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A B S T R A C T

Recent data gathered from both in vitro and in vivo models of Major Depressive Disorder (MDD) have indicated
that microglia play an active role in modifying some of the most important sources for neuronal plasticity,
specifically long-term potentiation (LTP) and long-term depression (LTD). In addition, microglia have been
implicated in neuro-immune interaction dysregulations, which are considered a core constituent of MDD pa-
thology. While prior studies have investigated the diverse effects activated microglia can have in the context of
depression, including regulation of inflammatory cytokine production and structural changes, recent evidence
has revealed a more direct relationship between microglial activation and changes in synaptic function and
plasticity, including LTP and LTD. Here we review these findings from animal models, as well as discuss how
current preclinical evidence might shed light on novel therapeutic targets for patients with depressive disorder.

1. Synaptic plasticity: long-term potentiation and depression

Microglia have been implicated in many neuropsychiatric condi-
tions as potential mediators of change to neuronal function and drive
pathology in major depressive disorder (MDD), bipolar affective dis-
order and schizophrenia (Mondelli et al., 2017; Notter and Meyer,
2017; Yirmiya et al., 2015). Although several mechanisms have been
proposed to explain microglia driven impairment in neuronal function
(Yirmiya et al., 2015), a growing body of evidence has recently shown
that changes in synaptic plasticity, specifically in long-term potentia-
tion and depression (LTP/LTD) might be microglia dependent, and
therefore potentially relevant in the context of depression (Liu et al.,
2015b; Milior et al., 2016; Riazi et al., 2015; Zhang et al., 2014a). In-
deed, LTP and LTD play an important role in sculpting neural circuits to
store new information in the hippocampus, a region highly involved in
cognition, learning and plasticity, as well as in antidepressant response
(Dale et al., 2016; MacQueen et al., 2008).

In the healthy brain, synaptic plasticity occurs constantly with the
refining of inter-neuronal communications resulting in many vital brain
functions (Bliss and Collingridge, 2013; Lynch, 2004). Whilst synaptic
plasticity can be expressed in many forms, the two most closely studied,
with regard to learning and memory are LTP and LTD. Whilst simplis-
tically LTP and LTD either facilitate or inhibit synaptic transmission,
there is a considerable amount of heterogeneity in both forms of

plasticity, which are considered to be umbrella terms for many different
forms of synaptic modification. Briefly, LTP and LTD can be elicited by
activation of N-methyl-D-aspartate (NMDA)-type glutamate receptors,
typically by the coincident activity of pre- and postsynaptic neurons. In
particular, the early phases of expression are mediated by a redis-
tribution of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA)-type glutamate receptors, where more receptors are added to
potentiate the synapse, or receptors are removed to weaken synapses
(Herring and Nicoll, 2016; Lüscher and Malenka, 2012). Whereas, with
time, new proteins are synthesised, including protein kinases and
phosphatases and this phenomenon will coincide with the occurrence of
proper structural changes (Collingridge et al., 2010).

2. Altered synaptic plasticity in MDD

As both LTP and LTD are believed to represent cellular correlates of
learning and memory (Herring and Nicoll, 2016; Lüscher and Malenka,
2012), these two forms of plasticity have attracted considerable interest
especially for their role in distinct psychopathologies, like depression,
which are characterised by cognitive impairments. Indeed, evidence
coming from animal models of MDD have reported altered synaptic
plasticity following exposure to stressful stimuli, supporting the notion
that plasticity may be critical for establishing and reversing a depres-
sive behavioural state (Liu et al., 2015b; Milior et al., 2016).
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Changes to synaptic plasticity in MDD have also been identified in
human studies using repetitive transcranial magnetic stimulation
(rTMS), which has been shown to alter cortical excitability in a similar
manner to stimulation protocols for inducing LTP and LTD (Cantone
et al., 2017). In particular, studies of cortical excitability and by ex-
tension neuronal plasticity in MDD, have reported consistent evidence
for changes in LTP-like plasticity in patients with depression. Using a
paired associative stimulation protocol, with transcranial stimulations,
one study has identified impaired LTP-like plasticity in MDD patients
who possess reduced motor evoked potential amplitudes, when com-
pared with healthy controls (Kuhn et al., 2016). This finding was par-
ticularly interesting, as these reductions in motor evoked potential
amplitudes were restored after MDD patients had entered remission
(Kuhn et al., 2016). Therefore, overall evidence coming from both an-
imal and human studies seems to suggest a possible involvement of
synaptic plasticity in the cognitive deficits often reported in patients
with depression.

3. The role of microglia

Although a potential association between brain plasticity and MDD
has been suggested, the exact mechanisms underlying any changes in
synaptic function in the context of depression still have to be eluci-
dated. Since glial cells, astrocytes and microglia tightly and dynami-
cally interact with synapses, engaging a bi-directional communication
critical for the processing of synaptic information (Ben Achour and
Pascual, 2010; Henneberger et al., 2010; Ragozzino et al., 2006; Rogers
et al., 2011), recent evidence has proposed microglia as key players in
the normal regulation of synaptic plasticity. This has led to the concept
of a “quad-partite synapse” (Schafer et al., 2013), suggesting that, not
only astrocytes and pre- and post-synaptic elements can function to-
gether as an interdependent unit to regulate synaptic function and
plasticity (“tripartite synapse”) (Araque et al., 1999), but that also
microglia can interact with synapses in a regulatory and responsive
manner (Schafer et al., 2013). This concept is supported by the ob-
servations that patients with depression have a decreased density and
hypofunction of astrocytes (Cotter et al., 2002, 2001), as well as an
increased microglial “activation” in distinct brain regions, like the
prefrontal cortex, anterior cingulate cortex and insula, which are often
involved in the clinical manifestation of the depressive symptomatology
(Setiawan et al., 2015).

Furthermore, the traditional culprits of depression (inflammation,
glucocorticoids and reduced brain-derived neurotrophic factor (BDNF))
affect astrocyte and microglia functioning, whereas antidepressant
treatments (serotonin-selective reuptake inhibitors (SSRIs), electro-
shocks, cognitive behavioural therapy) recover astrocyte and microglia
functioning (Li et al., 2018; Tynan et al., 2012; Zhang et al., 2009),
therefore proposing microglia dysfunction as one of the main de-
terminants in the regulation of synaptic plasticity in the context of
MDD.

In particular, microglia could affect synaptic plasticity in models of
depression via impairment of distinct molecular mechanisms regulating
both LTP and LTD (Liu et al., 2015b; Milior et al., 2016; Riazi et al.,
2015). CX₃CR1, a microglia specific receptor for the chemokine frac-
talkine in the CNS has been shown to mediate physiological modifica-
tion of synaptic plasticity (Ragozzino et al., 2006; Rogers et al., 2011),
with CX₃CR1 knockout studies reporting a clear resistance to the de-
velopment of depressive-like behaviour and antidepressant treatment in
animals (Hellwig et al., 2016; Milior et al., 2016; Rimmerman et al.,
2017). Since microglia are the primary immune cells of the brain, it is
also unsurprising that microglial production of inflammatory cytokines,
including interleukin-1 beta (IL-1β) and tumor necrosis factor-alpha
(TNF-α) have been shown to impair LTP in models of depression (Liu
et al., 2015b). The effects of microglial-derived IL-1β and TNF-α on LTP
are diverse, including reductions in AMPA receptor phosphorylation
(Liu et al., 2015b) and modification of NMDA and AMPA receptor

subunit expression (Riazi et al., 2015).
Furthermore, microglia are important trophic supporters of neurons

through production of BDNF (Ferrini and De Koninck, 2013), whose
expression levels have shown to be significantly altered in MDD pa-
tients (Zhang et al., 2014b). Interestingly, in the context of synaptic
plasticity, microglial BDNF has been shown to influence the levels of
specific proteins, like glutamate receptor subunit epsilon-2 (GluN2B)
and vesicular glutamate transporter 1 (VGlut1), which are involved in
the regulation of glutamatergic synaptic function (Parkhurst et al.,
2013), therefore suggesting a potential involvement of BDNF as a
mediator of microglial-dependent changes in synaptic plasticity.

Recruitment and activation of microglia has also been argued to
occur through ATP P2X purinoceptor 7 (P2XR7) (Bennett et al., 2009),
whose expression, together with BDNF, has shown to be altered in
patients with depression (Bennett, 2007). Models of MDD have identi-
fied P2× 7 as an important contributor to cytokine production, which
in turns could drive changes in synaptic plasticity and LTP impairments
(Yue et al., 2017). Furthermore, microglia are significant contributors
to reactive oxygen species (ROS) production in the CNS. The mod-
ification of microglial activity in MDD models has been shown to fa-
cilitate increased ROS release from microglia (Seo et al., 2012), which is
known to impair synaptic plasticity and facilitate novel forms of LTD
(Zhang et al., 2014a).

Overall, this evidence supports the hypothesis that microglial-de-
pendent modification of synaptic plasticity might be relevant in the
context of MDD and therefore is worth extensive analysis. Whilst the
effects of altered inflammation and microglial activity on many aspects
of neuronal function in the context of MDD have been the subject of
previous reviews (Yirmiya et al., 2015), here we discuss the putative
role of inflammation and microglial activity in the regulation and
modification of synaptic plasticity, in the context of MDD.

4. Microglial modification of synaptic plasticity in MDD

4.1. Fractalkine (CX₃CL1)- and CX₃CR1- mediated microglial modification
of LTP

Fractalkine has been proposed as a critical modifier of microglial
activity in MDD (Rimmerman et al., 2017). Fractalkine and its corre-
sponding receptor CX3CR1 have been shown to regulate synaptic pha-
gocytosis, impair LTP, and ultimately to cause changes in hippocampal
structure and function (Milior et al., 2016). This evidence primarily
comes from chronic unpredictable stress (CUS) mouse models of MDD.
In particular, CX3CR1 knockout mice displayed resistance to depressive-
like behaviours compared to wild-type controls (Milior et al., 2016),
potentially due to microglial-dependent modifications. Interestingly,
when assessing microglia the authors reported increased phagocytic
inclusions of pre-synaptic axon terminals and post-synaptic dendritic
spines in the CA1 hippocampal output region of CUS exposed wild-type
mice, but not in CX3CR1 knockouts (Milior et al., 2016). This is in ac-
cordance with previous data showing reduced spine density in rat
hippocampal neurons, in an olfactory bulbectomy model of depression
(Norrholm and Ouimet, 2001).

Although CUS was shown to alter short term plasticity in wild-type
mice only, high frequency stimulation-induced LTP was impaired in
both wild-type and CX3CR1 knockout mice (Milior et al., 2016). Im-
portantly, CUS only impaired further attempts to induce LTP in wild-
type mice, with CUS causing LTP saturation after a second stimulation
protocol and contributing to reductions in synaptic weighting (Milior
et al., 2016). This evidence has been used to suggest the possibility that
in CUS models of MDD, microglial phagocytosis of pre-synaptic axon
terminals and post synaptic dendrites can contribute to impaired neu-
ronal LTP (Milior et al., 2016) (see Fig. 1).

This hypothesis is supported by in vitro experiments on rat CA1
hippocampal neurons identifying an "all-or-nothing" feature to LTP at
an individual synaptic level, which would imply new synapses are
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required for further LTP induction (Petersen et al., 1998). An alter-
native explanation for how microglia could cause an early LTP sa-
turation arises from the identification of AMPA receptor lacking "silent
synapses", which become active by expressing AMPA receptors fol-
lowing LTP induction (Kerchner and Nicoll, 2008; Liao et al., 1995). As
microglia have been shown to phagocytose synapses following CUS
exposure, elimination of “silent synapses” by microglia would make
them unavailable for activation and LTP induction. Therefore, micro-
glial elimination of “silent synapses” in CUS exposed mice might have
prevented neurons from undergoing subsequent episodes of LTP (Milior
et al., 2016), by reducing the number of newly available active synapses
for LTP (see Fig. 1).

Although, the role for fractalkine in synaptic plasticity is supported
by evidence that CX₃CR1 knockout mice display increased hippocampal
spine densities in the developing brain (Paolicelli et al., 2011), the
presence of altered microglial morphology is not consistent across
studies of CX₃CR1 and MDD. In a chronic despair model of depression,
CX₃CR1 knockout mice were shown to possess resistance to depressive-
like behaviour, whilst wild-type mice microglia were shown to possess a
reactive morphology as opposed to CX₃CR1 knockouts (Hellwig et al.,
2016). Another study of CX₃CR1 knockout mice exposed to CUS de-
monstrated resistance to depressive-like behaviours, with both control
and knockout mice having reduced microglia process lengths
(Rimmerman et al., 2017). Furthermore, CX₃CR1 knockout microglia
have larger soma areas than wild types, indicating that CX₃CR1 absence
can alter microglial shape (Rimmerman et al., 2017). These findings
demonstrate that just as fractalkine signalling can be heterogenous in
altering synaptic plasticity (Ragozzino et al., 2006; Rogers et al., 2011),

elimination of CX₃CR1 through knockouts results in a considerable
variation of microglial morphology. This heterogeneity requires further
investigation to ascertain the importance of microglial morphology to
mediating changes in synaptic function and in MDD.

Whilst structural modification of synapses mediated by CX₃CR1 can
potentially modulate synaptic plasticity in MDD, there are alternative
mechanisms fractalkine signalling can influence to impair LTP.
Stimulation of microglia with fractalkine has been shown to inhibit LTP
in mice, following high frequency stimulation of schafer collaterals
synapsing with CA1 neurons, which did not occur in CX3CR1 knockout
mice (Maggi et al., 2009). Interestingly, application of a protein phos-
phatase A1 (PPA1) and PPA2 inhibitor prevented fractalkine-mediated
impairment of LTP induction (Maggi et al., 2009). This finding is sup-
ported by previous work on rat CA1 hippocampal neurons, where sy-
naptic depression by fractalkine exposure was shown to reduce spon-
taneous excitatory post synaptic currents and to inhibit AMPA receptor
GluR1 subunits phosphorylation (Ragozzino et al., 2006).

Finally, the effects of fractalkine on synaptic plasticity were shown
to occur via regulation of the A3 adenosine receptor 3 (A₃R). Although
exposure of A₃R knockout mice to fractalkine did not affect LTP, ex-
posure of A1R and A2AR knockout mice hippocampal slices to frac-
talkine impaired LTP induction (Maggi et al., 2009). Furthermore, si-
milar studies in A₃R knockout mouse CA1 hippocampal neurons
corroborate findings that A₃R activation depresses AMPA current am-
plitude (Di Angelantonio et al., 2015). Accordingly, application of an
A3R antagonist resulted in larger amplitude excitatory post synaptic
currents and greater phosphorylation of GluR1 AMPA receptors, which
was inhibited by protein kinase A (PKA) antagonists (Di Angelantonio

Fig. 1. Fractalkine (CX₃CL1)- and CX₃CR1- mediated microglial modification of LTP.
Exposure to chronic unpredictable stress can impair neurons from undergoing subsequent episodes of LTP, which is dependent on fractalkine receptor CX₃CR1 (Milior
et al., 2016) (1). Microglial activation by chronic unpredictable stress can cause synapses to be become unpotentiated (Petersen et al., 1998) or silent synapses
(Kerchner and Nicoll, 2008; Liao et al., 1995) (2). Ultimately, this could prevent neurons from undergoing multiple episodes of LTP (3).
Legend: LTP: Long-Term Potentiation; NMDA: N-Methyl-D-Aspartate; AMPA: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; MDD: Major Depressive Dis-
order.
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et al., 2015). This is of interest as the nonspecific adenosine receptor
antagonist caffeine has been shown to promote PKA signalling in the
mouse retina (Ferreira et al., 2014) and to possess antidepressant
properties in both human (Wang et al., 2016) and animal models of
depression (Pechlivanova et al., 2012). Whilst the effects of caffeine on
PKA have not been directly observed in studies of MDD, the improve-
ment of depressive symptoms and regulation of PKA presents an intri-
guing explanation for a therapeutic mechanism of adenosine in MDD.

4.2. Fractalkine-mediated microglial modification of LTD

As CX3CR1 knockout studies and impairment of fractalkine signal-
ling have shown that fractalkine signalling pathways can impair LTP
through modification of microglial activity in models of MDD (Milior
et al., 2016), it seems relevant to assess how microglia could also po-
tentially influence LTD via the same signalling pathway. It was de-
monstrated that exposure to fractalkine, in mouse hippocampal neurons
is able to induce a depression in excitatory post synaptic currents that is
prevented by application of a fractalkine antibody or knockout of
CX₃CR1 (Bertollini et al., 2006) (see Fig. 2). This depression was shown
to be a post-synaptic event, as paired pulse ratios were unchanged with
fractalkine exposure. Interestingly, fractalkine driven synaptic depres-
sion was shown to share mechanisms with LTD, as low frequency sti-
mulation of hippocampal collateral synapses prevented subsequent

fractalkine-induced synaptic depression (Bertollini et al., 2006).
Similar studies of fractalkine-related post synaptic depression in rat

hippocampal slices have also shown that synaptic depression is medi-
ated by extracellular calcium entry (Ragozzino et al., 2006). Im-
portantly, fractalkine dependent calcium entry was shown to specifi-
cally depress AMPA receptor mediated inward currents (Ragozzino
et al., 2006). In particular, there was a notable relationship between
AMPA receptor currents and synaptic depression, with the degree of
fractalkine induced depression appearing to be proportional to the in-
itial amplitude of the AMPA receptor inward current (Ragozzino et al.,
2006). In particular, fractalkine-driven synaptic depression was attrib-
uted to reductions in adenylate cyclase and cyclic-AMP (cAMP) sig-
nalling, which ultimately disrupted PKA and proteins phophatase ac-
tivity, as well as GluR1 phosphorylation (Ragozzino et al., 2006) (see
Fig. 2). This is interesting in the context of MDD as one of the noted
effects of antidepressants fluoxetine and tianeptine is an increase in
phosphorylation of GluR1 subunits (Svenningsson et al., 2007).

Finally, other research has shown that fractalkine dependent sy-
naptic depression is also mediated by adenosine receptors (Piccinin
et al., 2010), and that microglia might be the source of adenosine re-
lease from fractalkine (Lauro et al., 2008) (see Fig. 2). Interestingly,
experiments assessing brain development using CX₃CR1 knockout mice
have identified enhanced LTD only in early postnatal mouse neurons,
but not in older neurons (Paolicelli et al., 2011). Therefore, this finding

Fig. 2. Fractalkine-mediated microglial modification of LTD.
Microglial exposure to fractalkine can cause LTD induction (Bertollini et al., 2006) (1). This occurs via a calcium-dependent mechanism, with activation of adenosine
receptors allowing an influx of extracellular calcium into neurons (Lauro et al., 2008; Piccinin et al., 2010) (2). Calcium entry can impair adenylate cyclase activity,
increasing protein phosphatase and reducing protein kinases activity (3), which ultimately drives LTD induction (Ragozzino et al., 2006) (4). Inhibition of fractalkine
signalling, via CX₃CR1 knockouts or via an anti-fractalkine antibody can prevent LTD induction (5).
Legend: LTD: Long-Term Depression; NMDA: N-methyl-D-aspartate; AMPA: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid Ca2+: Calcium 2+ ion;PP:
Protein Phosphatase; PKA: Protein Kinase A; GluR1: Glutamate Receptor 1.
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seems to suggest that the effects of fractalkine signalling on plasticity
are likely to vary depending on brain maturation, which would be re-
levant when comparing MDD patients of different ages.

4.3. Inflammation-mediated microglial modification of LTP

Whilst CX3CR1 can influence microglial modification of synaptic
plasticity, so too can inflammatory cytokines which are known to be
elevated in MDD (Dowlati et al., 2010). Indeed, cytokines alone can
influence neuronal function as it has been observed in hippocampal
progenitor cell lines exposed to inflammatory cytokines including in-
terferon-alpha (IFN-α) and IL-1β, which can detrimentally affect neu-
rogenesis independent of microglial presence (Borsini et al., 2017a, b;
Zunszain et al., 2012). Furthermore, studies assessing IFN-α–induced
depression in humans have identified IFN-α dependent alterations in
the expression of genes involved in the regulation of neuroplasticity
(Hepgul et al., 2016). Interestingly, differences in neuroplasticity genes
expression after four weeks of IFN-α treatment were found to be pre-
dictive of patient susceptibility to later development of depression
(Hepgul et al., 2016), demonstrating a potential relationship between
cytokines, depression, neuronal function and plasticity in humans.

Indeed, ample evidence demonstrates that immune processes in the
brain produce detrimental effects on neural plasticity (Goshen et al.,
2007; Yirmiya and Goshen, 2011). Previous evidence demonstrated
that those immune proteins can reduce hippocampal LTP induction and
maintenance (O’Connor and Coogan, 1999). However, in 1998 Hugo
Besedovsky and his colleagues reported for the first time that, the se-
cretion of the pro-inflammatory cytokine IL-1 in the hippocampus ac-
companies LTP induction but not inhibition, and that this cytokine is
indeed critically involved in maintaining LTP (Schneider et al., 1998).
Since then, many additional studies verified the role of inflammatory
cytokines and other inflammatory mediators in normal, physiological
neural plasticity (Yirmiya and Goshen, 2011). Although inflammatory
cytokines have been shown to modify both LTP and LTD, studies as-
sessing the effects of inflammatory cytokines in MDD models have
primarily focused on the effects of LTP and not LTD.

Previous evidence, using inflammatory models of depression, has
shown that an increase in circulating levels of cytokines in response to
the inflammatory challenge lipopolysaccharide (LPS) can influence
microglial production of TNF-α and IL-1β (Hines et al., 2013), which in
turn can detrimentally affect LTP patterns of synaptic activity. Similar
to LPS, CUS has also been shown to mediate microglial-dependent
production of TNF-α and IL-1β, whose presence contributed to the
development of cognitive impairments in animals and to disruption in
normal LTP activity (Liu et al., 2015b). In particular, CUS-mediated
increases in TNF-α and IL-1β were shown to cause impaired memory
performance, in water maze testing, alongside reduced LTP induction,
from high frequency stimulation, in rat hippocampal slices. In parti-
cular, immunoassays of postsynaptic AMPA receptors showed that the
CUS mediated impairment of LTP was associated with reduced phos-
phorylation of AMPA receptor GluR1 subunits (Liu et al., 2015b). This
was demonstrated to be microglia dependent, as administration of
microglial inhibitor minocycline during CUS exposure prevented in-
creases in TNF-α and IL-1β, as well as impairment of LTP and AMPA
GluR1 phosphorylation (Liu et al., 2015b) (see Fig. 3). These findings
are highly relevant in the context of MDD, where indeed animal models
of depression have shown anti-depressant properties of minocycline in
mice exposed to an immune challenge with the cytokine IFN-α (Zheng
et al., 2015).

While CUS can impair LTP via microglial activation, peripheral in-
flammation has also been shown to modify microglial activity and
impair LTP independently of stressful stimuli. In a rat model of in-
flammatory colitis, microglial activation by peripheral inflammation
has been shown to reduce LTP induction in the hippocampus (Riazi
et al., 2015). When investigating the mechanisms, these synaptic
changes were found to be associated with a reduction in the ratio of

AMPA to NMDA receptors, implicating an increase in the NMDA re-
ceptor dependent component to post-synaptic current changes relative
to AMPA receptors (Riazi et al., 2015). Importantly, the use of mino-
cycline, as an inhibitor of microglial activation, prevented colitis in-
duced reductions in LTP without affecting the severity of colitis. This
occurred alongside reductions in hippocampal TNF-α concentrations,
implicating a microglia dependent mechanism of impaired LTP poten-
tially mediated by TNF-α (Riazi et al., 2015). Similarly, AMPA receptor
GluR2 subunits were also found to be reduced, with the specific GluR2
subunit lacking AMPA receptor antagonist being significantly more
effective at impairing excitatory post-synaptic currents in colitis rat
neurons (Riazi et al., 2015).

In the inflammatory colitis model, it was also noted that, changes in
NMDA dependent signalling, putatively mediated by microglial acti-
vation, were associated with reduced glutamate N-methyl D-aspartate
receptor subtype 2B (NR2B) subunit expression (Riazi et al., 2015).
Indeed, the NR2B subunit has been shown to be a crucial component for
LTP induction (Muller et al., 2009), therefore supporting findings in
colitis rats for the involvement of NR2B in regulating LTP activity. In-
terestingly, a similar colitis model was also shown to induce beha-
vioural despair and depressive-like behaviours in mice, proposing this
model as a relevant example of inflammation-induced depression,
where LTP might be one of the mechanisms mediating the relationship
between inflammation-dependent microglial activation and subsequent
development of depression (Heydarpour et al., 2016).

4.4. BDNF-mediated microglial modification of LTP

Whilst the role of microglial cytokines have been briefly discussed,
microglial production of BDNF has also been implicated in mediating
microglial support for synapses (Parkhurst et al., 2013). In particular,
microglial BDNF has been most clearly shown to mediate modifications
to glutamatergic neurotransmission and structural plasticity (Parkhurst
et al., 2013), in a similar manner to neuronal BDNF inducing changes to
structural plasticity and LTP (Rex et al., 2007). Although evidence
suggests that BDNF is primarily produced by neurons (Dieni et al.,
2012), it is argued that microglial and astrocytic BDNF is also im-
portant, particularly when focussing at synaptic level (Song et al.,
2017).

Furthermore, there is growing interest in the involvement of BDNF
in many neuropsychiatric conditions (Autry and Monteggia, 2012;
Cattaneo et al., 2016a), where a reduction in its concentration in per-
ipheral blood samples of patients has been observed (Yoshida et al.,
2012). In a mouse model of inflammation-induced depression, mice
exposed to LPS displayed depressive-like behaviours, as well as altered
concentrations of BDNF in the brain (Zhang et al., 2014b). Although the
study found a reduction in BDNF expression and dendritic spine density
in the hippocampus and prefrontal cortex, opposite results were found
in the nucleus accumbens. This occurred alongside reduced phosphor-
ylation and activation of BDNF receptor tropomyosin receptor kinase B
(TrkB) in the hippocampus. This altered BDNF activity was shown to be
relevant in the context of MDD, as application of a TrkB agonist re-
versed depressive behaviours in LPS exposed mice and prevented re-
ductions in spine densities in both the hippocampus and prefrontal
cortex (Zhang et al., 2014b).

Whilst microglial activation was not directly assessed in the pre-
vious study, depletion of microglial BDNF and subsequent reduction in
TrkB phosphorylation in mice has been shown to result in impaired
learning and synaptic plasticity (Parkhurst et al., 2013) (see Fig. 4).
Interestingly, reduced TrkB phosphorylation was associated with a re-
duction in excitatory post synaptic current frequency affecting both
AMPA and NMDA receptor contributions. A finding which was corre-
lated with reduced expression of VGlut1, indicative of potential re-
ductions in pre-synaptic glutamate release (Parkhurst et al., 2013).
However, there was also a significant reduction in NMDA decay times
of excitatory post-synaptic currents compared to controls, potentially
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due to reductions in NR2B expression (Parkhurst et al., 2013), which
together with TrkB signalling, has been argued to be an important
contributor to LTP and memory formation (Halt et al., 2012;
Minichiello, 2009; Mizuno et al., 2003).

4.5. ATP-mediated microglial modification of LTP

One proposed mechanism to explain how microglia are recruited to
synapses and can modify synaptic function in MDD is via ATP signalling
and the P2× 7 regenerative loop model (Bennett et al., 2009). The
P2×7 model describes a neuron-glia relationship where low frequency
presynaptic neuronal firing releases glutamate, which binds to post-
synaptic AMPA and NMDA receptors as well as astrocytic AMPA re-
ceptors, causing an increase in intracellular calcium and subsequent
release of ATP (Bennett et al., 2009; Queiroz et al., 1997). In the P2× 7
model, it is argued that prolonged astrocyte stimulation and release of
ATP activates presynaptic neuronal P2× 7 receptors, increasing basal
calcium concentrations and facilitating greater glutamate release.
Moreover, ATP released from astrocytes can also act to attract sur-
veying microglia via activation of P2×7 receptors (Bennett et al.,
2009; Honda et al., 2001). This in turn might contribute to the release
of cytokines, like TNF-α, which might enhance astrocytic AMPA re-
ceptors, post-synaptic AMPA and NMDA receptors, and increase pre-
synaptic glutamate release (Bennett et al., 2009).

The P2× 7 regenerative loop model of microglial contribution to

synaptic regulation is very interesting to explore particularly in the
context of MDD (Bennett, 2007), as P2× 7 mutations have been
identified in human genetic studies of depression (Lucae et al., 2006),
and P2×7 knockout mice have been shown to possess antidepressant
properties compared to wild types (Basso et al., 2009). One of the
possible ways through which microglial P2× 7 regulates synaptic
plasticity in the context of depression might be through cytokine pro-
duction. Indeed, previous evidence has shown that in vitro treatment of
mice microglia with a P2× 7 agonist (BzATP) and LPS, can increase
distinct cytokines, including TNF-α and IL-1β (He et al., 2017), which
have been previously identified for their ability to impair synaptic
plasticity, including LTP activity in a CUS model of MDD (Liu et al.,
2015b) (see Fig. 5).This is important as evidence supporting the pro-
duction of IL-1β mediated by P2× 7 in MDD has also been performed
using CUS in rats (Yue et al., 2017). Of note is the fact that P2×7
antagonists were shown to prevent depressive-like behaviours, whilst
conversely P2× 7 agonists were shown to induce said behaviours (Yue
et al., 2017).

Whilst astrocyte mediated regulation of microglia can potentially
induce synaptic changes via inflammatory signalling, it is our aim to
acknowledge the effects microglia can have on astrocytes to alter sy-
napse function. Indeed, there is also evidence for microglia to influence
astrocytic activity via ATP release (Ben Achour and Pascual, 2010;
Pascual et al., 2012). in vitro evidence has shown that treatment of
mouse hippocampal slices with LPS induces transient and astrocyte

Fig. 3. Inflammation-mediated microglial modification LTP.
Exposure to chronic unpredictable stress (1) can increase microglial production of IL-1β and TNF-α (Liu et al., 2015b) (2). Both IL-1β and TNF-α can impair induction
of LTP by preventing AMPA receptor GluR1 subunit phosphorylation (3). Exposure to minocycline, an inhibitor of microglial activation, can prevent both IL-1β and
TNF-α production, as well as reductions in GluR1 subunit phosphorylation (Liu et al., 2015b) (4).
Legend: IL-1β: Interleukin 1β; TNF-α: Tumour Necrosis Factor α; LTP: Long-Term Potentiation; AMPA: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid;
NMDA: N-methyl-D-aspartate; GluR1: Glutamate Receptor 1; MDD: Major Depressive Disorder
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mediated increases in the frequency of excitatory post synaptic currents
(Pascual et al., 2012). Interestingly, this effect was shown to be medi-
ated by the metabotropic glutamate receptor 5 (mGluR5) (Pascual
et al., 2012). In the context of MDD, mGluR5 is of particular interest, as
mGluR5 antagonists (like MTEP) have been shown to possess anti-
depressant properties (Palucha et al., 2005). Furthermore, the anti-
depressant properties of MTEP have been shown in an astroglial de-
generation model of depression, where there is a proposed increase in
extracellular glutamate, due to reduced astrocytic uptake (Domin et al.,
2014). Therefore, development of novel therapeutics which target ATP
signalling or P2×7 receptors may be beneficial in regulating micro-
glial recruitment to synapses or microglia-astrocyte signalling, and may
prevent pathological modification of LTP to treat MDD symptoms.

4.6. Oxidative stress-mediated microglial modification of LTD

Finally, ROS production is one of the central components of mi-
croglial function. From use in immune protection of the brain and
elimination of pathogenic threats to redox signalling, ROS are critical to
normal immune function in the central nervous system (Vilhardt et al.,
2017). Due to the potential harm ROS can cause to neurons, there is a
careful balance between microglial ROS and antioxidant production to
facilitate normal brain function (Vilhardt et al., 2017), which can be

disrupted in MDD (Bakunina et al., 2015). In rodent models of de-
pression, ROS have been implicated in mediating pathological changes
in the hypothalamic-pituitary-adrenal axis (Schiavone et al., 2013), as
well as impairing normal neuronal functions such as neurogenesis and
facilitating neuronal death (Bakunina et al., 2015).

Research into the effects of persistent pain states in the spinal cords
of rats has shown that ROS have the ability to induce LTP in an over-
lapping manner to NMDA activation through high frequency stimula-
tion protocols (Lee et al., 2010). Furthermore, in the context of MDD,
exposure of rats to a chronic mild stress model of MDD has been shown
to cause increased microglial activation and production of ROS com-
pared to controls (Liu et al., 2015a). In this study, increases in ROS were
also associated with an increase in nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB) p65 and inducible nitric oxide
synthase mRNA expression. Likewise, there were notable reductions in
super oxide dismutase (SOD) expression, showing that chronic mild
stress can disrupt the delicate balance between ROS and antioxidant
enzymes in favour of ROS (Liu et al., 2015a).

One way in which microglial production of ROS can potentially
impair memory formation and cognitive function in MDD is via pa-
thological induction of LTD. Concomitant hypoxia and LPS exposure to
rat hippocampal slices has been shown to induce LTD via a microglial
complement receptor 3 dependent mechanism (Zhang et al., 2014a).

Fig. 4. BDNF-mediated microglial modification of LTP.
LPS exposure can potentially reduce microglial production of BDNF at the synapse (Zhang et al., 2016) (1). Decreased microglial BDNF production can reduce the
activation and phosphorylation of synaptic TrkB receptors (2),which can affect the expression of glutamate transporters (3) and NMDA receptor NR2B subunits (3),
ultimately impairing LTP induction (Parkhurst et al., 2013) (4). Application of a TrkB agonist can restore phosphorylation of TrkB receptors (Zhang et al., 2016) (5).
Legend: LPS: Lipopolysaccharide; BDNF: Brain Derived Neurotrophic Factor; TrkB: Tropomyosin receptor kinase B; AMPA: α-amino-3-hydroxy-5-methyl-4-iso-
xazolepropionic acid; NMDA: N-methyl-D-aspartate; NR2B: NMDA receptor subtype 2B; VGlut1: Vesicular Glutamate Transporter 1.
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Induction of LTD was shown to be dependent on microglial NADPH
oxidase, a producer of superoxide, which when inhibited with the an-
tagonist apocynin, prevented LPS-hypoxia driven LTD (Zhang et al.,
2014a) (see Fig. 6). Interestingly, NADPH oxidase has been shown to
mediate depressive-like behaviours in chronic restraint stressed mice
which was prevented by administration of apocynin (Seo et al., 2012).
Finally, closer assessment of LPS-hypoxia induced LTD revealed that
NADPH oxidase activity was affected by elevated lactic acid secondary
to hypoxic conditions. Indeed, application of lactic acid with LPS in-
duced the same LTD seen in hypoxia and was blocked by apocynin
(Zhang et al., 2014a) (see Fig. 6). This is interesting as MRI imaging
data has shown adolescent patients with MDD, under normal physio-
logical conditions, display higher levels of ventricular lactate than
healthy controls (Bradley et al., 2016). Moreover, LPS-hypoxia depen-
dent LTD was shown to be mediated by GluR2 dependent AMPA re-
ceptor endocytosis, but not by regulation of NMDA receptors (Zhang
et al., 2014a) (see Fig. 6). This is of note as normally LTD synaptic
patterns are mediated by NMDA or metabotropic glutamate receptors,
perhaps suggesting the presence of a unique form of LTD in the pre-
sence of ROS.

5. Conclusions and future directions

This review highlights the important role microglia can play in

modulation of synaptic plasticity and the ways it can translate into
altered synaptic plasticity in MDD. Here we present a putative argu-
ment for fractalkine dependent modulation of microglial phagocytosis
that can result in an early saturation point for LTP. We also discuss how
fractalkine driven impairment of LTP via adenosine signalling and fa-
cilitation of LTD can potentially contribute to changes in normal sy-
naptic function. Likewise, we have also shown how microglial pro-
duction of inflammatory cytokines in MDD could drive impairments to
LTP by reducing AMPA receptor phosphorylation, and how stimulation
of microglia by systemic inflammation can alter NMDA receptor func-
tion. We have addressed how MDD mediated impairment of BDNF
production in microglia can alter TrkB phosphorylation and how this
can impair pre- and post-synaptic glutamate neurotransmission.
Furthermore, we have discussed the importance of microglia-astrocyte
communication via ATP and how this can alter synaptic function in the
context of MDD by increasing IL-1β production and by activating me-
tabotropic glutamate receptors. Finally, we have presented an argument
for microglial production of reactive oxygen species driving a novel
form of LTD, independent of NMDA receptor and metabotropic gluta-
mate receptor LTD, that can potentially contribute to altered synaptic
plasticity in MDD.

Understanding how synaptic plasticity is altered in MDD and how
microglia contribute to these changes is important as altered plasticity
in MDD could be used to explain observations that patients with

Fig. 5. ATP-mediated microglial modification of LTP.
Activation of microglial P2×7 receptors with a P2× 7 agonist (BzATP) alongside microglial stimulation with LPS (1) can drive production of TNF-α as well as IL-1β
(He et al., 2017) (2), which can ultimately impair LTP induction (Liu et al., 2015b) (3).
Legend: P2× 7: Purinoceptor 7; LPS: Lipopolysaccharide; ATP: Adenosine Triphosphate; IL-1β: Interleukin 1β; IL-1r: Interleukin 1 receptor; TNF-α: Tumour Necrosis
Factor α; TNF-α r: Tumour Necrosis α receptor; NMDA: N-methyl-D-aspartate; AMPA: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; LTP: Long-Term
Potentiation; MDD: Major Depressive Disorder BzATP: Benzoylbenzoyl adenosine Triphosphate.
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treatment resistant depression have positive responses to neuronal sti-
mulation (Bliss and Cooke, 2011). In particular, electroconvulsive
therapy (ECT) and rTMS have been shown to be of benefit to some
patients with treatment resistant depression, with rTMS possessing the
added benefit to ECT of reporting minimal side effects (Fitzgerald et al.,
2006). Stimulation from ECT as well as rTMS have been hypothesised to
potentially mediate reductions in aberrant cortical excitability (Bliss
and Cooke, 2011), supporting the concept of targeting, or preventing
changes to synaptic plasticity in MDD directly. Indeed, it has been
shown that electroconvulsive stimulation in rats induces increased ex-
pression of LTD related proteins which could reduce MDD dependent
neuronal excitability (Kato, 2009), demonstrating the potential ther-
apeutic benefits that can be gained from modifying synaptic plasticity
to treat MDD.

Currently our ability to monitor microglial activity in the human
brain is limited. Using TSPO markers in positron emission tomography
(PET), it is possible to generate statistical variations in regional mi-
croglial activity (Vivash and O’Brien, 2016), however this is impractical
in the routine diagnostics of MDD. As such, TSPO dependent PET

imaging is currently inadequate at creating a detailed understanding of
microglial activity in MDD. Therefore, an easier way would be that of
performing initial assessment of peripheral inflammatory markers, such
as TNF-α and IL-1β to identify an immune dependent form of MDD,
which microglia can likely be influenced by. Indeed, the use of human
inflammatory profiles to assess predictors of antidepressant treatment
response has already identified IL-1β and macrophage migration in-
hibitory factor (MIF) as potential contributors of non-responsiveness to
the SSRI escitalopram and the tricyclic nortryptilline (Cattaneo et al.,
2016b). Furthermore, network analysis of the effects of MIF has es-
tablished interactions with genes involved in the regulation of neuro-
genesis, neuroplasticity and cellular proliferation, which could con-
tribute to altered synaptic plasticity in MDD (Cattaneo et al., 2016b).
This should be combined with current knowledge regarding con-
tributing factors to MDD, including genetics (Bufalino et al., 2013;
Lucae et al., 2006) and concurrent pathological conditions, which will
drive a better understanding of the MDD spectrum and identify where
microglia would fit into that spectrum. This may be particularly bene-
ficial for clinicians when selecting therapeutic options, as differing

Fig. 6. Oxidative stress-mediated microglial modification of LTD.
Microglial exposure to LPS (Zhang et al., 2014a,b) or chronic restraint stress (Seo et al., 2012) (1) upregulates the expression of NADPH oxidase (2). Exposure to
hypoxic conditions causes elevated concentrations of lactate (3), which facilitates NADPH oxidase activity resulting in increased production of super oxide molecules
(Zhang et al., 2014a,b) (4). Superoxide production can induce a novel form of LTD independent of NMDA or metabotropic glutamate receptors, resulting in the
endocytosis of AMPA receptor GluR2 subunits (Zhang et al., 2014a,b) (5). The increased production of superoxide can be inhibited by the NADPH oxidase inhibitor
apocynin (Zhang et al., 2014a,b) (6).
Legend: LPS: Lipopolysaccharide; NADPH: Reduced Nicotinamide Adenine Dinucleotide Phosphate; LTD: Long-Term Depression; NMDA: N-methyl-D-aspartate;
AMPA: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; CR3: Complement Receptor 3; GluR2: Glutamate Receptor 2; O2: Super Oxide; MDD: Major De-
pressive Disorder.
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SSRIs, such as venlafaxine and sertraline, have been shown to promote
respectively anti-inflammatory and pro-inflammatory cytokine pro-
duction in hippocampal progenitor cell lines, which could ultimately
enhance or mitigate microglial activity (Horowitz et al., 2014).

Although impractical in clinical MDD assessments, TSPO does have
the potential to provide an initial insight into the role of microglial
modification of plasticity in human MDD studies. By combining TSPO
imaging with rTMS, it may be possible to identify areas of the brain
which display an increased level of microglial activity and altered
plasticity to provide correlative evidence supporting microglial in-
volvement in impaired plasticity in MDD. Gaining a greater under-
standing of microglial dependent altered plasticity in MDD may help to
explain why some patients with treatment resistant depression respond
to therapies such as rTMS (Fitzgerald et al., 2006) and ECT (Folkerts
et al., 1997). Furthermore, this would support the development of more
specific therapeutic targets for microglia to prevent changes to plasti-
city.

Currently, targeting microglial function with focused therapies is
difficult to achieve in human studies. Therefore, inhibition of microglial
activity with non-specific drugs, such as minocycline are being in-
vestigated for their potential benefits in depression management (Dean
et al., 2017). However, microglial activity is complex, consisting of both
inflammatory and neuro-supportive actions which are important in
normal brain physiology (Mantovani et al., 2004). As such, unfocused
inhibition of microglia is not sufficient to address all the changes to
microglial function that occur in MDD.

Historically, microglia have been categorised as either M1 proin-
flammatory reactive phenotypes, which inhibit plasticity or M2 sup-
portive phenotypes, which facilitate synaptic plasticity (Lynch, 2015).
Furthermore, this concept of M1 and M2 microglia has driven the idea
of inhibiting inflammatory microglia and promoting more supportive
phenotypes to manage diseases in the brain (Cherry et al., 2014).
However, this perspective has shifted and microglial activity is now
viewed as a spectrum of both inflammatory and neuron supporting
actions, which are dependent on many factors including location within
the brain and the stimuli microglia are exposed to (Ransohoff, 2016).
Therefore, simply inhibiting microglial activity is unlikely to treat mi-
croglia driven pathology and alterations in synaptic plasticity. Future
efforts should be focused towards developing new ways of regulating
microglia, via suppressing any over active inflammatory responses and
therefore facilitate the restoration of physiological microglial regula-
tion of synapses.

As current methods for targeting microglia themselves are limited,
focusing on the by-products of microglial activity could be useful in
developing therapeutics to treat MDD and restore changes to plasticity.
Novel therapies addressing microglial ROS production and balance
could be used alongside standard MDD therapies to manage ROS-in-
duced depressive changes. Indeed, elevated oxidative stress have been
indicated as a significant biomarker in non-SSRI responding MDD pa-
tients (Lindqvist et al., 2017). Furthermore, although there has been
conflicting data regarding supplementation with antioxidants (Sahraian
et al., 2015), administration of acorbic acid or omega-3 fatty acids have
been argued to be effective in preventing MDD symptoms (Chang et al.,
2017; Su et al., 2010, 2014), and in reducing ROS (Balmus et al., 2016).
Targeting ROS activity could hamper microglial modification of sy-
naptic plasticity by inhibiting ROS induced LTD (Zhang et al., 2014a)
and facilitate the restoration of normal neuronal function in MDD.
Likewise, neuroprotective factors like BDNF have been linked to anti-
depressant efficacy, specifically in the effectiveness of SSRIs in rats
exposed to CUS (Ibarguen-Vargas et al., 2009). Therefore, modulation
of BDNF pathways, alongside current antidepressant therapies has the
potential to support management of MDD (Berton and Nestler, 2006;
Zhang et al., 2016). By supplementing or promoting microglial pro-
duction of BDNF it may be possible to prevent changes to synaptic
plasticity which could contribute to both MDD symptoms and impaired
responsiveness to conventional antidepressant therapies.

Overall this compilation of evidences illustrates the relevance of
those mechanisms in the control of neuron-glia bidirectional commu-
nication and their therapeutic potential in the normalization of aberrant
synaptic processing in the context of depression. Future research should
aim at developing a greater understanding of changes to LTP and LTD
in depression, particularly in relation to microglial activity, which will
provide new insights on the dynamics occurring at a cellular level in
MDD patients, as well as contribute to the development of new exciting
therapeutic options for the treatment of MDD in the future.
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