1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Curr Top Med Chem. Author manuscript; available in PMC 2021 January 01.

-, HHS Public Access
«

Published in final edited form as:
Curr Top Med Chem. 2020 ; 20(4): 272-276. d0i:10.2174/1568026620666200221172619.

The Role of Microglia in Neurodevelopmental Disorders and
Their Therapeutics

Rachel Coomeyl, Rianne Stowell2, Ania Majewska?, Daniela Tropea34"

1School of Medicine, Trinity College Dublin 2University of Rochester, Rochester NY
SNeuropsychiatric Genetics, Trinity Translational Medicine Institute, Dublin 8, Dublin *FutureNeuro
SFI Research Centre, Ireland

Abstract

The development of new therapeutics is critically dependent on an understanding of the molecular
pathways whose disruption results in neurological symptoms. Genetic and biomarker studies have
highlighted immune signalling as a pathway that is impaired in patients with neurodevelopmental
disorders (NDDs), and several studies in animal models of aberrant neurodevelopment have
implicated microglia, the brain’s immune cells, in the pathology of these diseases. Despite the
increasing awareness of the role of immune responses and inflammation in the pathophysiology of
NDDs, the testing of new drugs rarely considers their effects in microglia. In this brief review we
present evidence of how the study of microglia can be critical for understanding the mechanisms
of action of candidate drugs for NDDs and for increasing their therapeutic effect.

Microglia are well known for their role as the brain’s immune cells, but recent research has
highlighted their significant role in physiological processes during normal brain
development. This role could be highly relevant to microglial contributions to NDDs (Fig.
1). During the postnatal development of the uninjured mouse brain, microglia engulf
synaptic material and play a major role in synaptic pruning [1]. The pruning process may be
affected by experience, as altered sensory input affects various modalities of microglial
interaction with synapses. One study found that with light deprivation and re-exposure,
microglial processes change morphology, display phagocytic structures, appose synaptic
clefts more frequently, and envelope synapse-associated elements more extensively. Light
deprivation causes microglia to become less motile and change their localisation to a subset
of dendritic spines. This study suggests that microglia may contribute to experience-
dependent modification of specific subsets of synapses [2]. This hypothesis is supported by
another study which focus on purinergic receptor P2Y12. P2Y12 is selectively expressed in
non-inflammatory microglia. Disruption of this receptor alters microglial response to
monocular deprivation in mice, again suggesting that microglia actively partake in
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experience-dependent plasticity [3]. Microglial participation in sensory and activity-driven
synapse pruning is a common phenomenon across the developing brain, including in the
thalamus [4], somatosensory cortex (PMID: 31209379) and cerebellum (PMID: 30026565).
In this context, microglia are capable of sensing and responding to induction of synaptic
plasticity, as is seen in the hippocampus where after induction of long-term potentiation,
microglia increase their number of processes, and increase their duration of contact with
dendritic spines [5].

This role in development is thought to be related to the immune function of microglia. The
process of microglial-mediated synaptic pruning has been shown to be dependent on the
complement system. In the postnatal retinogeniculate system, microglia engulf presynaptic
inputs. This process is dependent on neuronal activity and on the microglia-specific
phagocytic pathway, which uses complement receptor 3 (CR3). Disruption of CR3
signalling causes deficits in structural remodelling, leading to increased synaptic density due
to impaired pruning by microglia [4]. In the somatosensory cortex, microglial-mediated
synaptic pruning is also dependent on the fractalkine system (PMID: 31209379), which
allows microglia-neuron communication and has largely been studied in the context of
inflammatory signalling [6].

The importance of various microglial functions in normal development suggests that
microglia may be an important therapeutic target for NDDs (Fig. 1). Furthermore, a growing
body of research posits that inflammation plays an important role in the pathophysiology of
NDDs. Xu et al. (2015) reviewed cytokine expression in various tissues of patients with
autism spectrum disorder (ASD), and found that the data showed a possible relationship
between cytokine alterations and autism, although they cautioned that there were
inconsistencies in some results [7]. Notable results included increased Tumour Necrosis
Factor (TNF)-a. in the peripheral blood mononuclear cells, cerebrospinal fluid and brains of
patients with ASD, and increased Interleukin (IL)-1p secreted from the peripheral blood
mononuclear cells of children with ASD. These inflammatory cytokines could signal
inflammatory changes in the brain that could greatly impact neurodevelopment and neural
network function (Fig. 1). Given that microglia are the brain’s immune cells and could be
participating in or even causing cytokine elevations, more research is required as to their
reliability as a therapeutic target in autism.

In fact, evidence exists directly linking changes in microglia to ASD pathophysiology.
Marked microglial activation, leading to neuroinflammation, has been seen in brain tissues
of ASD patients compared to neurotypical controls [8-10]. In a post-mortem study, the
density of ramified (resting state) microglia was significantly lower in both the grey and
white matter of ASD patients compared to typically developing controls [11]. The study also
found that around age 2-3 years, ASD patients showed greater numbers of rod and reactive
microglia than typically developing patients. From ages 8-32, typically developing patients
showed more ramified microglia than any other form, whereas ASD patients showed more
primed microglia than ramified. The study also observed clusters of microglia in both grey
and white matter. These were seen more frequently in ASD patients than controls.
Differences in the microglia of ASD patients have also been detected on a transcriptional
level. Single-nucleus RNA sequencing has shown that microglia from patients with ASD
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showed increased activity of genes associated with microglial activation and transcriptional
factors that regulate developmental processes [12]. Changes in microglia, in addition to
Layer 2/3 cortical neurons, were found to be most predictive of clinical severity.

A growing body of research suggests that targeting microglial activation is beneficial in
ASD. Numerous anti-inflammatory therapies show promise, with proposed pharmacological
mechanisms including inhibition of microglial activation and restoration of synaptic function
[13]. These therapies include oxytocin, which has been shown to reduce numbers of
activated microglia and reduce neuroinflammation, as well as improve the behaviour of mice
that model ASD [14]. Additionally, sulforaphen, a compound obtained from cruciferous
vegetables, resveratrol, found in grapes, and vitamin-D are all an anti-oxidants and anti-
inflammatory agents that could also decrease neuroinflammation caused by reactive
microglia in the context of ASD [13].

Microglial abnormalities have also been implicated in Rett Syndrome (RTT). RTT isa
severe neurodevelopmental disorder often caused by mutations in the Methyl-CpG-binding
protein 2 (MECPZ2) [15]. MECPZhas also been found to be aberrantly expressed in ASD
[16]. Although numerous studies have been carried out on MecpZ-null microglia, the extent
and role of microglial involvement remains unclear. We will discuss a number of proposed
mechanisms and important studies.

Early studies in culture, suggested that Mecp2-null microglia are neurotoxic as they release
five times more glutamate at baseline /7 vitro. This increased glutamate is toxic to cultured
hippocampal neurons, suggesting that microglia contribute to the pathophysiology of RTT
[17]. In 2012, it was reported that the transplantation of wild-type microglia into Mecp2-null
mice prevented neurological decline and early death [18]. However, these findings were not
replicated two years later [19], and over a time a more tempered view of microglial function
in RTT has evolved. Currently, it appears clear that microglia are altered in RTT but their
pathology is likely related to primary changes in neurons or other cell types.

In the RTT mouse model, differences are seen in microglia before any symptom onset occurs
in the animal. In a transcriptomic analysis, the microglia of control female mice and
heterozygous female mice carrying one Mecp2-null allele showed differential expression of
genes related to innate immunity [20]. This differential expression was observed both prior
to onset of neurological symptoms, at 5 weeks, and after their onset, at 24 weeks, although
different sets of genes were differentially expressed at each time point. A number of heat
shock proteins were differentially expressed at 5 weeks but not 24 weeks, with the authors
suggesting pre-phenotypic mice may have alterations in their capacity to respond to heat
stress and other stressors.

In an /in vivo study, the microglia of late phenotypic Mecp2null mice have been shown to be
larger in size than wild-type [21]. Furthermore, while pre-phenotypic microglia were similar
to wild-type, late phenotypic microglia had significantly reduced process complexity in the
hippocampus, neocortex, and cerebellum. Progressive loss of microglia was seen from pre-
to late-phenotypic stages. The authors posited that these findings together suggest that
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during disease progression, microglia become activated and are lost. The study also found
that Mecp2has a role in the regulation of microglial hypoxia-induced responses.

However, a recent /n vivo study suggested that the role of microglia is mainly limited to the
end stage of RTT [22]. It found that in late phenotypic Mecp2-null mice, microglia
excessively engulf presynaptic inputs. Interestingly, microglia-specific loss of MecpZ2did not
produce the same result, but reintroducing the MecpZ2 gene solely into the microglia of the
otherwise MecpZnull mice did still result in excessive engulfment. When MecpZ2 was
specifically expressed in microglia, there was no significant improvement in neurological
score, weight loss, or visual acuity, and only a small improvement in rotarod performance.
The authors suggest these findings demonstrate that microglia respond secondarily and
engulf synapses in response to circuits rendered vulnerable by MecpZloss in other CNS
cells.

Numerous hypotheses regarding the role of microglia in RTT relate to their interaction with
neurons. Microglial processes regularly make contact with synapses, and microglia regulate
neuronal activity [13]. Horiuchi et al. blocked neuron-microglia interaction by ablation of
fractalkine signalling, through deletion of chemokine (C-X3-C motif) receptor 1 (CX3CR1)
in Mecp2knockout mice [23]. CX3CR1 is a chemokine receptor expressed in microglia that
pairs with its neuronal ligand CX3CL1, facilitating neuron-microglia interaction. CX3CR1
ablation prolonged the lifespan of MecpZ2 knockout mice, and improved their weight gain,
symptomatic scores, major respiratory parameters, and motor co-ordination and
performance. The authors suggested that blocking neuron-microglia interaction prevents
aberrant suppression of neuronal activity caused by disruptions in glutamate, as well as
decreasing the synaptotoxicity caused by high glutamate levels. Also, the study found that
microglia produced higher amounts of insulin-like growth factor 1 (IGF1) after CX3CR1
ablation, comparable to previous IGF1 replacement therapies. Targeting CX3CR1
pharmacologically or genetically was posited as a novel therapeutic target for RTT.

In another therapeutic attempt aimed at microglia, Nance et al. used dendrimer-conjugated
N-acetyl cysteine (D-NAC) to target microglia in Mecp2-null mice [24]. N-acetyl cysteine
(NAC) is commonly used clinically, with an ability to attenuate oxidative stress,
neuroinflammation, glutamate dysregulation, and other pathological processes [25]. It has
shown limited efficacy treating irritability in children with ASD [26].

Nance et al. performed i vitro studies of primary mixed glial cells, finding that D-NAC is
taken up and retained in the activated glia, releasing the drug over time. /n vivo, D-NAC was
administered intraperitoneally into MecpZ-null mice and wild-type controls. The dendrimers
were localised in the microglia of the Mecp2-null mice, but not in aged-matched wild-type
controls. To study the effect of D-NAC, D-NAC-treated MecpZ-null mice were compared to
NAC-treated Mecp2-null mice and phosphate buffer solution (PBS)-treated Mecp2-null
mice. Treatment was started on postnatal day 21, the average age for symptom onset. D-
NAC treated mice showed significant behavioural improvement by postnatal day 35. By 7
weeks of age, PBS-treated mice were emaciated, unable to groom, and had their hind paws
clenched. D-NAC treated mice maintained their appearance for longer and had less hind paw
clenching. However, NAC and D-NAC did not alter weight loss. D-NAC did not improve
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survival compared to PBS. The 50% survival rate of both D-NAC and PBS treated pups was
49 days. The 50% survival of the NAC-treated mice was much lower at 25 days
(approaching significance) [24]. This microglia-targeted approach holds promise as a
potential clinically useful therapy for RTT patients, and warrants further study.

An interesting new research direction, which could help to elucidate the mechanisms by
which microglia are dysregulated in ASD, has been the microbiome, which has recently
been implicated in microglial changes. Microglia in germ free mice show differential
expression of MRNA, including for genes associated with cell activation and immune signal
transduction, compared to specific pathogen free mice [27]. It has been suggested that the
microbiome plays a role in neuroinflammation in NDDs [28]. This is an exciting and very
active area of research in both human populations and animal models.

In summary, we have considered the role of microglia in the pathogenesis and progression of
NDDs, particularly ASD and RTT. Increased interest in the role of microglia in NDDs stems
from the importance of microglia in normal development, as well as the evidence that a
neuroinflammatory state is present in NDDs (Fig. 1). While the extent of the role played by
microglia in primary damage in NDDs is as yet unclear, their malfunction may cause
impairment through numerous mechanisms. However, pharmacological testing of drugs for
NDDs often does not consider the microglia. It is unknown whether current therapeutics
may act, in part, through microglial pathways. Additionally, further research should be
carried out regarding the precise mechanisms of microglial involvement in NDDs in order to
identify novel therapeutic targets related to microglia, such as CX3CR1 and D-NAC.
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NDD Neurodevelopmental Disorders

CR3 Complement Receptor 3

TNF Tumour Necrosis Factor

IL Interleukin

ASD Autism Spectrum Disorder

RTT Rett Syndrome

MeCP2 Methyl-CpG-binding protein 2
CX3CR1 Chemokine (C-X3-C motif) receptor 1
IGF1 Insulin-like Growth Factor 1
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D-NAC Dendrimer-conjugated N-acetyl Cysteine
NAC N-acetyl Cysteine
PBS Phosphate Buffer Solution
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FIGURE 1].
Microglial are active participants in neuronal circuit development and maintenance. Left

panel: microglia participate in synaptic plasticity and pruning through numerous signaling
mechanisms related to immune function including: complement system driven phagocytosis
of synapses, CX3CR1 mediated regulation of circuit development, P2Y 12 receptor
(P2Y12R) dependent synaptic plasticity. Right panel: Changes in microglial function in
NDDs may interfere with neuron-microglia signaling leading to aberrant development of
neuronal circuits. Interactions between microglia and peripheral immune signaling may
potentiate neuroinflammation. These neuroinflammatory loops may be potent therapeutic
targets for modulating NDD symptoms.
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