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We focus on emerging roles for microglia in synaptic plasticity, cognition and disease. We outline evi-
dence that ramified microglia, traditionally thought to be functionally ‘‘resting’’ (i.e. quiescent) in the nor-
mal brain, in fact are highly dynamic and plastic. Ramified microglia continually and rapidly extend
processes, contact synapses in an activity and experience dependent manner, and play a functionally
dynamic role in synaptic plasticity, possibly through release of cytokines and growth factors. Ramified
microglial also contribute to structural plasticity through the elimination of synapses via phagocytic
mechanisms, which is necessary for normal cognition. Microglia have numerous mechanisms to monitor
neuronal activity and numerous mechanisms also exist to prevent them transitioning to an activated
state, which involves retraction of their surveying processes. Based on the evidence, we suggest that
maintaining the ramified state of microglia is essential for normal synaptic and structural plasticity that
supports cognition. Further, we propose that change of their ramified morphology and function, as occurs
in inflammation associated with numerous neurological disorders such as Alzheimer’s and Parkinson’s
disease, disrupts their intricate and essential synaptic functions. In turn altered microglia function could
cause synaptic dysfunction and excess synapse loss early in disease, initiating a range of pathologies that
follow. We conclude that the future of learning and memory research depends on an understanding of the
role of non-neuronal cells and that this should include using sophisticated molecular, cellular, physiolog-
ical and behavioural approaches combined with imaging to causally link the role of microglia to brain
function and disease including Alzheimer’s and Parkinson’s disease and other neuropsychiatric disorders.

� 2013 Elsevier Inc. All rights reserved.
1. Synapses are multicellular

Cajal and Sherrington introduced a new era in neuroscience
with their work on neurons as the central node of cognition in
the brain, leading to the concept of a ‘bi-partite’ synapse (Cajal,
1888; Pearce, 2004). Leaping forward 100 years, in the 1990s there
was a significant increase in our understanding of the molecular
contributors to synapse function. Modern techniques employed
by influential figures such as Eric Kandel, Mark Mayford, Alcino Sil-
va and Susumu Tonegawa, among numerous other outstanding
researchers, enabled many of the molecular underpinnings of
memory, specifically related to neuronally expressed molecules,
to be clarified (Bailey, Bartsch, & Kandel, 1996; Bannerman, Good,
Butcher, Ramsay, & Morris, 1995; Bourtchuladze et al., 1994; Chen
& Tonegawa, 1997; Elgersma & Silva, 1999; Kandel, 2001; Kandel,
2009; Maren, Aharonov, Stote, & Fanselow, 1996; Martin, Grim-
wood, & Morris, 2000; Mayford & Kandel, 1999; Mayford, Siegel-
baum, & Kandel, 2012; Mayford et al., 1996; Silva, Kogan,
Frankland, & Kida, 1998; Silva, Paylor, Wehner, & Tonegawa,
1992; Tsien, Huerta, & Tonegawa, 1996; Winder, Mansuy, Osman,
Moallem, & Kandel, 1998). A major advance in the field of synaptic
physiology and learning, introduced by these and other scientists,
was to use regional and cell specific gene expression and knockout
(KO) approaches, to investigate the role of specific molecular and
cellular processes at the synapse. Further, using behavioural ap-
proaches these processes were elegantly related to higher level
cognitive function. For an excellent review on the cellular and
molecular techniques used to study memory mechanisms see
Mayford et al., 2012.

Since these initial seminal studies, numerous investigators,
including ourselves (Daniel, Galbraith, Iacovitti, Abdipranoto, &
Vissel, 2009; Vissel, Krupp, Heinemann, & Westbrook, 2001; Vissel
and Royle, et al., 2001; Wiltgen et al., 2010), have used similar
approaches to deeply investigate various neuron specific processes
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important in synaptic physiology. With more than a decade of
additional research, however, it is becoming evident that these
neuron specific studies should be usefully added to by exploring
the contribution of two other major cell types in the brain, microg-
lia and astrocytes, to synaptic plasticity mechanisms and learning
and memory in both the normal and diseased brain.

In our and other investigators’ view the prevailing vision of the
synapse as a structure involving pre- and post-synaptic connec-
tions between two or more neurons has constrained our thinking
of synaptic function and plasticity, and its role in cognition. The
emerging concepts of the ‘‘tri-partite’’ synapse (Araque, Parpura,
Sanzgiri, & Haydon, 1999) and even the ‘‘quad-partite’’ synapse
(Bennett, 2007; Schafer, Lehrman, & Stevens, 2013; Tremblay &
Majewska, 2011) may better describe recent evidence indicating
that there are multiple cell types working together at synapses.
However, while highly exciting in advancing the concept of a
multi-cellular synapse, terms like tri- or quard-partite could inad-
vertently be as constraining as the view that synapses are neuron-
specific. For example, a role for the extracellular matrix as an
integral member of the synapse has also been proposed and needs
to be considered (Dityatev & Rusakov, 2011; Tsien et al., 2013). For
this reason we prefer simply to say that we must not limit our view
of the synapse and instead strive to understand it as a complex, dy-
namic and often transient structure involving several cells inter-
acting within a sophisticated extracellular matrix and milieu.

Astrocytes initially caught attention as players in synaptic plas-
ticity in the late 1990s when they were shown to increase intracel-
lular Ca2+ levels in response to synaptic transmission, creating a
feedback loop on transmission (Araque et al., 1999). Astrocytes
physically contact synapses, with up to 2 million synapses contacted
by a single astrocyte in the human brain (Oberheim, Goldman, &
Nedergaard, 2012). Furthermore, overexpression of an astrocytic
specific S100B was found to impair learning and memory, strongly
implicating these cells in behavioural processes (Gerlai, Wojtowicz,
Marks, & Roder, 1995). More recently, engraftment of human astro-
cytes into mice enhanced long-term potentiation (LTP, a molecular
model of learning and memory), and performance on cognitive tests
(Han et al., 2013). This further illustrated that human astrocytes, act-
ing through releasing tumour necrosis factor (TNF), are essential for
synaptic plasticity, and showed that human astrocytes may help en-
hance cognitive abilities compared to those of other mammals. Sev-
eral recent reviews cover the current state of knowledge regarding
the role of astrocytes at the synapse and their potential roles in infor-
mation processing in the brain (Allen & Barres, 2005; Barker & Ullian,
2010; Nedergaard & Verkhratsky, 2012; Pannasch & Rouach, 2013;
Perea, Navarrete, & Araque, 2009).

Here we focus on reviewing a role for a second non-neuronal cell
type, microglia, in synaptic and structural plasticity and learning
and memory. The reader is also referred to other excellent reviews
on the roles of microglia at the synapse (Kettenmann, Kirchhoff, &
Verkhratsky, 2013; Schafer et al., 2013; Tremblay & Majewska,
2011). We concentrate on recent evidence suggesting that these
cells, which have typically been investigated for their immunologi-
cal roles in an activated state, actually have critical roles at the syn-
apse in their ‘‘resting’’ state. We suggest these ramified microglia
have a critical role in regulating synaptic and structural plasticity
at specific synapses during learning and memory. Finally, we con-
sider how loss of the maintenance of normal ‘‘resting’’ microglial
phenotype and function could trigger synaptic dysfunction as an
important and early event in disorders of cognition, such as Alzhei-
mer’s disease. A key point, we will conclude, is that most of the
exceptional approaches that have to date been used to elucidate
molecular processes involved in learning and memory should now
be applied to study the more complex multi-cellular synapse involv-
ing microglia and astrocytes, a next frontier in learning and memory
research.
1.1. Origin of the bi-partite synapse concept

In his influential 1888 publication, Ramon S. Cajal was the first
to describe the existence of dendritic spines, where others had
deemed them artefacts of the Golgi staining process (Cajal,
1888). Cajal later proposed that dendritic spines are responsible
for contacting axons and dendrites (Cajal, 1891), thereby serving
as the substrate for the formation of adhesion between neurons.
The term ‘synapse’ was given to these areas of adhesion in 1897
by Sir Charles Scott Sherrington (Pearce, 2004) but it was not until
1959 that Gray, using electron microscopy, finally confirmed that
dendritic spines are the sites of neuronal connection (Gray,
1959). The complexity of neuronal connections in the brain is
extensive, with single neurons containing 5000–10,000 synapses
(Tang, Nyengaard, De Groot, & Gundersen, 2001), and the human
brain containing >1013 spines (Alvarez & Sabatini, 2007).

1.2. The contribution of spines to synapse structure and function

Dendritic spines are small protrusions on the dendrites of vari-
ous types of neurons (Rochefort & Konnerth, 2012), connected to
the main dendrite by a thin neck (Kasai, Fukuda, Watanabe, Hay-
ashi-Takagi, & Noguchi, 2010). Post-synaptic densities are thought
to convert to synapses when a pre-synaptic specialisation develops
opposite them, giving rise to dendritic spines. Spinogenesis has
been reviewed in detail (Garcia-Lopez, Garcia-Marin, & Freire,
2010). The pre- and post-synaptic densities are separated by a re-
gion termed the synaptic cleft, through which neurotransmitters
pass from the pre- to the post-synapse. Dendritic spines are the
major postsynaptic sites for excitatory synaptic transmission, with
the majority of spines in the cortex forming Gray’s type I asymmet-
ric excitatory synapses (Colonnier, 1968) utilising glutamate as the
primary neurotransmitter in the brain (Klemann & Roubos, 2011).
Synapses can also be inhibitory, known as symmetric Gray’s type II
symmetric synapses, which mostly terminate on dendritic shafts
rather than spines (Tashiro & Yuste, 2003; Yuste & Majewska,
2001).

Structurally, spines are highly specialised compartments pri-
marily designed for the transmission of chemical signals (Nimchin-
sky, Sabatini, & Svoboda, 2002). They are variable in shape and size,
likely the result of functional differences (Rochefort & Konnerth,
2012). Three morphologies are commonly described: long thin
spines with small bulbs, mushroom shaped spines with thick stalks
and large bulbs and short stubby spines with no stalks (Peters &
Kaiserman-Abramof, 1970). Long thin spines that lack a bulbous
head are found on developing neurons. They possess a transient
structure termed filopodia (Fiala, Feinberg, Popov, & Harris, 1998;
Miller & Peters, 1981). Thin spines are more transient than thick
spines, appearing and disappearing over the course of days. In con-
trast, mushroom spines are long-lasting and contain more molecu-
lar machinery for long-term maintenance (Bourne & Harris, 2007).
A detailed review on the structure and function of spines is avail-
able (Rochefort & Konnerth, 2012). In the hippocampus and neo-
cortex 65% of spines appear thin, and 25% are mushroom spines.
The remaining 10% are immature stubby, multisynaptic, filopodial
or branched shapes (Bourne & Harris, 2007). Alterations in the
structure of spines ultimately modify the strength of connections
between neurons as the strength of transmission is directly corre-
lated to spine size (Tashiro & Yuste, 2003).

1.3. Function of the synapse: synaptic plasticity

The term synaptic plasticity is used to describe the ability of
synapses to change the strength of their connections. The
‘strength’ of a synapse refers to the response that is generated in a
post-synapse as a result of activity of the pre-synapse (Atwood &
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Karunanithi, 2002). Changes in both the molecular expression of
synaptic molecules and structural changes of synapses can increase,
or decrease, the response produced in a target cell by stimulation of a
pre-synaptic terminal, and these changes can occur in both pre- and
post-synaptic dendritic spines (Atwood & Karunanithi, 2002). Plas-
ticity can occur over short timescales, utilising a variety of molecular
mechanisms to alter synaptic strength, remove and modify, and add
new synaptic connections (Bear, 1999; Bliss & Collingridge, 1993;
Holtmaat et al., 2005; Katz & Shatz, 1996; Luscher & Malenka,
2012). Synapses can also refine their connectivity via synaptic scal-
ing, a form of homeostasis which involves uniform adjustments in
the strength of all synapses in a cell. This occurs as the result of
long-term changes in the electrical activity of a cell, by either
enhancing or depressing firing of synapses for the purposes of stabil-
ising neuronal connections (Turrigiano, 2008). Synaptic plasticity is
therefore an important feature for modifying neural networks and
has long been thought to represent the basis of learning and memory
(Mayford et al., 2012), remarkably suggested by Ramon Cajal in the
late 19th century (Cajal, 1894).

How does synaptic plasticity occur? The influential psycholo-
gist, Donald Hebb, laid the groundwork for the current understand-
ing of synaptic plasticity. Hebb’s famous law can be summarised
with the common phrase ‘‘cells that fire together, wire together’’,
which requires simultaneous pre- and post-synaptic activity
(Hebb, 1949). The discovery of a phenomenon known as long-term
potentiation (LTP) provided the first evidence of Hebb’s law in ac-
tion (Bliss & Lomo, 1973). LTP is induced by brief trains of high-fre-
quency stimulation (a tetanus) delivered to excitatory synapses,
causing a sustained increase in transmission (Bliss & Collingridge,
1993; Cooke & Bliss, 2006). It increases the recruitment of ionotro-
pic glutamate receptors including the N-methyl-D-aspartate
(NMDA) and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptors to the synaptic membrane and usually de-
pends on Ca2+ influx through NMDA receptors (Luscher & Malenka,
2012; Matsuzaki, Honkura, Ellis-Davies, & Kasai, 2004), although
neurons can express multiple distinct forms of LTP (Johnston, Wil-
liams, Jaffe, & Gray, 1992; Mayford et al., 2012). A related phenom-
enon, long-term depression (LTD), was discovered later (Lynch,
Dunwiddie, & Gribkoff, 1977). Whereas LTP enhances the strength
of a synapse, LTD results in the internalisation of AMPA receptors
(Man et al., 2000), activation of perisynaptic NMDA receptors and
lower increases in intracellular Ca2+, ultimately inhibiting synaptic
activity. LTD can also be dependent on metabotropic type gluta-
mate receptor (mGluR) activation (Snyder et al., 2005; Xiao, Zhou,
& Nicoll, 2001). LTP and LTD, as models of synaptic plasticity there-
fore reveal that molecular changes in synapses can drive the plas-
ticity of existing synapses, thought to be important for learning
and memory mechanisms.

Classical views of synaptic plasticity, including LTP and LTD, are
of course constantly evolving into increasingly sophisticated views
(Mozzachiodi & Byrne, 2010). Accordingly, mechanisms which
control synaptic plasticity, including metaplasticity and particu-
larly synaptic tag and capture theory, are now taking centre stage
in behavioural neuroscience and in a number of prominent theo-
ries concerning the physical substrates of learning and memory
(Abraham & Bear, 1996; Finnie & Nader, 2012; Hulme, Jones, &
Abraham, 2013; Redondo & Morris, 2011).

1.4. Synaptic plasticity drives structural alterations at the synapse

Synaptic plasticity does not only occur via molecular changes in
existing synapses, but can also involve structural changes through
modification, formation and elimination of existing synapses, a
process termed ‘structural plasticity’. Consistent with this idea,
the classical correlate of plasticity LTP, described above, appears
to promote global increases in the volume of synaptically activated
spines (Lang et al., 2004; Maletic-Savatic, Malinow, & Svoboda,
1999), converting thin spines to thicker mushroom shaped spines
(Kopec, Li, Wei, Boehm, & Malinow, 2006; Matsuzaki et al., 2004)
and inducing the formation of new spines (Engert & Bonhoeffer,
1999). In contrast, LTD appears to promote shrinkage and retrac-
tion of spines (Chen, Bourne, Pieribone, & Fitzsimonds, 2004; Lee,
Liu, Wang, & Sheng, 2002; Linden & Connor, 1995; Luscher et al.,
1999; Massey & Bashir, 2007; Mulkey & Malenka, 1992; Nagerl,
Eberhorn, Cambridge, & Bonhoeffer, 2004; Zhou, Homma, & Poo,
2004). Thus synaptic plasticity drives structural plasticity.
1.5. Structural plasticity provides an exciting potential substrate for
encoding memory

Does structural plasticity provide the physical mechanism for
learning and memory? Only recently have we begun to understand
the importance of synapse modulation, formation and elimination
for cognitive processes (Holtmaat & Svoboda, 2009). It has been
suggested that alterations in the morphology of dendritic spines
may provide the physical basis for the transition between learning
and memory, with thin and more transient spines suggested to be
‘learning spines’ and thick longer-lasting spines being ‘memory
spines’ (Bourne & Harris, 2007). A particularly important advance
was the observation that learning induces dynamic formation
and elimination of dendritic spines in response to novel experience
and learning, and that the extent of this turnover correlates with
behavioural improvement after learning (Yang, Pan, & Gan,
2009). Furthermore, a small subset of spines are stably maintained
after learning and throughout the lifetime of an animal, providing a
physical basis for long-term retention of memory. Remarkably one
study showed that during contextual fear conditioning, synaptic
elimination occurred in activated hippocampal neurons only
(Sanders, Cowansage, Baumgartel, & Mayford, 2012). A more recent
study extended on these remarkable findings by directly correlat-
ing dendritic spine formation and elimination along the same den-
dritic branch of individual neurons, to the opposing behavioural
effects of cued fear conditioning, extinction and reconditioning
(Lai, Franke, & Gan, 2012). Thus mechanisms of synapse formation,
and particularly elimination, are emerging as critical players for
encoding and storing memory traces.

Despite the fact that structural alterations are very likely candi-
dates for the physical basis of learning and memory, the factors
that control spine formation, maturation and elimination remain
poorly understood. In particular, it remains unclear how new
spines are formed, how they are eliminated, and how they reach
and form physical connections with pre-synaptic bulbs from
neighbouring neurons. Although it is likely that the neurons them-
selves are able to respond to external cues and thereby enact struc-
tural alterations in their cytoskeletal structure to allow for spine
formation and elimination, in what follows below we propose that
other cell types in the vicinity, namely microglia, may play a cru-
cial role in these functions and may thus have active and indis-
pensable roles in the modulation of neural networks that support
learning and memory.
2. Microglia as essential mediators of synaptic plasticity,
structural plasticity and memory

2.1. Microglia infiltrate the CNS during embryogenesis

Microglia, of the same lineage as monocytes and macrophages,
originate in the bone marrow and infiltrate the CNS during early
embryogenesis, with precursors invading from the yolk-sac
(Ginhoux et al., 2010; Kierdorf et al., 2013; McKercher et al.,
1996; Ransohoff & Cardona, 2010). Once in the CNS, microglial



G.P. Morris et al. / Neurobiology of Learning and Memory 105 (2013) 40–53 43
progenitors are thought to be essentially cut off from their bone
marrow progenitor niches, forming their own self-renewing colony
(Kierdorf et al., 2013; Saijo & Glass, 2011). Microglial cells self-re-
new through cell division (Lawson, Perry, & Gordon, 1992),
although they mainly appear to be long-lived cells in the uninjured
brain, with a low rate of turnover (Lawson et al., 1992). Although
present in all areas of the brain, microglia are not uniformly dis-
tributed, with a variation of between 0.5% and 16.6% of the total
proportion of cells for each region in humans and mice (Lawson,
Perry, Dri, & Gordon, 1990; Mittelbronn, Dietz, Schluesener, &
Meyermann, 2001). Their mesodermal origin differentiates them
from the neuroectodermal derived astrocytes and neurons, and
they retain many of the features of macrophages throughout their
lifecycle. For instance, one of the major functions of microglial cells
in the brain is to survey for damage and protect neural material
(Rivest, 2009).

2.2. Traditional view of microglia: the brains innate immune cell

We argue below that microglia are not simply the brain’s
inflammatory cell, however we first note that microglia can and
do act in this capacity under certain circumstances (Graeber, Li,
& Rodriguez, 2011; Krause & Muller, 2010; Streit, Mrak, & Griffin,
2004). Although it was once thought that the brain was an im-
mune privileged organ due to the blood–brain barrier, an absence
of lymphatic drainage and its tolerance to transplanted tissue, it
is now clear that, through microglia, the brain has a capacity
for an innate immune response (Oemichen, 1978; Rivest, 2009).
However, the role that microglia play in inflammation, and how
these cells interact with other cell types to contribute to an
inflammatory response, is not at all well understood and remains
to be elucidated.

In their resting state in the mature brain microglia are highly
ramified with long processes and small cell bodies (Kettenmann,
Hanisch, Noda, & Verkhratsky, 2011), and have traditionally been
thought to be functionally quiescent. Microglia become ‘activated’
in response to many types of injury and pathogenic events in the
CNS (Thomas, 1992), changing their morphology from the highly
ramified ‘‘resting’’ state to a globular ‘‘amoeboid’’ activated form
through a series of distinct steps (Kitamura, Tsuchihashi, & Fujita,
1978; Stence, Waite, & Dailey, 2001), with the ability to migrate
to sites of damage (Nolte, Moller, Walter, & Kettenmann, 1996;
Stence et al., 2001) and phagocytose cellular debris (Kettenmann,
2007; Kierdorf et al., 2013; Kreutzberg, 1996). These activated cells
are also known to be capable of performing neuroprotective func-
tions (Streit, 2005), support neurogenesis, direct the invading vas-
culature, remove apoptotic cells, influence synaptogenesis and
control developmental apoptosis (for full reviews see (Bessis, Béch-
ade, Bernard, & Roumier, 2007; Ransohoff & Cardona, 2010; Saijo &
Glass, 2011)). Activation states have been defined as the classical
M1 and the alternative M2 states, adopted from descriptions used
for peripheral macrophage activation (Ransohoff & Cardona, 2010;
Ransohoff & Perry, 2009; Saijo & Glass, 2011). However, activation
state is likely more complex than this, and the relevance of these
constrained definitions is not yet clear (Colton, 2009; Fagan, 2013).

2.3. An emerging view of microglia: ‘‘resting’’ microglia are highly
dynamic in the normal brain

In general it is still the case that the innate immune functions of
‘‘activated’’ microglia dominate research into this cell type (Sec-
tion 2.2) (van Rossum & Hanisch, 2004). As described above, in this
view ramified microglia in normal physiological conditions are
functionally inert and hence described as ‘‘quiescent’’ or ‘‘resting’’.
A major challenge to this argument came with two publications
identifying the fine processes of ramified microglia are highly
dynamic surveyors of the healthy brain (Davalos et al., 2005; Nim-
merjahn, Kirchhoff, & Helmchen, 2005), earning them the new title
of ‘‘surveillant’’ microglia, and indicating the definition of these
cells as ‘‘resting’’ is now redundant. Due to the highly sensitive nat-
ure of microglia (they are activated in response to the slightest CNS
damage) (Petersen & Dailey, 2004; Streit, Walter, & Pennell, 1999),
studies of their resting functions have been technically very diffi-
cult. For instance, microglia, become activated in hippocampal slice
preparations (Haynes et al., 2006; Kurpius, Wilson, Fuller, Hoff-
man, & Dailey, 2006). However, Nimmerjahn et al. and Davalos
et al. bypassed the possibility of in vitro activation of microglial
by employing a novel technique to thin, but not penetrate, the skull
of mice (Davalos et al., 2005; Nimmerjahn et al., 2005). This en-
abled the visualisation of ‘‘resting’’ microglia in the adult cortex
through the thin-skulled preparation using in vivo two-photon
microscopy.

Although the cell bodies and main branches mostly remain sta-
tic, the thin processes of ‘‘resting’’ ramified microglia are in fact
highly mobile in the normal brain (Davalos et al., 2005; Nimmer-
jahn et al., 2005). They transiently appear and disappear, form bul-
bous structures at their ends and sometimes stall for short periods.
Each microglia samples its own microenvironment specifically, not
extending into other microglial cell territories. The microglia ap-
pear to contact neighbouring astrocytes, neuronal cell bodies and
blood vessels, sometimes even engulfing tissue components, and
also increase their surveillance in response to neuronal activity.
The thin microglial processes are particularly fast moving, quicker
in fact than structural changes seen in neurons and astrocytes
(Nimmerjahn et al., 2005). Both Nimmerjahn et al. and Davalos
et al. were also able to visualise the rapid activation of microglia
in response to neuronal injury, with the number of microglia
responding correlating with the severity of injury, and with
microglial processes migrating to the site of injury without any
movement from the cell body.
2.4. Microglia have numerous mechanisms to detect neuronal activity

Microglia express most of the major classes and subtypes of
excitatory and inhibitory neurotransmitter receptors and ion chan-
nels classically found at neuronal synapses (for recent reviews re-
fer to Kettenmann et al., 2011; Pocock & Kettenmann, 2007). Many
studies have assessed the role of these receptors and ion channels
in terms of their impact on microglial responses to inflammatory
insults (Pocock & Kettenmann, 2007). For example, blocking NMDA
receptors can reduce the inflammatory response of microglial cells
to insults such as lipopolysaccharide (LPS) (Glezer, Zekki, Scavone,
& Rivest, 2003) and microglia NMDA receptor activation promotes
increases in oxidative stress, cytokines and chemokines in vitro
(Kaindl et al., 2008, 2012). Results such as these suggest that the
classical synaptic receptors found in microglia can regulate
microglial responses to inflammation.

However as we elaborate below, ramified microglia are also
essential to normal synaptic function. Yet, surprisingly, little is
known about the role of the neurotransmitter and ion channel
receptors in ramified microglia. In our view it is likely that these
receptors and ion channels exist in microglia as a highly ordered
mechanism for sampling the extra-cellular matrix and milieu, for
monitoring, assessing and responding to neuronal activity and,
for participating at the synapse. It therefore remains an open and
intriguing question as to how these receptors and ion channels
are organized in ramified microglia. It is tempting to suggest that
ramified microglia may have organized synaptic specializations
not dissimilar to those found in neuronal synapses to sense, mon-
itor and interact with neurons at synapses. This area remains open
to investigation.
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2.5. Microglial motility is activity dependent in the normal brain

Recent research has shown that microglial process motility is
not passive but controlled by neuronal activity (Schafer et al.,
2012; Tremblay, Lowery, & Majewska, 2010; Wake, Moorhouse,
Jinno, Kohsaka, & Nabekura, 2009). For example the motility of
microglial processes can be regulated ex vivo by ionotropic gluta-
matergic neurotransmission and decreased by ionotropic GABAer-
gic neurotransmission (Fontainhas et al., 2011). Microglial process
motility has also been linked to the release of extracellular ATP and
recognition of this by purinergic receptors on microglia (Davalos
et al., 2005; Haynes et al., 2006; Kurpius, Nolley, & Dailey, 2007).
This is consistent with findings, mentioned in Section 2.4, that
microglia express a variety of neurotransmitter receptors (Dom-
ercq, Vazquez-Villoldo, & Matute, 2013; Kettenmann et al., 2011;
Pocock & Kettenmann, 2007), ion channels (Farber & Kettenmann,
2005), and an array of purinoceptors (Farber & Kettenmann, 2006),
which may allow them to respond to neural activity, however this
is still a subject of debate (Chen, Koga, Li, & Zhuo, 2010; Schafer
et al., 2012; Tremblay et al., 2010; Wake et al., 2009; Wu & Zhuo,
2008).

2.6. Microglial processes contact synapses in an experience-dependent
manner

If microglia survey the brain in an activity dependent manner,
what are their processes specifically sampling, and why are they
so restless? Again employing the thin-skulled window strategy in
mice (6–10 weeks of age), and by fluorescently labelling both neu-
rons and microglia, Wake et al. elegantly answered these questions
using two-photon microscopy. This research showed that microg-
lial processes make direct transient contacts with synapses for
5 min periods once every hour in an activity-dependent manner
(Wake et al., 2009). An important observation was made that the
time of contact with synapses was extended to �1 h after transient
cerebral ischaemia, and that this could be followed by loss of the
contacted pre-synaptic bouton, implicating microglial processes
in synaptic removal (see Section 3.2).

Importantly, further evidence has demonstrated that microglial
processes are in association with synapses during visual experi-
ence, including contacting axon terminals, dendritic spines, perisy-
naptic astrocytic processes and synaptic clefts (Tremblay et al.,
2010), in a similar way to the known position of astrocyte contacts
at the synapse (the tri-partite synapse (Araque et al., 1999)). In this
experimental paradigm, microglial processes appeared to localise
to small, transiently growing dendritic spines in the visual cortex
of juvenile mice in response to light stimulus. When the light stim-
ulus was removed microglia became less motile and contacted a
different, larger subset of spines. Thus microglial contact with den-
dritic spines is related not only to neuronal activity but also more
broadly to sensory experience, suggesting by extension that it
could also be exquisitely regulated during more complex cognitive
processes such as learning and memory.

More recently, a thorough electron microscope study has
suggested that microglial processes predominantly contact
pre-synaptic elements in the adult rat brain and that these contacts
are relatively rare during normal physiology (Sogn, Puchades, &
Gundersen, 2013). The authors interpreted this result to suggest
microglia have a limited role in synaptic plasticity. However the
low percentage of contacts seen under electron microscopy likely
represent the fact that contact is transient, directed by activity
and experience, and is only directed to specific subsets of active
synapses as shown by Tremblay et al. (2010). Furthermore, given
the rapid motility of microglial processes, it is conceivable the pro-
cess of anaesthetising and sacrificing the animals used by most
investigators in anatomical and electron microscopy studies could
lead to rapid retraction of microglial contact with synapses imme-
diately prior to tissue fixation. Live imaging studies in the healthy
brain using minimally invasive approaches are going to be impor-
tant for addressing such issues in future.
3. The role of microglia in synaptic and structural plasticity and
learning and memory

If microglia processes contact synapses in an experience-depen-
dent manner, what functions do they perform and what molecular
mechanisms do they employ to achieve these effects? We review
evidence that microglia have important roles in synaptic as well
as structural plasticity. By extension we implicate these microg-
lia-controlled processes in learning and memory. The following
sections are devoted to discussing both known and potential
mechanisms by which they might mediate these effects.
3.1. The relevance of inflammatory cytokines to synaptic plasticity and
learning

The most well-known mechanism by which both active and
resting microglia could contribute to synaptic plasticity is via their
release of various synaptically active molecules including cyto-
kines (Hanisch, 2002; Mallat & Chamak, 1994; Streit & Xue,
2012). Cytokines, comprising a functionally-connected group of
peptides, phylogenetically very old (Beutler & Van Huffel, 1994),
and including TNF and interleukin-1 (IL-1), are generated by cells
of the macrophage/microglial lineage, noted above, as well as a
wide range of cell types both sides of the blood–brain barrier. Neu-
rons and astrocytes are cerebral examples of cells that release cyto-
kines (Pan et al., 1997). Cytokines are commonly, but not very
precisely, termed the inflammatory cytokines, in that they also
have primary roles in physiology, innate and acquired immune re-
sponses and wound healing, as well as the pathogenesis of inflam-
mation, and inflammatory disease (Clark, Alleva, & Vissel, 2010;
Clark, Atwood, Bowen, Paz-Filho, & Vissel, 2012). They operate in
networks and cascades, and regulate cellular activity in an auto-
crine, paracrine and hormonal manner (Beutler & Van Huffel,
1994).

These same cytokines have central physiological roles in synap-
tic plasticity, neurogenesis and learning and memory in the normal
brain (Albensi & Mattson, 2000; Aloe et al., 1999; Beattie et al.,
2002; Bernardino et al., 2008; Cacci, Claasen, & Kokaia, 2005; Iosif
et al., 2006; Ogoshi et al., 2005; Santello & Volterra, 2012). For in-
stance, IL-1b is induced in the learning process and is important for
consolidation of memory (Goshen et al., 2007), and at least one cel-
lular source are the microglia (Williamson, Sholar, Mistry, Smith, &
Bilbo, 2011). TNF, interleukin-6 (IL-6), prostaglandins, complement
cascade proteins (C1q and C3) and major histocompatibility com-
plex class I family members (MHCI) are also implicated in learning
processes (for recent in depth reviews refer here (Blank & Prinz,
2013; Boulanger, 2009; Yirmiya & Goshen, 2011)). These effects
are mediated by neuronal activity, and involve microglia and astro-
cytes, although predominantly are mediated by microglia (Yirmiya
& Goshen, 2011). It has been suggested that cytokine expression in
the brain may play a role in the regulation of dendritic spine
dynamics, and by extension learning and memory (Bitzer-Quintero
& Gonzalez-Burgos, 2012). Microglia are also thought to play a role
in the process of synaptic scaling (described in Section 1.3),
through secretion of TNF (Pascual, Ben Achour, Rostaing, Triller,
& Bessis, 2012; Stellwagen & Malenka, 2006). Thus the cytokines
released from microglia and other brain cells manipulate fine con-
trol of synaptic plasticity (Bitzer-Quintero & Gonzalez-Burgos,
2012; Brynskikh, Warren, Zhu, & Kipnis, 2008; Garay & McAllister,
2010; Ishii & Mombaerts, 2008; Pocock & Kettenmann, 2007;
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Rivest, 2009; Romo-González, Chavarría, & Pérez-H, 2012; Streit &
Xue, 2012; Yirmiya & Goshen, 2011).

3.2. Microglia can eliminate synapses in the normal brain

Microglia need not only influence the plasticity of existing syn-
apses but may also contribute to more profound structural plastic-
ity mechanisms. In particular, we propose that they may be able to
phagocytose specific subsets of synapses activated during learning
and memory. Although evidence for such a view is at present
scarce, in what follows, we argue in favour of this idea by demon-
strating that microglia are entirely capable of eliminating synapses
in development (termed synaptic ‘pruning’ (Section 3.3) and also in
disease conditions in the adult (termed synaptic ‘stripping’, Sec-
tion 3.4). We therefore suggest that microglia could be performing
similar functions at a much more controlled level in physiological
conditions of learning and memory in the adult.

3.3. Microglia remove synapses during periods of synaptic maturation
in development

Structural plasticity is highly active during development, with
the rate of spine elimination exceeding the rate of spine formation
(Holtmaat et al., 2005). This is known as synaptic pruning and is
thought to be essential for forming efficient neural connections
during development. Synapse formation and elimination in the
adult brain is muted, with spines more stable in the adult brain
(Grutzendler, Kasthuri, & Gan, 2002; Majewska, Newton, & Sur,
2006), lasting for up to 18 months, virtually the entire lifespan of
a mouse (Zuo, Lin, Chang, & Gan, 2005). This area has been well re-
viewed (Holtmaat & Svoboda, 2009).

Using PSD95, a marker of excitatory post-synaptic densities,
colocalisation of GFP-labelled microglial processes and PSD95
immunoreactivity has been found in the mouse hippocampus dur-
ing the period of synaptic maturation (Paolicelli et al., 2011). These
data provide some of the strongest evidence to date that not only
do microglia contact synapses, they may actually phagocytose
them during development, playing a role in synaptic pruning.
Paolicelli et al. also provided further evidence for a role of microg-
lia in synaptic pruning, and implicated a potential signalling mech-
anism by which this may occur, by finding that mice lacking the
fractalkine receptor (CX3CR1) had deficits in synaptic pruning
and decreased frequency of spontaneous excitatory post-synaptic
currents, suggesting immature connectivity in knockout mice.
Neurons release the chemokine fractalkine during periods of syn-
apse maturation. Findings from this study support the theory that
soluble fractalkine may promote the migration of microglia into
the brain during development, since microglia numbers are indeed
lower in CX3CR1 knockout mice (Paolicelli et al., 2011). As the mice
mature however, microglia and synapse numbers return to normal
levels, although the long-term behavioural effect of the knockout
on hippocampal-dependent functions were not tested. This study
highlights the importance of microglia pruning in the maturing
brain, with dysfunctional pruning possibly delaying brain matura-
tion. Since these experiments were performed on hippocampal tis-
sue, an area of the brain involved in the formation and
consolidation of memory, the outcome suggests that microglia
are active in the hippocampus during developmental synaptic
pruning, and therefore plausibly play a role in this region in the
adult hippocampus.

Recent evidence has implicated complement cascade proteins
as mediators of microglial-controlled synaptic pruning during
development. The best evidence, in summary, is that mice deficient
in the complement cascade protein C1q, or a downstream comple-
ment protein C3 have excess synaptic connections in the mouse
retinogeniculate system, a commonly studied area for researching
developmental synaptic elimination (Stevens et al., 2007). Both
C1q and C3 localise to synapses during development, suggesting
complement proteins tag synapses removal. The C3 receptor, com-
plement receptor 3 (CR3/CD11b–CD18/Mac-1) is specifically ex-
pressed on microglia in the CNS, and in a follow-up study this
group identified that signalling between C3 and this phagocytic
receptor is a critical mechanism by which microglia recognise syn-
apses to prune in the developing retinogeniculate system (Schafer
et al., 2012). Critically, this paper established that synaptic pruning
by microglia was dependent on neural activity (see Section 2.5).
These studies firmly established the C1q/C3/CR3 axis as an integral
mechanism for synaptic pruning by microglia. Another important
observation made in this study was that microglia preferentially
target ‘weak’ synapses. This finding is consistent with those of
Tremblay and co-workers who in 2010 showed that in response
to sensory activity, microglia target smaller spines thought to rep-
resent ‘weaker’ spines, which are then frequently removed 2 days
after association with microglial processes (Tremblay et al., 2010).
3.4. Microglia ‘strip’ synapses following synaptic damage

A role for microglia in removing damaged synapses was found
as far back as 1968 (Blinzinger & Kreutzberg, 1968). Activated
microglia were shown to closely adjoin dendrites, and physically
separate pre- and post-synaptic boutons, following cleavage of
the axon of facial nerve motor neurons, although the function of
this was unknown at the time. This is now known as ‘synaptic
stripping’ and is thought to represent a neuroprotective function
by reducing synaptic activity and promoting synaptic reorganisa-
tion (Gehrmann, Matsumoto, & Kreutzberg, 1995; Kettenmann
et al., 2013; Moran & Graeber, 2004; Schiefer, Kampe, Dodt, Ziegl-
gansberger, & Kreutzberg, 1999; Trapp et al., 2007). Pre-synaptic
inhibition of glutamate release may precede the association of
microglia with synapses, and subsequent synaptic stripping, sug-
gesting microglia are indeed sensing changes in neuronal activity
and acting to remove synapses as a result (Yamada et al., 2008).
As mentioned earlier (Section 2.6) the contact time of microglia
with synapses is increased in response to ischaemia, and synapses
are often lost following this contact (Wake et al., 2009). Evidence
for synaptic stripping has also been found in a human case of se-
vere peripheral facial nerve paresis (Graeber, Bise, & Mehraein,
1993). It is unclear exactly how synaptic stripping occurs, and what
phenotype of microglia is responsible for this process as microglia
can also strip synapses when early stages of activation and prolif-
eration are inhibited (Kalla et al., 2001). Thus the phenotype of
microglia that strip damaged synapses may actually be the rami-
fied form which, due to its surveillant functions, could allow the
brain greater sensitivity in eliminating individually diseased con-
nections. Consistent with the idea that resting microglia are able
to phagocytose neural components, so-called ‘‘resting’’ microglia
have been shown to shape hippocampal neurogenesis by phagocy-
tosing many new-born neuroblasts in the subgranular zone (Sierra
et al., 2010). Crucially, this study established that microglial pro-
cesses can perform this phagocytosis themselves, separately from
the cell body. This links well with research showing microglia
can clear apoptotic neurons without inflammation (Takahashi,
Rochford, & Neumann, 2005).

Together these studies of synaptic pruning and synaptic strip-
ping, as controlled by microglia, strongly implicate microglial cells
in structural plasticity. When placed in the context that synaptic
elimination and formation are important for learning and memory
(Section 1), this allows us to propose the testable hypothesis that
structural plasticity induced by microglia, in response to neuronal
activity, has a role in learning and memory processes in the normal
brain.
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3.5. Maintaining ramified microglial function is important for synaptic
plasticity and cognition

As we intimated earlier, the term ‘‘resting microglia’’ should
perhaps be considered as an oxymoron, since as we pointed out,
it is apparent that microglia are not physically or functionally
resting when they are in the ‘‘resting’’ ramified state (Section 2.3).
It is not surprising therefore that numerous mechanisms exist to
maintain microglia in their ramified state. This allows them to per-
form their normal functions, surveying and modifying synapses,
and prevents them becoming aberrantly activated. By extension,
based on our hypothesis that synaptic elimination by microglia is
important for learning and memory, it follows that maintaining
the fine control of microglial phenotype in the normal brain is also
important for learning and memory. In this section we therefore
briefly mention the mechanisms that maintain microglia in a ram-
ified state and suggest that this is important for normal cognition.

Neurons suppress the activation of microglia via the CX3C-che-
mokine ligand 1 (CX3CL1/fractalkine), and its cognate receptor on
microglia CX3CR1 (Cardona et al., 2006; Lyons et al., 2009). Activa-
tion of microglia may therefore involve removal of this inhibition, a
hypothesis supported by another study (Paolicelli et al., 2011).
CX3CR1 also controls the release of inflammatory mediators IL-
1b, TNF, and IL-6 (Rogers et al., 2011), each important for memory
as described in detail earlier. Intriguingly a knockout of CX3CR1
receptors leads to developmental deficits in synapse number (see
Section 3.3) (Paolicelli et al., 2011). In turn, adult CX3CR1 deficient
animals also have cognitive deficits in hippocampal-dependent
fear learning and memory and significant impairments in LTP (Rog-
ers et al., 2011).

Another mechanism inhibiting microglia activation is CD200,
expressed on neurons, which binds to its receptor CD200R on the
microglial surface (Barclay, Wright, Brooke, & Brown, 2002; Hoek
et al., 2000; Walker, Dalsing-Hernandez, Campbell, & Lue, 2009).
CD200 knockout mice have microglia with an activated phenotype,
and more rapid inflammatory responses. Interestingly, hippocam-
pal slices prepared from CD200�/� mice show reduced LTP (Cos-
tello et al., 2011), implicating CD200–CD200R interactions as
important for synaptic plasticity, possibly via an aberrant activa-
tion of microglia, and therefore a loss of resting function.

Recent research has also implicated traditional innate immune
receptors, which can control the activation of microglia, in learning
and memory. A particularly interesting molecule in this regard is
toll-like receptor 4 (TLR4), which in healthy brain has only been
detected on microglia (Pascual et al., 2012), and has been shown
to have a developmental role in learning and memory (Okun
et al., 2012). Microglial activation has also been suggested to mod-
ulate neuronal activity through TLR4 (Pascual et al., 2012).

Together, the above studies indicate there are a range of mech-
anisms involved in the fine control of the activation state of
microglia and that these mechanisms are in turn important for
learning and memory. These molecules may affect learning and
memory by modulating the level of secretion of molecules in-
volved in synaptic plasticity, or by controlling the phagocytic capa-
bilities of ramified microglia, allowing controlled regulation of
synaptic and structural plasticity by microglia in the normal brain.
4. Microglia in disease

4.1. The effect of inflammation on microglial signalling

We have reviewed a role for microglial derived cytokines in
synaptic plasticity, and have implicated microglia in synaptic elim-
ination in development and disease. Furthermore we have estab-
lished that maintaining resting microglial phenotype is important
for learning and memory. A specific link between the control of
synaptic elimination and secretion of cytokines may be provided
by research indicating that cytokines are involved in synaptic elim-
ination (Kubota et al., 2009; Tonelli & Postolache, 2005), although
this has yet to be linked to secretion of cytokines from the
branched processes of resting microglia, and moreover has not
yet been directly implicated in learning and memory. What hap-
pens when the fine balance of cytokine secretion by resting
microglia is perturbed, as occurs in disease? Furthermore what
happens when microglia lose their quiescence, and retract their
fine processes, becoming ‘‘activated’’ and amoeboid? As we will
illustrate in the following sections, disruption of cytokine signal-
ling, and failure of the signalling mechanisms maintaining the phe-
notype of microglia in the normal brain, may contribute to learning
and memory dysfunction and synaptic pathologies such as Alzhei-
mer’s disease.

Most, if not all of the cytokines implicated in synaptic plasticity
also, when over-supplied, can cause brain pathology (Griffin et al.,
2006; Iosif et al., 2008; Stellwagen, Beattie, Seo, & Malenka, 2005).
If cytokines secreted by microglia are critical to normal brain plas-
ticity it follows in turn that aberrant levels of cytokines, as occurs
in inflammatory states associated with diseases like Alzheimer’s
and Parkinson’s (Akiyama et al., 2000; Clark et al., 2010, 2012; Tup-
po & Arias, 2005; Wersinger & Sidhu, 2002; Wilms et al., 2007;
Wright et al., 2013; Wyss-Coray & Rogers, 2012), will impair syn-
aptic plasticity and potentially drive structural plasticity into
harmful directions. This would explain the profound early synaptic
pathology seen in Alzheimer’s.

As with macrophages in the rest of the body the inflammatory
nature of activated microglia can disturb the fine balance needed
to preserve normal physiology such as synaptic plasticity func-
tions, and exacerbations in inflammatory mediators in the brain
as a result of a number of risk factors can increase the rate of neu-
rodegeneration (Perry, Cunningham, & Holmes, 2007) with grave
implications for maintaining normal synaptic plasticity and learn-
ing and memory. This may come about via a microglial priming
mechanism (Norden & Godbout, 2013), as evidenced by systemic
infections and neuroinflammation being able to exacerbate neuro-
degeneration and concurrent memory loss (Perry et al., 2007).
Stress, trauma, infection and seizures may increase neural-immune
cross talk (Cunningham, Wilcockson, Campion, Lunnon, & Perry,
2005; Garay & McAllister, 2010), with adverse implications for
glia-neuron interactions, controlled by immune molecules, during
synaptic plasticity. Furthermore, recent evidence indicates aber-
rant activation of microglia in the hypothalamus, via the TNF they
secrete, controls physiological aging, and its concomitant shorten-
ing lifespan and weakening cognition (Zhang et al., 2013). Indeed it
was shown that artificially minimizing glial activation in the hypo-
thalamus increased lifespan and raised the cognitive performance
of mice (Zhang et al., 2013). Fortunately there are safeguards to
prevent aberrant neuroinflammation causing unnecessary damage
to neural circuits (Biber, Neumann, Inoue, & Boddeke, 2007), with a
variety of signals maintaining microglia in a quiescent state in the
adult brain and therefore maintaining their resting functions,
which are only just becoming recognised (discussed in Section 3).

4.2. Altered resting microglial function as a cause of cognitive disorders
and Alzheimer’s disease

As we noted in Section 3, microglia rapidly scan and interact
with a set of defined cells in their vicinity, playing a role in regulat-
ing synaptic and structural plasticity. It is well known that microg-
lia can exhibit an inflammatory – non-ramified – phenotype in
early AD and in other neurodegenerative diseases (McGeer & McG-
eer, 2003). This change in microglial phenotype involves the
retraction of processes that are believed necessary in the healthy
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brain for maintaining and regulating synaptic integrity. Conse-
quently, we propose that dementia, at least in some of its forms,
and perhaps also a number of other cognitive and neurodegenera-
tive disorders, is at its onset a result of a failure to maintain
microglia in their ramified state, which is important to exquisitely
control synapse function and plasticity. Further, at least in neuro-
degenerative diseases, we suggest that microglia, either concur-
rently or subsequently to a change of phenotype, can develop a
pathological role wherein they contribute to an increased rate of
synaptic elimination compared to synaptogenesis, possibly as a
prelude to neurodegeneration and other pathologies (Walsh & Sel-
koe, 2004). We hope that this set of ideas will provide an interest-
ing model and/or initial framework for explaining the early
synapse loss and cognitive impairment seen in diseases like Alzhei-
mer’s, which can occur many years in advance of the extensive
pathology seen later in the disease (Davies, Mann, Sumpter, &
Yates, 1987; Fiala, Spacek, & Harris, 2002; Masliah et al., 1994;
Scheff & Price, 2003; Scheff, Price, Schmitt, DeKosky, & Mufson,
2007; Scheff, Price, Schmitt, & Mufson, 2006; Selkoe, 2002; Terry
et al., 1991).

It is clear from a number of studies that subtle changes in
microglia function can have quite profound consequences on syn-
apses and on the behaviour of an organism. We consider that it is
no coincidence that perturbations in many molecules controlling
microglial activation, some of which we mentioned above, are
implicated in Alzheimer’s disease. Nor is it a coincidence that Alz-
heimer’s disease is characterized by changes at synapses long in
advance of pathology (Penzes, Cahill, Jones, VanLeeuwen, & Wool-
frey, 2011). It seems likely that failure of signalling required for
maintaining microglial in a ramified state, likely important for pre-
serving surveillant functions, may have consequences that play a
role in Alzheimer’s pathogenesis by altering the exquisite microg-
lial regulation of synaptic plasticity and function.

The importance of the recent finding that TREM2 genotype is a
strong risk factor for sporadic Alzheimer’s disease (Golde, Streit, &
Chakrabarty, 2013; Guerreiro et al., 2013; Jonsson et al., 2012) must
be seen in this context. Not unexpectedly, it has been suggested that
TREM2 may have a potential role for housekeeping in the CNS by
modulating microglial activity (Neumann & Takahashi, 2007;
Takahashi et al., 2005), similar to its role in macrophages (Turnbull
et al., 2006). A rare autosomal genetic disorder termed Nasu–Hakola
disease is brought about by mutations in either one of two microglial
proteins, DAP12 and TREM2. These mutations result in early onset
dementia with or without bone cysts and fractures (Thrash, Torbett,
& Carson, 2009). This shows that a major perturbation of signalling
that affects microglia function can drive the pathogenesis of brain
disorders (Bianchin, Martin, de Souza, de Oliveira, & de Mello Rieder,
2010). By inference, more subtle perturbations in this signalling, e.g.
through subtle changes in TREM2 function, could result in a slower
pathology onset and chronic slow onset of disease such as occurs in
Alzheimer’s. It is therefore not surprising that recent work associates
TREM2 variants with Alzheimer’s disease risk and in turn implicates
innate immunity in cognitive disorders.

This case is strengthened by considering the host of other mol-
ecules that have been implicated in both maintaining microglial
quiescence and are now known to also be factors implicated in Alz-
heimer’s disease. This includes molecules such as CD200 and
CD200R (Ransohoff & Cardona, 2010; Walker et al., 2009), CX3CR1
(Cardona et al., 2006; Fuhrmann et al., 2010), MicroRNA mir-124
(Lukiw, 2007; Ponomarev et al., 2011) and toll-like receptor-4
(Cameron & Landreth, 2010) to name just a few.

Furthermore, a gain in synaptic elimination could occur by
overexpression of the molecules which tag synapses for elimina-
tion by microglia. As mentioned earlier, a C1q/C3 receptor system
appears to control the removal of synapses by microglia during
developmental pruning (Schafer et al., 2012; Stevens et al., 2007).
There is aberrant expression of complement receptor factors in the
Alzheimer’s brain (Fischer et al., 1995). The interpretation of a role
for microglial elimination in Alzheimer’s disease has mainly been
limited by evidence of synaptic elimination, by microglia, not being
required for synaptic stripping in a mouse model of prion disease
(Perry & O’Connor, 2010; Siskova et al., 2010). However the question
needs to be explored before deeper conclusions are drawn.

Finally, it has been suggested that loss of microglial resting phe-
notype could occur as a result of microglial senescence during
aging, and may thereby contribute to the pathogenesis of Alzhei-
mer’s disease (Damani et al., 2011; Streit & Xue, 2010, 2012; Streit
et al., 2004a; Tremblay, Zettel, Ison, Allen, & Majewska, 2012;
Wong, 2013). Loss of resting microglial phenotype can also be dri-
ven by systemic infections and inflammation, which are linked to
the pathogenesis of synaptic disorders such as Alzheimer’s disease
(Combrinck, Perry, & Cunningham, 2002; Cunningham et al., 2005).
Perry, Nicoll, & Holmes, (2010) provides a recent review of the role
of microglia in neurodegenerative disease. In Alzheimer’s disease
microglial cells undergo changes such as deramification, increased
cell body volume, fragmentation of cytoplasm, spheroid formation
and gnarling (Krabbe et al., 2013; Streit, Braak, Xue, & Bechmann,
2009; Streit et al., 2004), and this correlates with amyloid-b depo-
sition (Krabbe et al., 2013). Importantly, glial senescence during
aging can impact normal synapse function (Streit & Xue, 2010;
Wong, 2013). This could cause a loss of their normal resting func-
tion of routinely surveying synapses, and thus result in aberrant
connectivity between neurons.

We propose that these combined observations raise the distinct
possibility that dementia, in at least some of its forms, is a disorder
caused by a failure of the maintenance of normal ramified microglial
function. This failure may be driven by inflammation (Abdipranoto,
Wu, Stayte, & Vissel, 2008; Abdipranoto-Cowley et al., 2009; Clark
et al., 2010, 2012; Wright et al., 2013). We therefore suggest a
hypothesis for the pathogenesis of cognitive function in diseases
such as Alzheimer’s results in the first instance from a loss of main-
tenance of microglial surveillant functions and/or a gain in microg-
lial activation that drives synaptic pathology, one of the earliest
pathogenic events in Alzheimer’s disease. We also suggest that
many of the hallmarks of Alzheimer’s can logically be inferred to
follow.

Microglia dysfunction is not constrained to memory disorders
such as Alzheimer’s disease, which we have chosen to focus on
here. In particular, studies of autism and schizophrenia, which
are considered synaptic disorders, have also been linked to dys-
functional microglia (Frick, Williams, & Pittenger, 2013; Maezawa
& Jin, 2010; Monji, Kato, & Kanba, 2009; Munn, 2000). In fact it is
quite conceivable that failure to maintain the exquisite control of
ramified microglial function, possibly as a result of inflammatory
stimuli, could underlie a number of neurological disorders includ-
ing Parkinson’s disease, or at least components of the disease.
There are also related syndromes with currently unknown causes,
such as progressive supranuclear palsy (PSP) that could be investi-
gated in these terms.
5. Future directions

Clearly, a comprehensive model of learning and memory will not
be achievable without incorporating the role of non-neuronal cells.
A key point of this review is that microglia (and astrocytes) play a
fundamental role at the synapse, and that perturbations in the func-
tions of these cells would lead to diseases such as Alzheimer’s or
dementia more broadly. This is a testable hypothesis that needs
attention in the field of learning and memory. The implications ex-
tend to a wide range of neurological and psychiatric disease in which
aberrant synapse function and structure have been noted.
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Cajal’s influence on today’s thinking about synapses is not lost
on neuroscientists. In the last 50 years, the field of learning and
memory has made enormous headway through studying synapses
and brain plasticity using cellular and molecular approaches com-
bined with electrophysiology, imaging and behavioural assays. It is
imperative now that we start to apply these same approaches to
studying microglia and astrocytes in order to gain an understand-
ing of their role in learning and memory. The obvious starting point
is to ablate critical synaptic and other paracrine or intracellular sig-
nalling molecules from microglia and astrocytes specifically, such
as through cre/loxP specific knockout systems. Such approaches
would allow the study of the functional role of microglia and astro-
cytes, using the now well-established behavioural, electrophysio-
logical and other widely used and established paradigms.

An important qualifier to the above has recurred throughout
this review. Many paradigms used to investigate neuronal function
in neuroscience are performed ex vivo, and most cause microglia to
alter their activation state and therefore likely their roles and func-
tions. The study of microglia and their role at the synapse in the
normal brain will require highly innovative approaches that ensure
they maintain their normal range of morphologies.

One particularly appealing avenue is to combine the cre/loxP
KO approach (Sauer, 1998), to knockout specific genes in microg-
lia (Cho et al., 2008; Clausen et al., 1999; Wolf et al., 2013) and
astrocytes (Ganat et al., 2006; Mobley & McCarty, 2012), with
high-end in vivo imaging (Nimmerjahn, 2012). Viewing microglia
in contact with, and structurally altering specific ensembles of
neurons and synapses when activated during learning, will pro-
vide further evidence of the concepts presented in this review.
Even then, there will still be limitations to overcome. In vivo
imaging of deeper brain structures is technically challenging,
especially when attempting non-invasive approaches to prevent
aberrant activation of microglial cells, and increased turnover of
synapses in response to glial activation (Xu, Pan, Yang, & Gan,
2007). In fact, many of the results presented in this review have
largely viewed synapses and microglia in outer layers of the cere-
bral cortex, and in the visual system. As such our interpretation of
microglial function in deeper brain structures is limited, as
microglia can be phenotypically different in different brain re-
gions. Two-photon microscopy has been used to successfully
visualise hippocampal neurons in vivo, however this required
removal of cortical tissue above the hippocampus which is likely
to perturb resting microglia and limit interpretation of their
resting roles (Mizrahi, Crowley, Shtoyerman, & Katz, 2004). New
techniques are emerging which may make it possible to visual-
ise microglia in deeper brain structures in vivo using less inva-
sive approaches in the not too distant future (Kawakami et al.,
2013).

We have also highlighted the intriguing observation that
microglia express a battery of ion channels and receptors that
are associated with the synapse in neurons. It is time to start con-
sidering that these receptors in ramified microglia may be highly
organized as part of a structural specialisation that can sense, mon-
itor and interact with neurons at synapses. In this model, microglia
would serve as dynamic players in the neuronal circuit and would
be expected to show rapid plasticity of the molecular architecture
that associates with synapses. Much is known about the sophisti-
cated molecular organization of neuronal synapses (Ottersen
et al., 1997; Schoch & Gundelfinger, 2006; Sheng & Kim, 2011;
Sheng & Lin, 2001) and this could serve as a model in the first in-
stance to guide investigations of the molecular organisation of
receptors, channels and signalling molecules in microglia at the
synapse.

In studying the mechanisms of microglial dysfunction in Alzhei-
mer’s disease and neurological diseases, understanding how failure
of maintenance of normal ramified microglia function (i.e. when
microglia switch phenotype) effects synapse plasticity, is an
important avenue to research. Further, how and why synaptic
elimination is initiated, and how this relates to the perturbation
of microglial function is unknown. Finally it is important to deter-
mine the mechanisms which maintain microglial in a functional
ramified state, capable of interacting with synapses during normal
physiology. This might provide a valuable path to considering ther-
apeutic strategies.

In sum, we propose that it is now the time to open an intriguing
new chapter of research in learning and memory. Many of the ap-
proaches used to study the molecular mechanisms involved in
learning and memory have largely to date focussed on neuron spe-
cific communication. These excellent studies now provide us with
a framework by which we can begin to investigate the contribution
of non-neuronal cells, including microglia and astrocytes, to synap-
tic plasticity, structural plasticity, and learning and memory in the
brain.
6. Conclusions

We can no longer constrain our view of the synapse to con-
sidering it as a structure of neurons. We must instead strive to
understand it as a complex, dynamic and often transient struc-
ture involving several cells interacting within a sophisticated
extracellular matrix and milieu. Herein we have presented sev-
eral lines of evidence supporting a role for microglia in synaptic
and structural plasticity. The functions of microglia are deter-
mined by both its cellular morphology and by its molecular
expression profiles. These studies all strongly imply that microg-
lia, traditionally only thought of as the brains innate immune
cells, are critical players in the mechanisms of normal learning
and memory in the brain.

Finally, it is clear that many mechanisms which act to maintain
microglia in their normal ramified and surveying state in the brain
are important for normal learning and memory and are perturbed
in learning and memory disorders such as Alzheimer’s disease. This
suggests a hypothesis for Alzheimer’s disease is a loss of the main-
tenance of the normal microglial state, possibly driven in some
instances by inflammation, leading to alterations in microglial ef-
fects on synapses early in disease pathogenesis. While there are
likely other pathways to synaptic elimination and the pathogenesis
of Alzheimer’s, the novel roles of microglia in structural plasticity
should be included in future discussions on synaptic deficits in Alz-
heimer’s disease.

Only through understanding the complex interactions between
the different cell types at the synapse, and the role of the extracel-
lular matrix, will we truly understand synaptic plasticity, learning,
memory and cognition. The implication will of course be to under-
stand how perturbations in these interactions contribute to brain
diseases. As such, microglia, and indeed astrocytes, represent a fur-
ther frontier in learning and memory research.
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