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a  b  s  t  r  a  c  t

Proper  synaptic  pruning  is  essential  for the development  of functional  neural  circuits.  Impairments  in
synaptic  pruning  disrupt  the excitatory  versus  inhibitory  balance  (E/I  balance)  of  synapses,  which  may
cause  neurodevelopmental  disorders  such  as autism  spectrum  disorder  (ASD).  Recent  studies  have  deter-
mined molecular  mechanisms  by which  microglia,  the  brain’s  resident  immune  cells,  engulf  inappropriate
and  less  active  synapses.  Thus,  microglial  dysfunction  may  be  involved  in the  pathogenesis  of  ASD through
attenuated  or  excess  synaptic  pruning.  In this  review,  we  discuss  recent  animal  and  human  studies  that
eywords:
utism spectrum disorder
icroglia

ynaptic pruning
/I balance
ippocampus

report an  E/I  imbalance  and the  characteristics  of  microglia  in ASD.  We  will  further  discuss  whether  and
how  synaptic  pruning  by  microglia  is involved  in  the pathogenesis  of  ASD.

©  2015  Elsevier  Ireland  Ltd and  the Japan  Neuroscience  Society.  All  rights  reserved.
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. Introduction

Microglia are resident immune cells with the phagocytic capac-
ty to engulf dead cells and cell debris during inflammation in the
rain. Microglia had long been believed to derive from peripheral
acrophages that enter the brain after birth. However, it is now

nown that microglia develop from erythromyeloid progenitors in
he early embryonic yolk sac and migrate into the brain, where

neural circuits with strong or more active synapses (Schafer et al.,
2012; Paolicelli et al., 2011).

In mouse models of obsessive–compulsive disorder (Chen et al.,
2010) and Rett syndrome (Derecki et al., 2012), disorders that
exhibit behavioral phenotypes similar in part to autism spectrum
disorder (ASD), deficits in synaptic pruning have been reported.
Both attenuated and excess synaptic pruning by microglia could
impair the brain’s excitatory versus inhibitory (E/I) balance. An
hey reside for life, most likely sustaining the microglial population.
ecent studies have demonstrated that microglia play an important
ole not only during inflammation but also in the healthy brain.
or example, microglia preferentially engulf weak or less active
ynapses, contributing to the development of refined functional

∗ Corresponding author at: Laboratory of Chemical Pharmacology, Graduate
chool of Pharmaceutical Sciences, The University of Tokyo, 7-3-1 Hongo, Bunkyo-
u,  Tokyo 113-0033, Japan. Tel.: +81 3 5841 4782; fax: +81 3 5841 4786.

E-mail address: rkoyama@mol.f.u-tokyo.ac.jp (R. Koyama).

ttp://dx.doi.org/10.1016/j.neures.2015.06.005
168-0102/© 2015 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights res
impairment in synapse E/I balance has been suggested as a
common mechanism underlying several neurodevelopmental dis-
orders, including ASD, epilepsy, Rett syndrome, and Fragile X
syndrome (Gatto and Broadie, 2010). Furthermore, the risk genes
for ASD include a number of synapse-related genes, such as mem-
bers of the neuroligin and neurexin families, synaptic adhesion
molecules whose expression is significantly upregulated during the

perinatal period, suggesting that defects in synapse formation are
likely involved in the pathogenesis of ASD (State and Šestan, 2012).

Recently, interesting evidence linking reduced synaptic pruning
during development to ASD has been reported (Tang et al., 2014).

erved.
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he authors found that dendritic spine density was  increased in
ostmortem ASD specimens in layer V pyramidal neurons in the
uperior middle temporal lobe, Brodmann Area 21 – a region impli-
ated in ASD due to its participation in the brain networks involved
n social interaction and communication. The authors categorized
SD patients by age into 2–9 years old (children) and 13–19 years
ld (adolescents) and found that the spine density in the child-
ood ASD group was comparable to that of an age-matched control
roup, while the spine density in the adolescent ASD group was  sig-
ificantly higher than that in the age-matched control group. These
esults suggested that the developmental pruning of excitatory
ynapses was attenuated in ASD patients; however, the involve-
ent of microglia was not investigated in this study. It is of interest

o determine whether and how impairments in synaptic pruning
re a primary cause of ASD and whether attenuated or enhanced
ynapse engulfment by microglia is involved in this process.

.1. The disruption of synapse E/I balance in ASD

Neural circuits mature through synapse formation, pruning, and
aturation. These synaptogenic processes are fundamental for the

evelopment of proper E/I balance in the brain. In ASD patients,
he disruption of synapse E/I balance, especially an increased ratio
f E/I, has been suggested as a leading cause for classical hallmark
henotypes in ASD, including fundamental impairments in social

nteraction and language communication accompanied by highly
estrictive interests and/or repetitive behaviors (Rubenstein and
erzenich, 2003).
The increased excitation theory is partly supported by a high

omorbidity (10–30%) between ASD and epilepsy that is caused
y synchronized neuronal hyperactivity (Canitano, 2007; Tuchman
t al., 2010). Experimentally, optogenetic activation of excitatory
eurons in the mouse medial prefrontal cortex, a brain region

mportant for regulating executive functions in social interaction,
esulted in impairments in social behaviors (Yizhar et al., 2011).
n contrast, the activation of inhibitory neurons in the medial pre-
rontal cortex did not affect social behaviors. Mice lacking IRSp53
insulin receptor substrate protein, 53 kDa), which is an excit-
tory synaptic signaling scaffold protein and is also known as an
SD risk gene, displayed enhanced NMDA receptor function in

he hippocampus and impaired social interaction and ultrasonic
ocalization-mediated communication (Chung et al., 2015). The
ocial deficits in the IRSp53−/− mice were rescued by an intraperi-
oneal injection of the NMDA antagonist memantine and by the

etabotropic glutamate receptor 5 (mGluR5) antagonist MPEP.

.2. The characteristics of microglia in ASD

Before discussing the possible involvement of microglia in
ynapse E/I balance in ASD, we will introduce clinical findings on
he characteristics of microglia in ASD patients. Accumulating evi-
ence suggests that microglia are activated in various brain regions,

ncluding the prefrontal cortex, in some ASD patients. Suzuki and
olleagues conducted a positron emission tomography (PET) anal-
sis of young adult ASD patients (age range 18–31 years) using a
adiotracer that specifically binds to activated microglia (Suzuki
t al., 2013). The authors defined regional brain radiotracer bind-
ng potential as representative of microglia activation and found

icroglial activation in brain regions such as the anterior cingu-
ate and the cerebellum, whose dysfunction has been suggested
n ASD. Activation of microglia in living ASD patients (age range

–10 years) has also been suggested by the marked elevation of
roinflammatory chemokines such as MCP-1 (Monocyte Chemoat-
ractant Protein-1), which is released from activated microglia, in
erebrospinal fluid (Vargas et al., 2005).
ce Research 100 (2015) 1–5

In addition, several postmortem studies have suggested that
the anatomical and morphological characteristics of microglia are
abnormal in the brains of individuals with ASD. The density of
microglia in gray matter but not in white matter of the dorsolat-
eral prefrontal cortex has been shown to significantly increase in
ASD patients compared to control subjects (Morgan et al., 2010).
It is notable that the trend increased with age, which raises the
possibility that microglial activation is a symptom but not a cause
of ASD. Tetreault and others found that the density of microglia
increased significantly in two disparate cortical areas (i.e., fronto-
insular and visual cortex) in individuals with ASD versus controls
(Tetreault et al., 2012), concluding that microglia are present at a
higher density in ASD patients throughout the cerebral and cerebel-
lar cotices in combination with the reports showing the increased
density of microglia in the dorsal lateral prefrontal cortex (Morgan
et al., 2010) and the cerebellum (Vargas et al., 2005).

The morphology of microglia has also been assessed in post-
mortem studies. In 5 of 13 ASD patients, microglia appeared
markedly activated in the dorsolateral prefrontal cortex accom-
panied by somal enlargement, process retraction and thickening,
and filopodia extension from processes, all indicative of activated
microglia in the immune response (Morgan et al., 2010). It is note-
worthy that the microglial abnormalities were observed in not all
but some of the ASD patients. It is awaited to determine the phe-
notypic characteristics of individuals with ASD who  have abnormal
microglia in the brain. An increased interaction between microglia
and neurons has also been suggested in the dorsolateral prefrontal
cortex; microglia are more frequently found near neurons, with
microglial processes encircling neurons, in ASD patients (Morgan
et al., 2012). The authors noted that the increased microglia–neuron
interactions were present from an early age in ASD patients by anal-
ysis of a young subject subgroup, which may  indicate that an altered
microglia–neuron interaction is a possible cause of ASD.

It is intriguing to clarify whether the microglial abnormali-
ties, including density, function, and morphology, in the restricted
brain regions in each individual with ASD are associated with the
phenotypic heterogeneity of ASD. However, to our knowledge, no
reports have ever investigated these points in detail. Because it
has been suggested that the long-distance functional connectivity
between brain regions is weakened in ASD (Belmonte et al., 2004;
Courchesne and Pierce, 2005; Schipul et al., 2011), the microglial
abnormalities and resulting impairments in synaptic pruning in any
brain regions may  induce differences in the behavioral phenotypes
of individuals with ASD.

1.3. Possible roles of microglia in ASD

Recent studies have clarified cellular and molecular mecha-
nisms that regulate synaptic pruning by microglia in the healthy
developing brain: complement-mediated synaptic pruning by
microglia in the visual thalamus (Schafer et al., 2012) and microglia-
dependent synapse elimination in the hippocampus (Paolicelli
et al., 2011). In the following section, we will discuss the possible
involvement of complement proteins and microglia in the patho-
genesis of ASD (Fig. 1).

In the developing retinogeniculate system of binocular ani-
mals, dorsal lateral geniculate nucleus (LGN) relay neurons are
initially innervated by multiple RGC (retinal ganglion cell) axons.
Gradually, over the first month of development, the excess or
inappropriate synapses are pruned, and the correct synapses are
strengthened in an activity-dependent manner (Campbell and
Shatz, 1992; Huberman et al., 2008; Sretavan and Shatz, 1986).

One molecular pathway indicated in activity-dependent synaptic
pruning by microglia in the dorsal LGN is the classical complement
cascade (Schafer et al., 2012; Stevens et al., 2007). The comple-
ment protein C1q, the initiating protein in this pathway, and the
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Fig. 1. Schematic diagrams showing the possible involvement of microglia in E/I imbalance in ASD. (A) In the healthy developing brain, firstly, excess number of immature
excitatory synapses are formed. Secondly, inappropriate or less active synapses are pruned by microglia. Finally, strong mature synapses are maintained. It has not been
concluded yet whether microglia are in a morphologically “activated” state or not when they engulf synapses in the healthy brain. (B) Hypothesis 1: In the ASD brain, microglia
m nance
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ay  fail to detect inappropriate or less active synapses, which results in the mainte
e  both immature and mature. (C) Hypothesis 2: In the ASD brain, microglia may  be
icroglia selectively prune inhibitory synapses.

ownstream complement protein C3 opsonize or tag unwanted
ells or debris for removal by phagocytic macrophages via spe-
ific complement receptors. These complement proteins are highly
ocalized to immature synapses and are required for synaptic prun-
ng in the retinogeniculate system (Stevens et al., 2007). Further,
t was suggested that ‘weaker’ or less active RGC synapses are
agged by the C3 protein and then detected and pruned by microglia
hat express complement receptor 3 (CR3/cd11b) (Schafer et al.,
012). C1q expression was increased in the peripheral serum of
hildren with ASD (Corbett et al., 2007), leading us to hypothe-
ize that elevated levels of complement proteins in the ASD brain

romote synaptic pruning by microglia. Alternatively, ubiquitously

ncreased complement proteins may  cover the specific localization
f complement proteins on less active synapses, which may  pre-
ent the proper pruning of inappropriate synapses by microglia.
 of excess number of excitatory synapses. The maintained excitatory synapses can
activated. It would be interesting if there are mechanisms by which over-activated

Future studies are required to clarify whether and how complement
protein–microglia interactions impair synapse E/I balance.

The role of the hippocampus in ASD is beginning to receive
notice. In the hippocampal CA1 pyramidal neurons of BTBR mice,
a model of idiopathic autism, the frequency of spontaneous
inhibitory postsynaptic currents (IPSCs) was  significantly reduced,
while the amplitude and frequency of spontaneous excitatory post-
synaptic currents (EPSCs) were substantially increased compared
with those in control mice (Han et al., 2014). In another possible
model of ASD, rats exposed in utero to valproate, the frequency of
spontaneous EPSCs was  increased in CA3 pyramidal neurons when

compared with control rats (Tyzio et al., 2014). When the phos-
phatase Pten (Phosphatase and tensin homolog on chromosome
ten), which is mutated in some ASD patients with macrocephaly
(Conti et al., 2012), was  knocked out in dentate granule cells, these
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eurons exhibited hyperactivity accompanied by an increased
umber of dendritic spines and excitatory synapses (Williams et al.,
015). Finally, rats whose ventral hippocampus was  lesioned with

botenic acid at 7 days old showed impaired social behaviors when
ested at the age of 13 weeks (Becker et al., 1999).

In the CA1 region of the postnatal hippocampus (2–3 weeks)
n mice lacking the fractalkine receptor CX3CR1, the density of

icroglia was reduced, which resulted in impaired pruning of excit-
tory post-synapses on CA1 pyramidal neurons. As a result, the
ynaptic maturation of CA1 pyramidal neurons, as indicated by an
ncrease in the frequency of sEPSCs and the sEPSC/miniature EPSC
atio, which reflects increased connectivity of afferent synaptic
nputs, was impaired (Paolicelli et al., 2011). Fractalkine, or CX3CL1,
s a chemokine produced by neurons and binds to the CX3CR1
eceptor, which is selectively expressed on the surface of microglia
Ransohoff, 2009) and mediates neuron–microglia interactions
Paolicelli et al., 2014; Wolf et al., 2013). In CX3CR1 knockout mice,
unctional magnetic resonance imaging (fMRI) analysis revealed
hat functional connectivity between the hippocampus and pre-
rontal cortex was impaired (Zhan et al., 2014). Importantly, these

ice showed decreased social interactions and increased repetitive
ehaviors, phenotypes associated with ASD. These results suggest
hat impaired synaptic pruning by microglia in the hippocampus
ontributes to the development of ASD. However, it should be noted
hat synaptic pruning may  be impaired in the brain regions other
han the hippocampus in CX3CR1 knockout mice as it is likely that
ll microglia in the brain express CX3CR1 (Harrison et al., 1998;
ung et al., 2000).

Our group is examining the possible role of the dentate gyrus
ubregion of the hippocampus in ASD primarily for the follow-
ng two reasons. First, the dentate gyrus is suggested to regulate
attern separation, a process by which similar inputs are trans-
ormed into less similar outputs, and pattern completion, a process
y which complete stored representations are reconstructed from
artial inputs that are part of the stored representation (Colgin et al.,
008; Sahay et al., 2011). Thus, we hypothesize that deficits in pat-
ern separation and/or pattern completion may  result in repetitive
nd restricted behaviors observed in individuals with ASD. Second,
he dentate gyrus is one of the rare brain regions where continuous
eurogenesis occurs throughout life. This property would provide
s with the opportunity to increase the activity of adult-born neu-
ons to compete with pre-existing immature synapses formed by
ostnatal-born neurons in ASD. The roles of microglia in the devel-
pment and function of dentate gyrus-hippocampal CA3 synapses
n ASD is currently being clarified in our laboratory.

. Conclusions

Whether and how synaptic pruning by microglia contributes
o the pathogenesis and pathophysiology of ASD remains elusive.
nalysis of postmortem specimens from individuals with ASD have
uggested that microglia are activated in the ASD brain; however, it
emains unclear whether microglia are activated or inactivated in
he early pathogenic process of ASD during postnatal periods when
mpaired synaptic pruning may  take place.

An association between maternal immune activation (MIA)
nd ASD in offspring was reported in human epidemiological
tudies (Knuesel et al., 2014) and in animal models of MIA,
n which pregnant mice are subjected to an immune challenge
y injecting either polyinosine:cytosine [poly(I:C)], a synthetic
ouble-stranded RNA that evokes an antiviral-like immune reac-

ion, or lipopolysaccharide (LPS), which evokes an antibacterial-like
mmune reaction. These MIA  models will be useful for examin-
ng possible roles of microglia in the pathogenesis of ASD because
he offspring exhibit an array of ASD-like behavioral phenotypes,
ce Research 100 (2015) 1–5

including impaired social interactions (Patterson, 2011; Malkova
et al., 2012; Naviaux et al., 2013). Importantly, microglial priming
– the maintenance of an activated state of microglia by MIA  in the
offspring – is suggested to play a role in the heightened inflamma-
tory response during postnatal periods (Knuesel et al., 2014) and
may be involved in the pathogenesis of ASD.

Finally, if a microglial deficit in proper synaptic pruning is a
cause of ASD, in particular due to an increased ratio of synapse E/I in
the brain, what are the mechanisms by which microglia preferen-
tially engulf inhibitory synapses? Could the induction of synapse
competition between excess immature synapses and their elimi-
nation by microglia represent a possible therapeutic strategy for
ASD? Future studies are needed to answer these questions.
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