo. In fact,
fluoxetine prevented LPS-induced production of IL-1f3, IL-6 and
TNF-a, as well as other biomarkers of inflammation in primary
rat and mice microglia cultures (Dhami et al., 2013; Du et al.,
2014, 2016; Liu et al., 2011; Zhang et al., 2012) and mice BV2
microglia cultures (Liu etal., 2011; Park etal., 2019; Tynan
etal., 2012; Yang etal, 2014), and in mice hippocampi
(Rodrigues et al., 2018). In addition, fluoxetine prevented an
LPS-induced increase in /L-13, TNF-o. and IL-6 gene expression
(Liu etal., 2011; Park et al., 2019). Importantly, most of these
studies showed that the anti-inflammatory property of fluoxetine
is mediated by inhibition of nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB), mitogen-activated protein
kinase (MAPK) and extracellular signal-regulated kinases
(ERK1/2) pathways (Du et al., 2014; Liu et al., 2011; Park et al.,
2019; Yang et al., 2014; Zhang et al., 2012).

Some of the above-mentioned studies also showed the ability
of fluoxetine to prevent the production of microglial oxidative
stress markers induced by LPS in vitro (Dhami et al., 2013; Du
etal., 2014; Liu et al., 2014; Park et al., 2019, 2020; Tynan et al.,
2012; Yang et al., 2014; Zhang et al., 2012). In particular, fluox-
etine prevented LPS-induced production of nitric oxide (NO) in
primary rat and mice microglia cells (Dhami et al., 2013; Du
etal., 2014; Liu et al., 2011; Zhang et al., 2012) and in mice BV2
microglia cells (Liu et al., 2011; Park et al., 2019, 2020; Tynan
etal., 2012). In addition, in the same studies, fluoxetine pre-
vented LPS-induced increase in nitric oxide synthases (iNOS)

gene expression, a key enzyme for NO production (Liu et al.,
2011; Park et al., 2019, 2020; Zhang et al., 2012).

Paroxetine. Four in vitro studies investigated the effect
of paroxetine on LPS-induced microglial activation (Table 1).
Overall, the studies showed that paroxetine prevented microglial
morphological changes, as well as immune activation and oxida-
tive stress production upon in vitro exposure to LPS.

Only one study investigated the ability of paroxetine to pre-
vent cellular changes induced by treatment with LPS (Fujimori
etal., 2015). In their study, Fujimori etal. (2015) found an
increase in amoeboid morphology in rat primary microglial cul-
tures, which was reduced by paroxetine.

Two of the studies previously mentioned (Liu et al., 2011;
Tynan et al., 2012) and another study (Horikawa et al., 2010)
have also investigated the ability of paroxetine to prevent the pro-
duction of microglial immune markers. In particular, Horikawa
et al. (2010) did not find any effect of paroxetine on LPS-induced
production of TNF-a in rat primary microglia, with LPS used at
a concentration of 1 pg/mL, while Liu et al. (2014), using a dif-
ferent concentration of LPS (100ng/mL), found that paroxetine
prevented LPS-induced /L-If and TNF-o genes and protein
expression in both mice primary microglia and mice BV2 micro-
glia cells. Moreover, in mice BV2 cells, paroxetine prevented
LPS-induced c-Jun N-terminal kinases (JNK1/2) activation, but
did not affect MAPK p38 and NF-kB p65 activation (Liu et al.,
2014). In addition, Tynan et al. (2012) showed that 2.5 and 5 pM
paroxetine enhanced the increase in TNF-a production upon LPS
treatment, whereas paroxetine above 10 uM prevented LPS-
induced TNF-a production, in mice BV2 microglial cells.

All of the above studies also showed the ability of paroxetine
to prevent the production of microglial oxidative stress markers
(Horikawa et al., 2010; Liu et al., 2011; Tynan et al., 2012). In
particular, Horikawa et al. (2010) showed that paroxetine pre-
vented LPS-induced release of NO in rat primary microglial cul-
ture, with LPS used at a concentration of 1 pg/mL. However,
paroxetine did not affect NO release when a lower concentration
of LPS (50ng/mL) was used (Horikawa et al., 2010). On the con-
trary, Tynan et al. (2012) used a much lower concentration of
LPS (10ng/mL) and showed that 10-20 uM paroxetine prevented
LPS-induced NO production in mice BV2 microglial cultures.
Moreover, Liu et al. (2014) showed that 1 and 7.5 uM paroxetine
prevented LPS-induced increase in iNOS gene expression and
NO production in mice BV2 and mice primary microglial cul-
tures, respectively.

Citalopram. Two previously mentioned in vitro studies also
investigated the effects of citalopram on LPS-induced microglial
activation (Table 1; Dhami et al., 2013; Tynan et al., 2012). They
showed that citalopram prevented immune activation, but did not
have any effect on oxidative stress production upon in vitro expo-
sure to LPS.

Dhami et al. (2013) showed that citalopram prevented LPS-
induced production of IL-1B, TNF-a and NO in rat primary
microglia. In contrast, Tynan et al. (2012) showed that only con-
centrations of citalopram higher than 10 pM prevented LPS-
induced production of TNF-a, whereas treatment with citalopram
did not have any effect on LPS-induced NO production in mice
BV2 microglial cells.
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Sertraline. Two previously mentioned in vitro studies also
investigated the effects of sertraline on LPS-induced microglial
activation (Table 1; Horikawa et al., 2010; Tynan et al., 2012).
They showed that sertraline prevented immune activation and
oxidative stress production upon in vitro exposure to LPS,
although this outcome was observed only upon treatment with
specific concentrations of sertraline.

In particular, Horikawa et al. (2010) showed that sertraline pre-
vented LPS-induced TNF-a production in rat primary microglial
cells, as well as of NO production, but in this case only with the
concentration of sertraline and LPS, respectively, equal to 5 uM
and 1 pg/mL. In contrast, Tynan et al. (2012) showed that only
concentrations of sertraline higher than 10 uM prevented LPS-
induced TNF-o and NO production in mice BV2 microglial cells.

Norfluoxetine. Two additional in vitro studies investigated
the effect of norfluoxetine on LPS-induced microglial activation
(Table 1; Dhami et al., 2019; Kim et al., 2018). Overall, these
studies showed that norfluoxetine prevented immune activation
and oxidative stress production upon in vitro exposure to LPS.

In particular, Dhami et al. (2019) showed that norfluoxetine
prevented LPS-induced increase in TNF-a and NO production in
rat primary microglial cultures. However, Kim etal. (2018)
showed that only concentrations of norfluoxetine higher than 50
uM prevented LPS-induced NO production in rat primary micro-
glial cultures.

Fluvoxamine. To our knowledge, only one in vitro study
examined the effect of fluvoxamine on LPS-induced microglial
activation (Table 1). In particular, Tynan et al. (2012) found that
only concentrations of fluvoxamine higher than 10 uM prevented
LPS-induced production of TNF-o, but not NO, in mice BV2
microglial cultures.

Serotonin-norepinephrine reuptake inhibitors

Venlafaxine. Only one study previously mentioned (Tynan
etal., 2012) and one additional study (Dubovicky et al., 2014),
both in vitro, have investigated the effect of venlafaxine on LPS-
induced microglial activation (Table 1). Overall, these studies
showed that only at specific concentrations, venlafaxine prevents
immune activation, but did not have any effect on oxidative stress
production upon in vitro exposure to LPS.

In particular, in the first study, Dubovicky et al. (2014) showed
that only concentrations of venlafaxine equal to 100 uM pre-
vented LPS-induced cell phagocytosis and exerted also a protec-
tive effect on mitochondrial membrane potential in mice BV2
microglial culture. In the second study, Tynan et al. (2012) inves-
tigated the effects of venlafaxine on microglial immune changes
induced by LPS, and showed that only concentrations of venla-
faxine equal to 10 uM prevented LPS-induced reduction in TNF-
o in mice BV2 microglial culture.

Finally, both studies investigated the effect of different venla-
faxine concentrations on microglial oxidative stress products
after exposure to LPS (Dubovicky etal., 2014; Tynan et al.,
2012). Dubovicky et al. (2014) showed that concentrations of
venlafaxine equal to 100 pmol/L partially prevented LPS-induced
NO production, whereas the Tynan et al (2012) study showed
that irrespective of the range of concentrations used (0.1, 1, 2.5,

10 and from 15 to 35 uM), venlafaxine did not prevent LPS-
induced NO production.

Tricyclic antidepressants (TCAs)

Amitriptyline. One previously mentioned study (Park et al.,
2019) and an additional study (Obuchowicz et al., 2006), both
in vitro, investigated the effect of amitriptyline on LPS-induced
microglial activation (Table 1). Both studies showed that amitrip-
tyline prevented immune activation and oxidative stress produc-
tion upon in vitro exposure to LPS.

Obuchowicz et al. (2006) showed that only concentrations
of amitriptyline higher than 1 pM prevented the production of
LPS-induced increase in IL-1 in rat primary microglial cells.
Similarly, Park et al. (2019) showed that 10 uM amitriptyline
prevented LPS-induced IL-1f, TNF-a, IL-6 and iNOS produc-
tion, as well as /L-1P, TNF-a and /L-6 gene expression, in
mice BV2 microglial cells. However, there was no effect of
amitriptyline on the LPS-induced increase in NF-«B pathway
activation.

Imipramine. Only one in vitro study, previously mentioned
(Dhami et al., 2013), investigated the effect of imipramine on
LPS-induced microglial activation (Table 1). In their study,
Dhami et al. (2013) showed that imipramine is able to restore
LPS-induced increased production of TNF-a and IL-1f, and NO
in rat primary microglial cultures.

Clomipramine. Two additional studies, conducted both in
vitro and ex vivo experiments, investigated the effects of clomi-
pramine on LPS-induced microglial activation (Table 1; Dhami
et al., 2013; Gong et al., 2019). Overall, both studies showed that
clomipramine prevented microglial cellular changes, as well as
immune activation and oxidative stress production upon in vitro
and ex vivo exposure to LPS.

Gong et al. (2019) showed that clomipramine prevented the
expression of the microglial marker IbA1 in the hippocampus of
LPS-treated mice. Moreover, in the same study, in vitro treatment
with clomipramine prevented LPS-induced IL-1B, IL-6 and
TNF-a production and gene expression in mice primary micro-
glial cells and in mice BV2 microglial cells, whereas in vitro
treatment with clomipramine also prevented LPS-induced
increase in NLR family pyrin domain containing 3 (NLRP3) gene
expression in mice BV2 cells (Gong et al., 2019). However,
Dhami et al. (2013) showed that only concentrations of clomi-
pramine equal to 10 uM prevented LPS-induced IL-1f and NO,
but not TNF-a, production.

Monoamine oxidase inhibitors

Phenelzine. Two previously mentioned in vitro studies
investigated the effect of phenelzine on LPS-induced micro-
glial activation (Chung et al., 2012; Dhami et al., 2013; Table
1). Overall, one study found the ability of phenelzine to prevent
microglial production of immune and oxidative stress outcomes
upon treatment with LPS, whereas the second study showed the
opposite. Interestingly, such contrasting findings might be due
to the use of different concentrations of LPS (respectively, 1 and
0.2 pg/ml).
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In particular, Dhami et al. (2013) showed that 10 uM phenel-
zine is able to prevent LPS-induced increase in IL-1f protein
levels in rat primary microglia, but there was no effect on TNF-a
protein levels. However, Chung et al. (2012) showed that 10 and
50 uM phenelzine further increased LPS-induced production of,
respectively, IL-6 and TNF-a, in both mice BV2 and mice pri-
mary microglial cells. In addition, phenelzine 50 puM increased
LPS-induced NF-kB nuclear accumulation in mice BV2 micro-
glial cells (Chung et al., 2012).

Dhami et al. (2013) also showed that phenelzine prevented
LPS-induced increase in NO production. However, Chung et al.
showed that phenelzine further increased LPS-induced NO pro-
duction in both mice BV2 and mice primary microglial cells, and
iNOS and iNOS gene expression in mice primary microglial cell.

Tranylcypromine. Two previously mentioned in vitro and
ex vivo studies investigated the effect of tranylcypromine on
LPS-induced microglial activation (Table 1). Overall, the stud-
ies showed that tranylcypromine prevented microglial cellular
changes as well as immune activation and oxidative stress pro-
duction upon in vitro and ex vivo exposure to LPS.

In an ex vivo study, Park et al. (2020) showed that tranylcy-
promine partially prevented the expression of the microglial
marker IbA1 in the cortex, hippocampus and dentate gyrus of
LPS-treated mice. In the same study, in vitro treatment with tra-
nylcypromine prevented LPS-induced production of IL-18, IL-6,
IL-4 and ERK, signal transducer and activator of transcription 3
(STAT3) and NF-«B protein expression in mice BV2 microglial
cells (Park et al., 2020). Similarly, in the second in vitro study,
Dhami et al. (2013) showed that treatment with tranylcypromine
prevented LPS-induced production of TNF-a, IL-1f, in rat pri-
mary microglial cells. Finally, Dhami et al. (2013) showed that
tranylcypromine prevented LPS-induced increase in NO produc-
tion in rat primary microglial cells.

Ketamine. Only one in vitro study showed that treatment with
ketamine prevented gene and protein expression of
proinflammatory cytokines, oxidative stress molecules and
related enzymes in a concentration-dependent manner in LPS-
induced BV2 microglial cells (Lu et al., 2020). In particular, 10
and 20 pg/uL of ketamine were able to reduce the levels of COX
IL, iNOS, IL-1a, and TNF-a mRNA expression increased by the
LPS challenge.

Cytokines-induced models of neuroinflammation. This
section summarises the findings of five studies, which reported
the effect of SSRIs, tricyclic, norepinephrine reuptake inhibitors
(NRIs) and atypical antidepressants in preventing microglial
activation induced by cytokines treatment in in vitro and ex
vivo models of neuroinflammation. As previously mentioned,
microglial activation has been identified by cellular changes
and/or by the presence of inflammatory and/or oxidative stress

products typical of an activated status.

Selective serotonin re-uptake Inhibitors

Fluoxetine. Only one in vitro study, investigated the effect
of fluoxetine on IL-4-induced microglial activation (Su et al.,

2015; Table 2). The study showed that treatment with fluoxetine
increased IL-4-induced expression of the microglial M2 surface
marker CD206 and /L-10 gene expression both in mice BV2 cells
and rat primary microglial cells (Su et al., 2015).

In addition, Su et al. (2015) investigated the effect of fluoxe-
tine on microglial activation upon treatment with both IFN-y and
LPS. They showed that fluoxetine was able to prevent the
increased expression of the M1 microglial surface marker CD68
protein in both rat primary and mice BV2 microglia cells.
Moreover, in mice BV2 microglia, both 20 and 60 uM concentra-
tions of fluoxetine prevented IFN-y and LPS- induced expression
of IL-6, IL-1p and TNF-a. genes, but not of IL-1f3 and TNF-a
proteins. Whereas, in rat primary microglia, while both concen-
trations of fluoxetine prevented IFN-y- and LPS-induced increase
in the expression of /L-6 gene and IL-1f protein, only 60 uM
fluoxetine prevented the increase in the expression of /L-/3 and
TNF-a. genes. Moreover, both concentrations of fluoxetine pre-
vented IFN-y- and LPS-induced iNOS gene expression in both
cell types (Su et al., 2015).

Paroxetine. Only one in vitro study, previously mentioned,
investigated the effect of paroxetine on IFN-y-induced micro-
glial activation (Horikawa et al., 2010) (Table 2). In their study,
Horikawa et al. (2010) showed that paroxetine did not affect cell
viability and IL-4 production, and that only concentrations of
paroxetine equal to 5 uM were able to prevent IFN-y-induced
intracellular Ca2*, TNF-a release and NO production in murine
6-3 microglial cells.

Citalopram. Only one in vitro study, previously mentioned,
investigated the effects of citalopram on cytokines-induced
microglia activation (Su et al., 2015; Table 2). They showed that
60 uM of S enantiomer of citalopram (S-citalopram) prevented
IL-4-induced increase in CD206 protein expression in rat primary
microglia cells. In addition, while 20 pM S-citalopram also pre-
vented IL-4-induced IL-10 production, in rat primary microglia
cells, 60 uM S-citalopram further increased /L-10 gene expres-
sion and IL-10 protein expression, respectively, in rat primary
microglia cells, and both in mice BV2 and primary microglial
cells (Su et al., 2015).

In addition, Su etal. (2015) investigated the effect of
S-citalopram on microglial activation upon treatment with both
IFN-y and LPS. They showed that fluoxetine was able to prevent
the increased expression of CD68 protein in both rat primary and
mice BV2 microglia cells. Moreover, in mice BV2 microglia, 20
UM S-citalopram was not able to prevent IFN-y and LPS- induced
expression of inflammatory biomarkers, while 60 uM
S-citalopram was able to prevent the increased expression of /L-6
and TNF-o genes and of IL-1f protein. Whereas, in rat primary
microglia, while both concentrations of S-citalopram prevented
IFN-y and LPS- induced increase in the expression of /L-6 and
IL-1B genes and IL-1f protein, only 60 uM S-citalopram pre-
vented the increase in the expression of /L-1f3 and TNF-o. genes.
Moreover, while both concentrations of S-citalopram prevented
IFN-y- and LPS-induced iNOS gene expression in rat primary
microglia cells, only 60 uM S-citalopram prevented iNOS gene
expression in mice BV2 microglia cells (Su et al., 2015).

Escitalopram. To our knowledge, only one ex vivo study
examined the effect of escitalopram on cytokine-induced
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microglial activation (Wang et al., 2018a) (Table 2). In particu-
lar, Wang et al. (2018a) showed that escitalopram prevented the
expression of IbA1 within the dorsal raphe nucleus of IFN-a-
treated C57BL/6J mice.

Sertraline. One previously mentioned study (Horikawa
etal., 2010) and another study (Lu et al., 2019), both in vitro,
investigated the effect of sertraline upon cytokines-induced
microglial activation. Overall, the studies showed that specific
concentrations of sertraline prevented immune activation and
oxidative stress production upon in vitro exposure to either TNF-
a or [IFN-y.

Horikawa et al. (2010) showed that only 5 uM sertraline was
able to prevent IFN-y-induced increase in the levels of intracellular
Ca2*in murine 6-3 microglia cells. Lu et al. (2019) showed that
sertraline prevented TNF-a-induced increase in IbA1 expression
in mice BV2 microglia cells. In addition, Lu et al. (2019) showed
that only concentrations of sertraline equal to 1 pM prevented
TNF-o-induced NF-«kB protein expression. Horikawa et al. (2010),
showed that 5 uM sertraline prevented the IFN-y-induced TNF-a,
but not IL-4, production in murine 6-3 microglia cells. Moreover,
sertraline prevented IFN-y-induced iNOS protein levels (Lu et al.,
2019) and NO production (Horikawa et al., 2010).

Fluvoxamine. One in vitro study investigated the effect of
fluvoxamine on IFN-y-induced microglial activation (Hashioka
etal., 2007). Specifically, Hashioka et al. (2007) showed that
fluvoxamine prevented IFN-y-induced increase in IL-6 and NO
production in murine 6-3 microglia cells. Moreover, this study
showed that the effect of fluvoxamine was prevented by treat-
ment with either a cyclic adenosine monophosphate (cAMP)
inhibitor or a protein kinase A (PKA) inhibitor (Hashioka et al.,
2007).

Tricyclic antidepressants

Imipramine. One previously mentioned in vitro study, also
showed that imipramine prevented IFN-y-induced microglial
activation (Hashioka et al., 2007). Specifically, Hashioka et al.
(2007) showed that only a concentration of imipramine equal to
50 and 100 uM, but not 10 uM, prevented the IFN-y-induced pro-
duction of IL-6 and NO in murine 6-3 microglia cells. Moreover,
this study showed that the effect of imipramine was prevented by
treatment with either the cAMP inhibitor or the PKA inhibitor
(Hashioka et al., 2007).

Norepinephrine reuptake inhibitors

Reboxetine. One previously mentioned in vitro study, also
showed that reboxetine prevented IFN-y-induced microglial
activation (Hashioka etal., 2007). In their study, Hashioka
etal. (2007) showed that only a concentration of reboxetine
equal to 50 and 100 pM, but not 10 uM, was able to prevent
IFN-y-induced IL-6 and NO production in murine 6-3 micro-
glia cells. Moreover, this study showed that the effect of rebox-
etine on IL-6 production was prevented by treatment with the
cAMP inhibitor, whereas both the cAMP inhibitor and the PKA
inhibitor prevented the effects of reboxetine on NO production
(Hashioka et al., 2007).

Atypical antidepressants

Bupropion and agomelatine. Only one previously men-
tioned in vitro study also showed that both bupropion and ago-
melatine did not prevent IFN-y-induced NO production in murine
6-3 microglia cells microglial activation (Horikawa et al., 2010).

Discussion

This is the first review summarising the effects of multiple classes
of antidepressants, including SSRIs, SNRIs, TCAs, MAOIs and
atypical antidepressants, on microglial activation, in in vitro LPS
and cytokines models of neuroinflammation. Overall, studies
showed that SSRIs, SNRIs, MAOIs and TCAs antidepressants
prevented microglial activation, including reduced microglial
reactivity and decreased immune and oxidative stress products,
in both models of LPS and cytokines (Figure 1). However,
these effects were observed only for specific concentrations of
the antidepressant sertraline (SSRI) in both LPS and cytokines
models, and venlafaxine (SNRI) in LPS models, whereas
contrasting or no effects were observed in presence of phenelzine
(MAOI) in LPS models, and bupropion and agomelatine (atypical
antidepressants) in cytokines models, respectively.

First of all, the majority of the studies discussed in this review
showed that all classes of antidepressants were able to prevent
LPS-induced cytokines release, including IL-1p3, TNF-o and IL-6
(Dhami et al., 2013, 2019; Du etal., 2014, 2016; Gong et al.,
2019; Liu et al., 2011, 2014; Obuchowicz et al., 2006; Park et al.,
2019, 2020; Rodrigues et al., 2018; Tynan et al., 2012; Yang et al.,
2014; Zhang etal., 2012). In addition, these antidepressants
reduced cytokines production via inhibiting the activation of
microglial immune-related intracellular signalling pathways, such
as p38 MAPK, ERK, JNK and NF-xB (Du et al., 2014; Liu et al.,
2011, 2014; Park et al., 2019, 2020; Rodrigues et al., 2018; Yang
et al., 2014; Zhang et al., 2012). This is in line with evidence sug-
gesting the ability of antidepressants to exert anti-inflammatory
properties. This includes findings coming from in vivo studies
using LPS and antidepressant treatment in animal models of
depression (Taniguti et al., 2019), or from clinical studies using
antidepressant treatment in depressed patients with sub-chronic
levels of inflammation (Cattaneo et al., 2020; Kubera et al., 2001;
Nazimek et al., 2017; Szatach et al., 2019). These studies identi-
fied a reduction in cytokines production, such as IL-1p, TNF-a
and IL-6 in depressed patients (Cattaneo et al., 2020), similar to
findings discussed in this review, therefore, suggesting that inhibi-
tion of microglia-induced immune activation might be one of the
mechanisms through which antidepressants work in the brain.

Furthermore, all classes of antidepressants, except for the
SSRI fluvoxamine, were able to prevent the release of NO and
reactive oxygen species induced by LPS (Chung et al., 2012;
Dhami et al., 2013, 2019; Du et al., 2014; Dubovicky et al.,
2014; Horikawa et al., 2010; Kim et al., 2018; Liu et al., 2011,
2014; Park et al., 2019, 2020; Tynan et al., 2012; Zhang et al.,
2012). These results are confirmed in preclinical studies where
antidepressants reduce oxidative stress production in models of
depression (Krass et al., 2011; Li et al., 2006; Wegener et al.,
2003), and in clinical studies of depression, where antidepres-
sants decrease levels of serum nitrite and nitrate (Finkel et al.,
1996). In particular, in the brain, reduced oxidative stress
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Figure 1. Microglial activation is induced by LPS and by IFN-o, TNF-o and IL-4, leading to neurodegeneration. As outlined in the text, this effect is

prevented by SSRIs, SNRIs, MAOIs, and TCAs antidepressants.

through antidepressant treatment has been shown to promote
neuronal survival in models of depression (Chung et al., 2010;
Kim et al., 2018). Therefore, it is likely that reducing micro-
glial-derived production of oxidative stress products may be a
mechanism through which antidepressants protect neuronal
function in the brain and decrease depressive symptoms.

In addition to LPS, cytokines also can stimulate microglial acti-
vation. Our review shows that treatment with pro-inflammatory
cytokines INF-y, TNF-a or INF-a, and the SSRI fluoxetine, parox-
etine, citalopram, escitalopram and sertraline can prevent micro-
glial morphological changes, such as soma size and process length,
as well as increased expression of the microglia inflammatory
marker CD68 (Hashioka et al., 2007; Horikawa et al., 2010; Lu
etal., 2019; Suet al., 2015; Wang et al., 2018a). These findings are
supported by the previous literature, which has consistently
reported that cytokine exposure can induce a pro-inflammatory
phenotype, with associated M1 changes in microglia morphology
(Anderson et al., 2017). Most interestingly, treatment with fluoxe-
tine, citalopram and the anti-inflammatory cytokine IL-4 further
increased the expression of the microglia surface marker CD206,
which is indicative of an anti-inflammatory phenotype (Su et al.,
2015). Therefore, evidence from this review seems to suggest that
antidepressants can effectively change microglia status, consisting
of either preventing or enhancing the effect of respectively pro-
inflammatory or anti-inflammatory cytokines on these cells.

In addition to cell morphology, the SSRI fluoxetine, paroxe-
tine, citalopram, sertraline, fluvoxamine and NRI reboxetine also
prevented microglial production of downstream pro-inflamma-
tory cytokines, such as IL-1f3, TNF-a and IL-6, upon prior cel-
lular exposure to INF-y, TNF-o or INF-a treatment (Hashioka
et al., 2007; Horikawa et al., 2010; Lu et al., 2019; Su et al., 2015).

Once produced, cytokines, and particularly pro-inflammatory
cytokines, can alter neurogenesis, a process potentially disrupted
in depression, and required for antidepressant efficacy (Boldrini
etal., 2013, 2019). Indeed, evidence coming from our lab has
shown that in vitro treatment of human hippocampal neuronal
progenitors with exogenous IL-1f, IL-6 or IFN-a can dramati-
cally reduce cell proliferation and neurogenesis, and increase
apoptosis (Borsini et al., 2017, 2018, 2020). Since microglia can
disrupt neurogenesis via the production of inflammatory
cytokines (Hickman et al., 2018), antidepressants treatment may
exert its properties via inhibiting microglia-induced cytokines
production and ultimately enhance brain plasticity and decrease
depressive symptoms.

Similar to LPS, all antidepressants were able to prevent an
increase in oxidative stress induced by treatment with pro-
inflammatory cytokines. Specifically, the SSRI fluoxetine, cital-
opram and sertraline prevented the production of iNOS, whereas
the SSRI paroxetine, sertraline, fluvoxamine and imipramine
prevented the production of NO (Hashioka et al., 2007; Horikawa
etal., 2010; Lu et al., 2019; Su et al., 2015). This shows that anti-
depressants can limit the effect of pro-inflammatory cytokines,
released by other glial cells, neurons or peripheral immune cells,
on microglia-mediated oxidative stress in the brain. This evi-
dence proposes a new mechanistic route through which antide-
pressants may exert their concomitant anti-inflammatory and
antioxidant properties.

While it is clear that most antidepressants are able to reduce
microglial activation, for some others, including the SSRI sertra-
line, the SNRI venlafaxine and the MAOI phenelzine, the results
were inconsistent. For example, sertraline prevented immune
activation and oxidative stress production upon in vitro exposure
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to LPS and cytokines, but only upon concentrations higher than 5
WM. Venlafaxine also prevented immune activation only at con-
centrations higher than 100 pM, but did not have any preventive
effect on oxidative stress production upon cell exposure to LPS.
Interestingly, these results are in line with clinical and in vivo
studies showing that higher doses of venlafaxine are associated
withmoreefficacy (Mendels et al., 1993; Zhang et al., 2019).
Microglia are known to be extremely sensitive to their environ-
ment, and small differences in chemical concentration are enough
to alter their phenotype. This stresses the importance of develop-
ing more controlled experiments when investigating microglial
polarisation, as even subtle experimental differences can contrib-
ute to the development of multiple microglia phenotypes. As for
sertraline and venlafaxine, there was conflicting evidence for the
action of the MAOI phenelzine, with one study showing that the
antidepressant can prevent LPS-induced inflammation and oxi-
dative stress (Dhami et al., 2013), and another study showing the
opposite (Chung et al., 2012). Although, in this case, the concen-
tration of the antidepressant was the same, concentrations of
LPS, as well as microglia cells origin, were different, therefore,
potentially explaining the contrasting findings.

Interestingly, two studies using magnetic resonance spectros-
copy to determine the concentration of fluoxetine and fluvoxam-
ine within the human brain of patients undergoing antidepressant
treatment (Bolo et al., 2000; Henry et al., 2005) indicated that the
brain concentration of fluoxetine and fluvoxamine, after a mini-
mum of 3 weeks of treatment, ranged between 12 and 25 pM.
Importantly, these concentrations coincide with the same concen-
trations at which these compounds exerted their anti-inflamma-
tory actions within the presented studies (Dhami et al., 2013; Du
et al., 2014, 2016; Park et al., 2019, 2020; Tynan et al., 2012).

Finally, only one study investigated atypical antidepressants
and showed that treatment with bupropion and agomelatine nei-
ther prevented changes in microglia morphology nor in NO pro-
duction by IFN-y challenge (Horikawa et al., 2010). However, to
our knowledge, it is the only study investigating the effects of
atypical antidepressants on cytokines-induced microglial activa-
tion and they have used only one experimental model (murine
6-3 microglia) and one concentration of IFN-y (100 U/mL).
Further studies using a small incremental change of concentra-
tion of antidepressants as well as different cellular models will be
necessary to understand more effectively how atypical antide-
pressants regulate microglial activation.

Finally, BV2 cells are a well-characterised, widely used
model for microglia. Different studies, including complex cell—
cell interaction studies (Henn et al., 2009), have verified that
BV2 cells are a valid substitute for primary microglia in many
experimental settings. However, there are some limitations to
using these cells, including their murine origin (Timmerman
etal., 2018). Hence, further studies will be needed in human
iPSCs-induced microglia cells or other primary cultures of
microglia to confirm that similar sets of genes are indeed
expressed when compared with BV2 cells.

The concentration of antidepressants used in these studies are
within a similar range as the concentrations observed in the brain
after a treatment dose in humans (Nikisch et al., 2004, 2005;
Paulzen et al., 2015); therefore, our results support microglial
activation as one key pharmacological mechanism behind antide-
pressant action. Moreover, while this review has limitations
including differences in the concentrations of antidepressants,

LPS and cytokines used, in the cellular models employed, as well
as in the heterogeneity of the method used to quantify cytokines
production (e.g. enzyme-linked immunosorbent assay (ELISA),
Western blotting analysis and reverse transcriptase polymerase
chain reaction (RT-PCR)), this is the first attempt ever made to
summarise both in vitro and ex vivo studies investigating the
effects of different classes of antidepressants on microglial acti-
vation, by examining cellular changes and/or via measuring the
production of immune and/or oxidative stress signalling mole-
cules in microglia exposed to models of neuroinflammation.
Overall, our review shows that antidepressants can significantly
regulate microglia phenotype, and ultimately prevent its activa-
tion, both at a cellular and molecular level. Further research is
needed to better understand the role of microglia in depression;
however, the evidence so far strongly suggest that microglia are
effective cellular targets of the antidepressant treatment and a
mean through which antidepressants may regulate both brain
inflammation and oxidative stress. Finally, to better understand
the mechanisms underlying microglial activation, future ex vivo
studies should focus on distinct morphological changes observed
by real-time imaging of process speed, especially in response to
‘injury’, or improve phenotype analyses using cell sorting via
fluorescence-activated cell sorting (FACS). Moreover, most of
the studies included have investigated neurogenesis as an out-
come. In the future, more attention should be given to synaptic
changes and plasticity.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support for the
research, authorship, and/or publication of this article: The authors are
funded by the UK Medical Research Council (grants MR/L014815/1,
MR/J002739/1and MR/N029488/1), the European Commission Horizon
2020 (grant SC1-BHC-01-2019) and the National Institute for Health
Research (NIHR) Biomedical Research Centre at South London and
Maudsley NHS Foundation Trust and King’s College London; they have
also received research funding from Johnson & Johnson for research on
depression and inflammation, but this article is independent of this fund-
ing. In addition, CMP is funded by the Wellcome Trust strategy award to
the Neuroimmunology of Mood Disorders and Alzheimer’s Disease
(NIMA) Consortium (104025), which is also funded by Janssen,
GlaxoSmithKline, Lundbeck and Pfizer, but, again, this article is inde-
pendent of this funding.

ORCID iD

Nicole Mariani https://orcid.org/0000-0001-7918-3492

References

Abbink MR, van Deijk ALF, Heine VM, et al. (2019) The involvement of
astrocytes in early-life adversity induced programming of the brain.
Glia 67(9): 1637-1653.

Abdel-Salam OME, Morsy SMY and Sleem AA (2011) The effect of
different antidepressant drugs on oxidative stress after lipopolysac-
charide administration in mice. EXCLI Journal 10: 290-302.

Anderson ST, Commins S, Moynagh P, et al. (2016) Chronic fluoxetine
treatment attenuates post-septic affective changes in the mouse.
Behavioural Brain Research SreeTestContentl 297: 112—-115.


https://orcid.org/0000-0001-7918-3492

148

Journal of Psychopharmacology 36(2)

Anderson WD, Greenhalgh AD, Takwale A, etal. (2017) Novel Influ-
ences of IL-10 on CNS inflammation revealed by integrated analyses
of cytokine networks and microglial morphology. Frontiers in Cel-
lular Neuroscience 11: 233-233.

Bennett ML, Bennett FC, Liddelow SA, etal. (2016) New tools for

studying microglia in the mouse and human CNS. Proceedings of

the National Academy of Sciences of the United States of America
113(12): E1738-E1746.

Boldrini M, Butt TH, Santiago AN, et al. (2014) Benzodiazepines and
the potential trophic effect of antidepressants on dentate gyrus cells
in mood disorders. International Journal of Neuropsychopharmacol-
ogy 17(12): 1923-1933.

Boldrini M, Galfalvy H, Dwork AJ, etal. (2019) Resilience is associ-
ated with larger dentate gyrus, while suicide decedents with major
depressive disorder have fewer granule neurons. Biological Psychia-
try 85(10): 850-862.

Boldrini M, Hen R, Underwood MD, et al. (2012) Hippocampal angio-
genesis and progenitor cell proliferation are increased with anti-
depressant use in major depression. Biological Psychiatry 72(7):
562-571.

Boldrini M, Santiago AN, Hen R, etal. (2013) Hippocampal granule
neuron number and dentate gyrus volume in antidepressant-treated
and untreated major depression. Neuropsychopharmacology 38(6):
1068-1077.

Bolo NR, Hodé Y, Nédélec J-F, et al. (2000) Brain pharmacokinetics and
tissue distribution in vivo of fluvoxamine and fluoxetine by fluo-
rine magnetic resonance spectroscopy. Neuropsychopharmacology
23(4): 428-438.

Borsini A, Alboni S, Horowitz MA, etal. (2017) Rescue of IL-1B3-
induced reduction of human neurogenesis by omega-3 fatty acids
and antidepressants. Brain, Behavior, and Immunity 65: 230-238.

Borsini A, Cattaneo A, Malpighi C, et al. (2018) Interferon-alpha reduces
human hippocampal neurogenesis and increases apoptosis via acti-
vation of distinct STAT1-dependent mechanisms. The International
Journal of Neuropsychopharmacology 21(2): 187-200.

Borsini A, Di Benedetto MG, Giacobbe J, et al. (2020) Pro- and anti-
inflammatory properties of interleukin in vitro: Relevance for major
depression and human hippocampal neurogenesis. International
Journal of Neuropsychopharmacology 23(11): 738-750.

Carvey PM, Chang Q, Lipton JW, et al. (2003) Prenatal exposure to the
bacteriotoxin lipopolysaccharide leads to long-term losses of dopa-
mine neurons in offspring: A potential, new model of Parkinson’s
disease. Front Biosci 8: S826—S837.

Cattaneo A, Ferrari C, Turner L, et al. (2020) Whole-blood expression
of inflammasome- and glucocorticoid-related mRNAs correctly
separates treatment-resistant depressed patients from drug-free and
responsive patients in the BIODEP study. Translational Psychiatry
10(1): 232.

Chung ES, Chung YC, Bok E, etal. (2010) Fluoxetine prevents LPS-
induced degeneration of nigral dopaminergic neurons by inhibiting
microglia-mediated oxidative stress. Brain Research 1363: 143—150.

Chung H-S, Kim H and Bae H (2012) Phenelzine (monoamine oxidase
inhibitor) increases production of nitric oxide and proinflammatory
cytokines via the NF-kB pathway in lipopolysaccharide-activated
microglia cells. Neurochemical Research 37(10): 2117-2124.

Crain JM, Nikodemova M and Watters JJ (2013) Microglia express
distinct M1 and M2 phenotypic markers in the postnatal and adult
central nervous system in male and female mice. Journal of Neuro-
science Research 91(9): 1143-1151.

Cz¢h B and Di Benedetto B (2013) Antidepressants act directly on astro-
cytes: Evidences and functional consequences. European Neuropsy-
chopharmacology 23(3): 171-185.

Denicoff KD, Rubinow DR, Papa MZ, et al. (1987) The neuropsychiat-
ric effects of treatment with interleukin-2 and lymphokine-activated
killer cells. Annals of Internal Medicine 107(3): 293-300.

Dhami KS, Churchward MA, Baker GB, et al. (2013) Fluoxetine and
citalopram decrease microglial release of glutamate and d-serine to

promote cortical neuronal viability following ischemic insult. Molec-
ular and Cellular Neuroscience 56: 365-374.

Dhami KS, Churchward MA, Baker GB, etal. (2019) Fluoxetine and
its metabolite norfluoxetine induce microglial apoptosis. Journal of
Neurochemistry 148(6): 761-778.

Drzyzga LR, Marcinowska A and Obuchowicz E (2009) Antiapoptotic
and neurotrophic effects of antidepressants: A review of clinical and
experimental studies. Brain Research Bulletin 79(5): 248-257.

Dubovicky M, Csaszar E, Melicher¢ikova K, et al. (2014) Modulation
of microglial function by the antidepressant drug venlafaxine 28
November 2014. Interdisciplinary Toxicology 7(4): 201-207.

DuR-H, Tan J, Sun X-Y, et al. (2016) Fluoxetine inhibits NLRP3 inflam-
masome activation: Implication in depression. /nternational Journal
of Neuropsychopharmacology 19(9): pyw037.

Du RW, Du RH and Bu WG (2014) B-Arrestin 2 mediates the anti-
inflammatory effects of fluoxetine in lipopolysaccharide-stimulated
microglial cells. Journal of Neuroimmune Pharmacology 9(4): 582—
590.

Fee C, Banasr M and Sibille E (2017) Somatostatin-positive gamma-
aminobutyric acid interneuron deficits in depression: Cortical micro-
circuit and therapeutic perspectives. Biological Psychiatry 82(8):
549-559.

Finkel MS, Laghrissi-Thode F, Pollock BG, et al. (1996) Paroxetine is a
novel nitric oxide synthase inhibitor. Psychopharmacol Bull 32(4):
653-658.

Fujimori K, Takaki J, Shigemoto-Mogami Y, etal. (2015) Paroxetine
prevented the down-regulation of astrocytic L-Glu transporters in
neuroinflammation. Journal of Pharmacological Sciences 127(1):
145-149.

Galic MA, Riazi K and Pittman QJ (2012) Cytokines and brain excitabil-
ity. Frontiers in Neuroendocrinology 33(1): 116-125.

Gao HM, Jiang J, Wilson B, et al. (2002) Microglial activation-mediated
delayed and progressive degeneration of rat nigral dopaminergic
neurons: Relevance to Parkinson’s disease. Journal of Neurochem-
istry 81(6): 1285-1297.

Gong W, Zhang S, Zong Y, et al. (2019) Involvement of the microg-
lial NLRP3 inflammasome in the anti-inflammatory effect of the
antidepressant clomipramine. Journal of Affective Disorders 254:
15-25.

Goshen I, Kreisel T, Ben-Menachem-Zidon O, et al. (2008) Brain inter-
leukin-1 mediates chronic stress-induced depression in mice via
adrenocortical activation and hippocampal neurogenesis suppres-
sion. Molecular Psychiatry 13(7): 717-728.

Hamer M, Batty GD, Marmot MG, et al. (2011) Anti-depressant medica-
tion use and C-reactive protein: Results from two population-based
studies. Brain, Behavior, and Immunity 25(1): 168—173.

Hammond TR, Dufort C, Dissing-Olesen L, etal. (2019) Single-cell
RNA sequencing of microglia throughout the mouse lifespan and in
the injured brain reveals complex cell-state changes. Immunity 50(1):
253-271.

Hanson ND, Owens MJ and Nemeroff CB (2011) Depression, antide-
pressants, and neurogenesis: A critical reappraisal. Neuropsycho-
pharmacology 36(13): 2589-2602.

Harry GJ and Kraft AD (2008) Neuroinflammation and microglia: Con-
siderations and approaches for neurotoxicity assessment. Expert
Opinion on Drug Metabolism & Toxicology 4(10): 1265-1277.

Hashioka S (2011) Antidepressants and neuroinflammation: Can antide-
pressants calm glial rage down? Mini Reviews in Medicinal Chemis-
1y 11(7): 555-564.

Hashioka S, Klegeris A, Monji A, et al. (2007) Antidepressants inhibit
interferon-y-induced microglial production of IL-6 and nitric oxide.
Experimental Neurology 206(1): 33-42.

Hashioka S, McGeer PL, Monji A, etal. (2009) Anti-inflammatory
effects of antidepressants: Possibilities for preventives against
Alzheimer’s disease. Central Nervous System Agents in Medicinal
Chemistry (Formerly Current Medicinal Chemistry-central Nervous
System Agents) 9(1): 12—19.



Mariani et al.

149

Henn A, Lund S, Hedtjarn M, et al. (2009) The suitability of BV2 cells
as alternative model system for primary microglia cultures or for
animal experiments examining brain inflammation. Altex 26(2):
83-94.

Henry ME, Schmidt ME, Hennen J, et al. (2005) A comparison of brain
and serum pharmacokinetics of R-fluoxetine and racemic fluoxetine:
A 19-F MRS study. Neuropsychopharmacology 30(8): 1576-1583.

Hickman SE, Kingery ND, Ohsumi TK, et al. (2013) The microglial
sensome revealed by direct RNA sequencing. Nature Neuroscience
16(12): 1896-1905.

Hickman S, Izzy S, Sen P, et al. (2018) Microglia in neurodegeneration.
Nature Neuroscience 21(10): 1359—-1369.

Holmes SE, Hinz R, Conen S, et al. (2018) Elevated translocator protein
in anterior cingulate in major depression and a role for inflammation
in suicidal thinking: A positron emission tomography study. Biologi-
cal Psychiatry 83(1): 61-69.

Horikawa H, Kato TA, Mizoguchi Y, et al. (2010) Inhibitory effects of
SSRIs on IFN-y induced microglial activation through the regulation
of intracellular calcium. Progress in Neuro-psychopharmacology
and Biological Psychiatry 34(7): 1306-1316.

Kalkman HO and Feuerbach D (2016) Antidepressant therapies inhibit
inflammation and microglial M1-polarization. Pharmacology &
Therapeutics 163: 82-93.

Kim KI, Chung YC and Jin BK (2018) Norfluoxetine prevents degenera-
tion of dopamine neurons by inhibiting microglia-derived oxidative
stress in an MPTP mouse model of Parkinson’s disease. Mediators
of Inflammation 2018: 4591289.

Koo JW and Duman RS (2008) IL-1f is an essential mediator of the
antineurogenic and anhedonic effects of stress. Proceedings of
the National Academy of Sciences of the United States of America
105(2): 751-756.

Krass M, Wegener G, Vasar E, etal. (2011) The antidepressant action
of imipramine and venlafaxine involves suppression of nitric oxide
synthesis. Behavioural Brain Research 218(1): 57-63.

Kubera M, Lin A-H, Kenis G, et al. (2001) Anti-inflammatory effects
of antidepressants through suppression of the interferon-y/interleu-
kin-10 production ratio. Journal of Clinical Psychopharmacology
21(2): 199-206.

Lehmann ML, Cooper HA, Maric D, et al. (2016) Social defeat induces
depressive-like states and microglial activation without involvement
of peripheral macrophages. Journal of Neuroinflammation 13(1): 224.

Lehnardt S (2010) Innate immunity and neuroinflammation in the CNS:
The role of microglia in toll-like receptor-mediated neuronal injury.
Glia 58(3): 253-263.

Liu D, Wang Z, Liu S, et al. (2011) Anti-inflammatory effects of fluox-
etine in lipopolysaccharide(LPS)-stimulated microglial cells. Neuro-
pharmacology 61(4): 592-599.

Liu R-P, Zou M, Wang J-Y, etal. (2014) Paroxetine ameliorates
lipopolysaccharide-induced microglia activation via differential
regulation of MAPK signaling. Journal of Neuroinflammation
11(1): 47.

Li YF, Zhang YZ, Liu YQ, etal. (2006) Inhibition of N-methyl-D-
aspartate receptor function appears to be one of the common
actions for antidepressants. Journal of Psychopharmacology 20(5):
629-635.

LuY, Ding X, Wu X, et al. (2020) Ketamine inhibits LPS-mediated BV2
microglial inflammation via NMDA receptor blockage. Fundamen-
tal & Clinical Pharmacology 34(2): 229-237.

LuY, Xu X, Jiang T, et al. (2019) Sertraline ameliorates inflammation in
CUMS mice and inhibits TNF-a-induced inflammation in microglia
cells. International Immunopharmacology 67: 119-128.

Luscher B and Fuchs T (2015) GABAergic control of depression-
related brain states. Advances in Pharmacology 73: 97-144.

Luscher B, Shen Q and Sahir N (2011) The GABAergic deficit hypoth-
esis of major depressive disorder. Molecular Psychiatry 16(4):
383-406.

Martinez FO and Gordon S (2014) The M1 and M2 paradigm of mac-
rophage activation: Time for reassessment. F'/000prime Reports
6:13.

Mendels J, Johnston R, Mattes J, et al. (1993) Efficacy and safety of b.i.d.
doses of venlafaxine in a dose-response study. Psychopharmacology
Bulletin 29(2): 169-174.

Myint AM, O’Mahony S, Kubera M, et al. (2007) Role of paroxetine in
interferon-alpha-induced immune and behavioural changes in male
Wistar rats. Journal of Psychopharmacology 21(8): 843—850.

Nazimek K, Strobel S, Bryniarski P, etal. (2017) The role of macro-
phages in anti-inflammatory activity of antidepressant drugs. /mmu-
nobiology 222(6): 823-830.

Nikisch G, Mathé AA, Czernik A, et al. (2004) Stereoselective metabo-
lism of citalopram in plasma and cerebrospinal fluid of depressive
patients: Relationship with 5-HIAA in CSF and clinical response.
Journal of clinical psychopharmacology 24(3): 283-290.

Nikisch G, Mathé AA, Czernik A, et al. (2005) Long-term citalopram
administration reduces responsiveness of HPA axis in patients with
major depression: Relationship with S-citalopram concentrations in
plasma and cerebrospinal fluid (CSF) and clinical response. Psycho-
pharmacology 181(4): 751-760.

Nimmerjahn A, Kirchhoff F and Helmchen F (2005) Resting microglial
cells are highly dynamic surveillants of brain parenchyma in vivo.
Science 308(5726): 1314-1318.

Obuchowicz E, Kowalski J, Labuzek K, et al. (2006) Amitriptyline and
nortriptyline inhibit interleukin-1f and tumour necrosis factor-o
release by rat mixed glial and microglial cell cultures. International
Journal of Neuropsychopharmacology 9(1): 27-35.

Park B-K, Kim NS, Kim YR, etal. (2020) Antidepressant and anti-
neuroinflammatory effects of bangpungtongsung-san. Frontiers in
Pharmacology 11: 958.

Park B-K, Kim YH, Kim YR, et al. (2019) Antineuroinflammatory and
neuroprotective effects of Gyejibokryeong-Hwan in lipopolysac-
charide-stimulated BV2 microglia. Evidence-Based Complementary
and Alternative Medicine 2019: 7585896.

Paulzen M, Groppe S, Tauber SC, et al. (2015) Venlafaxine and O-des-
methylvenlafaxine concentrations in plasma and cerebrospinal fluid.
The Journal of Clinical Psychiatry 76(1): 25-31.

Perry VH and Teeling J (2013) Microglia and macrophages of the central
nervous system: The contribution of microglia priming and systemic
inflammation to chronic neurodegeneration. Seminars in Immunopa-
thology 35: 601-612.

Ransohoff RM (2016) A polarizing question: Do M1 and M2 microglia
exist? Nature Neuroscience 19(8): 987.

Réus GZ, Fries GR, Stertz L, et al. (2015) The role of inflammation and
microglial activation in the pathophysiology of psychiatric disorders.
Neuroscience 300: 141-154.

Rodrigues FTS, de Souza MRM, Lima CNDC, etal. (2018) Major
depression model induced by repeated and intermittent lipopolysac-
charide administration: Long-lasting behavioral, neuroimmune and
neuroprogressive alterations. Journal of Psychiatric Research 107:
57-67.

Sanacora G and Banasr M (2013) From pathophysiology to novel antide-
pressant drugs: Glial contributions to the pathology and treatment of
mood disorders. Biological Psychiatry 73(12): 1172—1179.

Schaefer M, Capuron L, Friebe A, etal. (2012) Hepatitis C infection,
antiviral treatment and mental health: A European expert consensus
statement. Journal of Hepatology 57(6): 1379-1390.

Schifer A, Wittchen HU, Seufert J, etal. (2007) Methodological
approaches in the assessment of interferon-alfa-induced depression
in patients with chronic hepatitis C—a critical review. International
Journal of Methods in Psychiatric Research 16(4): 186-201.

Schmitt A, Brook G, Buss A, et al. (1998) Dynamics of microglial acti-
vation in the spinal cord after cerebral infarction are revealed by
expression of MHC class II antigen. Neuropathology and Applied
Neurobiology 24(3): 167-176.



150

Journal of Psychopharmacology 36(2)

Schnieder TP, Trencevska I, Rosoklija G, et al. (2014) Microglia of pre-
frontal white matter in suicide. Journal of Neuropathology & Experi-
mental Neurology 73(9): 880-890.

Sheline YI, Wang PW, Gado MH, et al. (1996) Hippocampal atrophy in
recurrent major depression. Proceedings of the National Academy of
Sciences of the United States of America 93(9): 3908-3913.

Stark GR, Kerr IM, Williams BR, etal. (1998) How cells respond to
interferons. Annual Review of Biochemistry 67(1): 227-264.

Steiner J, Bielau H, Brisch R, et al. (2008) Immunological aspects in the
neurobiology of suicide: Elevated microglial density in schizophre-
nia and depression is associated with suicide. Journal of Psychiatric
Research 42(2): 151-157.

Steiner J, Walter M, Gos T, etal. (2011) Severe depression is asso-
ciated with increased microglial quinolinic acid in subregions of
the anterior cingulate gyrus: Evidence for an immune-modulated
glutamatergic neurotransmission? Journal of Neuroinflammation
8(1): 1-9.

Stephenson J, Nutma E, van der Valk P, etal. (2018) Inflammation in
CNS neurodegenerative diseases. Immunology 154(2): 204-219.

Su F, Yi H, Xu L, et al. (2015) Fluoxetine and S-citalopram inhibit M1
activation and promote M2 activation of microglia in vitro. Neuro-
science 294: 60—68.

Su K-P, Huang S-Y, Peng C-Y, etal. (2010) Phospholipase A2 and
cyclooxygenase 2 genes influence the risk of interferon-o—induced
depression by regulating polyunsaturated fatty acids levels. Biologi-
cal Psychiatry 67(6): 550-557.

Szatach LP, Lisowska KA and Cubata WJ (2019) The influence of anti-
depressants on the immune system. Archivum Immunologiae Et The-
rapiae Experimentalis 67(3): 143-151.

Taniguti EH, Ferreira Y'S, Stupp 1JV, et al. (2019) Atorvastatin prevents
lipopolysaccharide-induced depressive-like behaviour in mice.
Brain Research Bulletin 146: 279-286.

Timmerman R, Burm SM and Bajramovic JJ (2018) An overview of in
vitro methods to study microglia. Frontiers in Cellular Neuroscience
12:242.

Tynan RJ, Weidenhofer J, Hinwood M, etal. (2012) A comparative
examination of the anti-inflammatory effects of SSRI and SNRI
antidepressants on LPS stimulated microglia. Brain, Behavior, and
Immunity 26(3): 469-479.

Udina M, Castellvi P, Moreno- Espana J, et al. (2012) Interferon-induced
depression in chronic hepatitis C: A systematic review and meta-
analysis. The Journal of Clinical Psychiatry 73(8): 1128—1138.

Valentine AD, Meyers CA, Kling MA, et al. (1998) Mood and cognitive
side effects of interferon-alpha therapy. Seminars in Oncology 25(1):
39-47.

van den Bosch M and Meyer-Lindenberg A (2019) Environmental expo-
sures and depression: Biological mechanisms and epidemiological
evidence. Annual Review of Public Health 40: 239-259.

Wang AK and Miller BJ (2018) Meta-analysis of cerebrospinal fluid
cytokine and tryptophan catabolite alterations in psychiatric patients:
Comparisons between schizophrenia, bipolar disorder, and depres-
sion. Schizophrenia Bulletin 44(1): 75-83.

Wang M, Huang W, Gao T, et al. (2018a) Effects of Xiao Yao San on
interferon-o-induced depression in mice. Brain Research Bulletin
139: 197-202.

Wang Y-L, Han Q-Q, Gong W-Q, et al. (2018b) Microglial activation
mediates chronic mild stress-induced depressive- and anxiety-like
behavior in adult rats. Journal of Neuroinflammation 15(1): 21-21.

Wegener G, Volke V, Harvey BH, et al. (2003) Local, but not sys-
temic, administration of serotonergic antidepressants decreases
hippocampal nitric oxide synthase activity. Brain Research
959(1): 128-134.

World Health Organization (2011) Global burden of mental disorders
and the need for a comprehensive, coordinated response from health
and social sectors at the country level. Report by the Secretariat.
Geneva: World Health Organization.

Yang JM, Rui BB, Chen C, etal. (2014) Acetylsalicylic acid
enhances the anti-inflammatory effect of fluoxetine through
inhibition of NF-xB, p38-MAPK and ERKI1/2 activation in
lipopolysaccharide-induced BV-2 microglia cells. Neuroscience
275:296-304.

Zhang F, Zhou H, Wilson BC, et al. (2012) Fluoxetine protects neurons
against microglial activation-mediated neurotoxicity. Parkinsonism
& Related Disorders 18: S213-S217.

Zhang Y, Bi X, Adebiyi O, et al. (2019) Venlafaxine improves the cogni-
tive impairment and depression-like behaviors in a cuprizone mouse
model by alleviating demyelination and neuroinflammation in the
brain. Frontiers in Pharmacology 10: 332.

Zhao J, Bi W, Xiao S, etal. (2019) Neuroinflammation induced by
lipopolysaccharide causes cognitive impairment in mice. Scientific
Reports 9(1): 1-12.

Zou W, Feng R and Yang Y (2018) Changes in the serum levels of
inflammatory cytokines in antidepressant drug-naive patients with
major depression. PLoS One 13(6): €0197267.



