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Abstract: Neurodevelopmental disorders such as autism spectrum disorder (ASD) and attention-
deficit hyperactivity disorder (ADHD) are clinically distinct, yet share synaptic dysfunction as a
common brain pathophysiology. Neurodegenerative diseases such as Huntington’s disease (HD)
entail a neuroinflammatory cascade of molecular and cellular events which can contribute to the death
of neurons. Emerging roles for supportive glial cells such as microglia and astrocytes in the ongoing
regulation of neural synapses and brain excitability raise the possibility that some of the synaptic
pathology and/or inflammatory events could be a direct consequence of malfunctioning glial cells.
Focusing on microglia, we cross-examined 12 recently published studies in which microglial dysfunc-
tion was induced/identified in a cell-autonomous manner and its functional consequence on neural
development, brain volume, functional connectivity, inflammatory response and synaptic regulation
were evaluated; in many cases, the onset of symptoms relevant to all three neurodevelopmental
disorders were assessed behaviorally. Challenging the classic notion of microglial activation as an
inflammatory response to neuropathology, our compilation clarifies that microglial dyshomeostasis
itself can consequently disrupt neural homeostasis, leading to neuropathology and symptom onset.
This further warranted defining the molecular signatures of context-specific microglial pathology
relevant to human diseases.
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1. Introduction

Neurodevelopmental disorders (e.g., ASD and ADHD) and neurodegenerative dis-
eases (e.g., HD) encompass human conditions which chronically alter /affect the central
nervous system (CNS). Although they do not overlap in their clinical presentation, genetics
and age of onset, common cellular and molecular events in these divergent diseases might
offer new insights into human neurological conditions. Neuropathologies (e.g., decreased
brain volume in HD, decreased brain connectivity in ASD, etc.) and their mechanisms
(e.g., increased immature synaptic densities in ASD and striatal neural death in HD) have
long been examined in these conditions using human and animal models. The majority
of such studies focus on understanding neuronal dysfunctions to explain disease onset
and progression [1-3]. However, a paradigm shift in delineating the causes for disease
pathophysiology is being substantiated by growing evidence that non-neuronal cells are
integral to homeostatic functions in the CNS and the ensuing behavioral outcomes [4,5].
In particular, the knowledge that microglia, classically described as the resident immune
cells of the CNS that acutely activate to produce neuroinflammatory responses, are now
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known to serve ongoing neural excitability and synapse regulatory functions during devel-
opment and aging [6]. Such evidence offers the premise that microglial dysfunctions can
be causative to human neurological conditions such as ASD, ADHD and HD.

Microglia, widely regarded as the resident macrophages of the nervous system,
sparked considerable debate with their discovery and classification in the realm of neuro-
science. The timing of the discovery of microglia according to neuroscientists is contested
by historians. Metchnikoff created the classification system of phagocytes in 1892 and called
it the macrophage system (MS) [7]. It encompassed all the cells in the lymph nodes and
nonlymphoid tissues, including the brain. The macrophages of the brain were assumed to
have the same progenitors as all lymphatic phagocytes and acquired their unique dendritic
features upon final differentiation [8]. Despite being a distinctive cell population, Metch-
nikoff similarly assumed that the brain’s resident immune cells had the same function as
all other mononuclear phagocytes: maintaining homeostasis, clearing apoptotic cells and
recognizing pathogens. This belief system persisted for decades until Pio del Rio-Hortega
began studying the macrophage population within the CNS. In 1932, Hortega proposed that
the CNS macrophages were of mesodermal origin based on their similarities to other blood
and immune cells. However, he subsequently recognized that their embryonic progenitors
had over eleven cell markers (now more) that were not present in mononuclear phago-
cytes [9]. This prompted further investigation, and in 1939, he named the cells “microglia”
and refined his definition of the cells to be non-neuronal and non-astrocytic, however, still
integral to the cell composition of the CNS [9]. Ever since this combination of hallmark
discoveries by Metchnikoff and Hortega, phagocyte biologists and neuroscientists alike
have continued to challenge the MS framework, especially in the context of discussing
microglia. A better understanding of microglial function and dysregulation mean that their
role in the CNS is beginning to be clarified.

Considered to be the resident immune cells of the CNS, microglia are known to play
important roles in maintaining brain homeostasis by responding to injury or infection
through a distinct state change [6]. This understanding stemmed from microglial homeo-
static states characterized by their ramified morphology and ongoing surveillance of their
environment for potential threats [6]. Then again in response to injury/infection, they
transform into an amoeboid shape, phagocytose cellular debris, secrete proinflammatory
cytokines and promote tissue repair; these events are attributed to microglial activation [6].
However, it is important to note that the distinction between a homeostatic versus ac-
tivated state of microglia is complex since microglia can undergo activation as part of
normal physiological processes as well [10]. This understanding further complicates the
boundary between normal versus pathological activation in chronic diseases [6]. Here, by
cross-examining the evidence for causative roles of microglia in chronic diseases including ASD,
ADHD and HD, we attempt to clarify the notion of microglial dysfunction and its contribution to
neurological pathologies.

2. Microglial Causative Role in Neurodevelopmental Disorders

We considered the neurodevelopmental disorders namely, autism spectrum disorder
or ASD and attention-deficit hyperactivity disorder or ADHD, which are both characterized
by an impairment in brain development, with challenges in social interaction, commu-
nication and cognitive abilities [11]. Additionally, ASD presents with compulsivity and
repetitive behaviors; ADHD manifests as persistent patterns of inattention, hyperactivity
and impulsivity, affecting academic performance and interpersonal relationships [11]. Both
ASD and ADHD are believed to be caused by a combination of genetics (e.g., ASD risk genes
including FMR1, SHANK3, MECP2, CUL3 and CDKL5) and environmental factors [11].
The principal pathophysiology of ASD involves abnormalities in brain structure and con-
nectivity [12] and in ADHD, there is a significant dysregulation of the monoaminergic
neurotransmitter systems [13].

We closely examined seven recent studies [11-17], which tested a causal link between
microglial dysfunction and pathogenesis in neurodevelopmental disorders; five of these
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studies employed the targeted genetic manipulation of microglial proteins in mice to test
its consequence on synaptic integrity (structure and function), brain connectivity, neuroin-
flammation and social behavior with relevance to ASD or ADHD; one study used a murine
model of ADHD to examine the therapeutic action of a clinically approved methylphenidate
(MPH) via microglial pathways; one study conducted a functional analysis of microglial
activation in an ADHD patient cohort (see summary in Figure 1 and Table 1).
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Figure 1. Microglia-mediated mechanisms contributing to (A) attention-deficit hyperactivity disorder
(ADHD), (B) autism spectrum disorder (ASD) and (C) Huntington’s disease (HD). Light blue arrows
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indicate the contribution to pathophysiology of disease/disorder. Light yellow arrows indicate
protection against the pathophysiology of disease/disorder. Light blue boxes indicate homeostatic
microglial changes. Light orange boxes indicate activated microglial changes. Orange X symbols
indicate decreased expression of a gene. Dark blue up arrows indicate increased expression of a gene.
C-X3-C motif chemokine receptor 1 (CX3CR1). Dopamine receptor 1 level (DR1). Caspase-1 (Casp-1).
NLR family pyrin domain-containing 3 (Nlrp3).

2.1. Autism Spectrum Disorder

Microglia are characterized by a high expression of the chemokine receptor CX3CR1,
also called the fractalkine receptor, implicated in microglia-neuron communication [18].
Hence, CX3CR1 promoter activity has been leveraged for the genetic manipulation of
microglia to probe their functional contributions in the CNS. For example, Zhan et al. (2014)
investigated the effects of CX3CR1 deletion on excitatory synaptic maturity, functional
brain connectivity and social behavior in the medial prefrontal cortex in juvenile and
adult mice [12]. They found that CX3CR1-deficient mice exhibited decreased excitatory
synapses and functional brain connectivity; concomitantly, social interaction decreased and
repetitive behaviors increased. The observed decrease in excitatory synapses and weakened
functional connectivity in CX3CR1-deficient mice may be a consequence of dysregulated
microglial phagocytosis suggesting a causal link between microglial dysfunction, synaptic
abnormalities and the behavioral deficits observed in these animals.

Microglia play a crucial role in synaptic maturation [19]. Transmembrane protein
59 (TMEMY9), also known as dendritic cell factor 1 (DCF1), has been recently shown to
regulate microglial function and neuroinflammation [20,21]. Although the selective loss
of neuronal TMEMS59 has been shown to induce ASD-like behaviors such as impaired
social interaction and elevated self-grooming in mice [21], Meng et al. (2022) investigated
the TMEMS59 role in ASD by selective ablation in microglia during a critical period of
synapse development in mice at postnatal days 12-14 [11]. The ablation of microglial
TMEMS59 resulted in a reduction in cortical network activity. Specifically, the frequency of
spontaneous inhibitory synaptic currents were decreased, which can ultimately disrupt
the balance of excitation-inhibition [22,23] and functional connectivity in cortical regions
implicated in ASD (insular, limbic, parietal and anterior cingulate cortices) [24]. This
suggests that microglial TMEMB59 is essential for the normal development and functioning
of inhibitory synapses and supports the possibility that microglial TMEMS59 reduction may
partly drive the excitation-inhibition imbalance observed in ASD.

The structural integrity and functional properties of synapses further depend on
continuous protein renewal, which in turn depends on the rate-limiting steps in protein
synthesis [25]. Xu et al. (2020) examined the eukaryotic translation initiation factor 4E
(eIF4E) involved in the rate-limiting step in protein synthesis using a transgenic mouse
model of ASD [14]. They showed that eIF4E overexpression in microglia led to increased
excitatory synaptic density and impaired dendritic spine maturation in medial prefrontal
cortex pyramidal and CA1 hippocampal neurons [14]. Additionally, in organotypic hip-
pocampal cultures, ATP-induced microglial process motility was defective and preferen-
tially decreased in cultures from male mice overexpressing elFAE (MG4E); of note, males
were four times more likely than females to be diagnosed with ASD [14]. Consistently,
synaptic engulfment measured as Homer1 protein immunoreactivity in microglia was
significantly lower in male MG4E mice relative to the control, indicating that impaired
microglial motility decreases synaptic pruning contributing to increased synaptic densi-
ties. Together, these findings clarify that the dysregulation of microglial eIF4E impairs the
structural integrity and functional maturation of synapses in ASD [26,27].

In addition to protein synthesis, the structural and functional integrity of synapses
relies on protein clearance mechanisms such as autophagy. Kim et al. (2017) used a con-
ditional knockout of autophagy-related 7 (Atg7) protein expression in microglia to test
its effects on synaptic pruning. Such microglial dysfunction led to ASD-like phenotypes
in mice, characterized by decreased social interaction and increased repetitive behav-
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iors [15]. This was further accompanied by decreased synaptic pruning by microglia in
the somatosensory 2 (S2) brain region. Importantly, microglial dysfunction via autophagy
pathways is implicated in ASD pathogenesis [15].

These findings support a causative role for dysregulated microglial proteins such as CX3CR1,
TMEMSD9, elF4E and ATG-7 in the onset and aggravation of synaptic pathology, disrupted brain
connectivity and ASD symptomatology. The potential for microglia-targeted therapies in
alleviating neurocognitive deficits in ASD is also highlighted [28].

2.2. Attention-Deficit Hyperactivity Disorder

Studies linking microglial activation and cognitive impairments highlight microglial
roles in ADHD pathophysiology. Yokokura et al. (2023) explored the role of microglia
in individuals with ADHD by employing positron emission tomography (PET) with the
11CPK11195 tracer [16]. This tracer is highly selective to translocator protein (TSPO), which
is upregulated in activated microglia [29]. The study involved psychotropic-naive individ-
uals with ADHD and age- and sex-matched typically developing (TD) controls. The study
results showed an increased binding potential of the 11CPK11195 tracer in the dorsolateral
prefrontal cortex (DLPFC) and orbitofrontal cortex (OFC) of individuals with ADHD com-
pared to TD subjects. Importantly, this elevated microglial activation in the DLPFC was
associated with diminished processing speed and sustained attention performance, estab-
lishing a connection between increased microglial activation and cognitive impairments
in ADHD. Moreover, the research uncovered specificity in positive correlations between
microglial activation and decreased D1 dopamine receptors (D1R) in the DLPFC and OFC
of individuals with ADHD. These results present direct evidence that microglia activation
is a dysfunctional phenomenon seen in ADHD patients; however, this contrasts with the
reduced microglial activation noted in ASD.

Sanches et al. (2023), explored microglial involvement in ADHD-related retinal dys-
function using a rat model for ADHD [13]. Retinal changes and vision problems (color
vision deficiency, monocular vision loss and strabismus) have been linked with ADHD [13].
They noted an increased percentage of activated microglia (CD68+ Iba-1+ cells) and a
concurrent decrease in CX3CR1 levels, likely present in a variety of retinal cells (photore-
ceptors, bipolar cells, ganglion cells, horizontal cells and amacrine cells). The retina of
the ADHD model also showed an upregulation of proinflammatory cytokines, IL-6 and
TNF-a [13]. The use of a clinically approved methylphenidate (MPH) treatment in ADHD
on the mutant mice significantly rescued microglial activation, as well as cytokine and
chemokine changes, while not altering synaptic or astrocyte and blood vessel changes.
Hence, the therapeutic actions of MPH were largely limited to reversing increased mi-
croglial activation and the consequential cytokine release. By demonstrating microglial
activation as a pathophysiology even in the peripheral retina, these results substantiate a
more ubiquitous role for microglia in ADHD pathology.

Given their function in timely release of inflammatory cytokines, microglia are critical
cellular participants in inflammasome formation. Inflammasomes are multimeric cytosolic
protein complexes of the innate immune system that assemble to sense and mediate the
activation of inflammatory responses [30]. Chuang et al. (2021) focused on microglia
inflammasome components in the context of ADHD during neural development [17]. They
employed genetically modified mice with a brain-wide deletion of inflammasome-related
genes, including caspase-1, interleukin-1 receptor (ILIR), gasdermin D (GSDMD) and
NOD-like receptor family pyrin domain containing 3 (NLRP3) and evaluated ADHD-like
behaviors. Specifically, they measured attention performance using the open field assay
and 5-choice serial reaction time task (5-CSRTT), from which they observed inappropriate
climbing behaviors, such as climbing up stranger mouse cylinders or escaping from test
chambers, which suggest hyperactivity and inattention. Their study revealed that mice
lacking Caspase-1 and NLRP3 exhibited increased climbing behaviors, indicative of ADHD-
like behaviors, while the deletion of other inflammasome components (IL1R and GSDMD)
was ineffective. The pharmacological administration of selective inhibitors of NLRP3 and
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Caspase-1 were similarly found to induce inappropriate climbing behaviors, suggesting
the therapeutic potential of targeting microglial inflammasomes in ADHD treatment. Fur-
thermore, they determined that the disruption of inflammasome formation through the
Caspase-1 knockout reduced the microglial expression of mannose receptor C type 2 (Mrc2),
a gene involved in phagocytosis. This observation coupled with the increase in neuron
number in the thalamic reticular nucleus (TRN) implicates altered microglial phagocytosis
as contributing to ADHD pathology [17]. These findings provide evidence that heightened
microglial inflammatory responses (increased activation and release of proinflammatory cy-
tokines) coupled with reduced microglial homeostatic functions (phagocytosis) contribute
to the onset and symptomatology of ADHD. However, the limited literature and variety of
models employed to investigate the role of microglia in ADHD makes it difficult to draw
overarching conclusions regarding the role of microglial activation in ADHD pathology. In
summary, the evidence implicates altered homeostatic functions of microglia during development
and substantiates microglia activation as the cause of proinflammatory events in ADHD pathology
and symptomology and further highlights the therapeutic merit of reversing such activation.

3. Microglial Causative Role in Neurodegenerative Diseases

Neurodegenerative diseases, HD considered here, involve late symptom onset due
to progressive damage to neuronal structure and function, which eventually results in the
death of affected neurons [5]. HD is a hereditary neurodegenerative disorder caused by
an abnormal expansion of CAG trinucleotide repeats specifically within the huntingtin
(HTT) gene [5]. A mutant HTT (mHTT) gene is characterized by the presence of 37 or
more CAG repeats; the mutant gene can produce misfolded proteins which accumulate
primarily throughout the striatum and cerebral cortex, causing neuronal dysfunction and
degeneration [5]. Besides motor impairments, symptoms of HD can include cognitive
decline, depression and anxiety.

In the HD context, we closely examined five recent studies [31-35], which tested a
causal link between microglial dysfunction and pathogenesis in HD; one of these studies
employed PET imaging to reveal the association between microglial activation and HD
neuronal volume loss; two studies used cell lines to examine the consequences of proin-
flammatory responses of microglia in HD; two studies altered microglial proteins to reveal
their role in worsening or rescuing HD pathology (see summary in Figure 1 and Table 1).

Table 1. Summary table overviewing experimental references used throughout this review.

Study Animal Model (s) Microglial Dysfunction Functional Changes

ASD [11]

Tmemb59 KO mice

| synaptic pruning

} synaptic inhibition,
1 excitatory synaptic density

J functional connectivity,

ASD [12] CX3CR1 KO mice } synaptic pruning | social interaction
ADHD [13] AHR & WKY rats T proinflammatory | retinal layer thinning
i . . . J synaptic inhibition,
ASD [14] Syn-R26 mice } synaptic pruning 1 excitatory synaptic density
. . . 1 immature synaptic density,
ASD [15] Atg7 KO mice | synaptic pruning 1 functional connectivity
ADHD [16] Human 1 activation | dopamine receptor 1
. | microglial 71 increased neuronal numbers in
ADHD [17] Caspl KO mice phagocytosis the thalamus
HD [31] R6/2 male mice T neurotoxicity J striatal volume loss
HD [32] R6/2 maleKnéice w/CB2 1 activation 1 neurodegeneration
HD [33] BV2 mouse 1 proinflammatory 1 neurodegeneration
HD [34] Human 1 proinflammatory 1 neurodegeneration
HD [35] Human 1 activation | dopamine receptor 2 binding

1 increase, | decrease.
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Huntington’s Disease

In HD patients and in the widely studied R6/2 transgenic mouse model for HD,
medium spiny neurons (MSNs) in the striatum degenerate, accompanied by significant
striatal tissue atrophy. Such atrophy is further associated with microglial activation in the
caudate-putamen nuclei and in the globus pallidus as confirmed by multiple immunohisto-
chemistry (IHC) studies on postmortem HD brain samples (see review [36]). Functional
studies using PET imaging of HD patients by Pavese et al. (2006) confirmed an associa-
tion between striatal neuron loss and microglial activation [35]. Supporting this, a causal
link between microglial activation and brain volumetric deficits was clarified in the trans-
genic R6/2 HD mice wherein depletion of a colony-stimulating factor 1 receptor inhibitor
(CSF1Ri) in the microglia prevented depletion in the extracellular matrix and striatal vol-
ume [31]. Indeed, mHTT gene expression in microglia is known to drive its activation and
neurotoxic effects. Functional positron emission tomography (PET) studies have shown
that microglial activation can be detected via HC-(R)-PK11195 (PK) well before symptom
manifestation in HD patients and is considered to drive neurodegeneration [31]. For ex-
ample, the mHTT-expressing microglia upregulated the expression of the transcription
factor PU.1, which is a putative mechanism for an overall increase in proinflammatory gene
expression [33].

Microglial activation can cause a cascade of downstream neurotoxic effects involving
the release of proinflammatory factors further corresponding with HD severity. An exami-
nation of isogenic lines of human pluripotent stem cell-derived microglia by O'Regan et al.
(2021) revealed that upon application of lipopolysaccharide (LPS), used to stimulate the
innate neuroimmune response, HD microglia released greater levels of proinflammatory
cytokines [34]. The secretion of inflammation-associated cytokines assessed by multiplex
ELISA of the supernatants showed a percent increase in a polyglutamine repeat in a length-
dependent manner [34]. The production of reactive oxygen species (ROS) associated with
cellular damage and death was also found to be increased [34]. The downstream effects of
increases in proinflammatory factors are characterized by excitotoxic conditions, including
microglial phagocytosis. This can be visualized by confocal microscopy analysis exhibiting
neuronal debris present in Iba-1 (microglia-specific marker) positive cells [32].

Despite these neurotoxic effects of microglial activation, the possibility that pre-
symptomatically, microglia are neuroprotective and aid in ameliorating striatal neural
dysfunction is also supported. For example, the analysis of pre-symptomatic R6/2 mouse
striatum samples identified increased levels of neuroprotective cannabinoid receptor-type
2 (CB2) expression. A similar examination of HD patients’ brains revealed increased levels
of CB2 receptors in the caudate putamen compared to controls, with selective expression in
microglia, and not in astrocytes [32]. Remarkably, administering the CB2 agonist HU-308
to mice injected with quinolinic acid, an excitotoxin, resulted in a notable reduction in
striatal degeneration, attributed to a decrease in microglial activation [32]. These reports
lend credence to the functional dichotomy of microglia in both neuroprotective and neurotoxic roles
in HD, although specific molecular and cellular contexts for this switch are yet to be clarified.
Additionally, microglial neuroprotective roles via the endocannabinoid pathways offer
promising therapeutic strategies for degenerative diseases such as HD that are aggravated
by runaway excitotoxicity.

4. Conclusions and Future Perspectives

The interplay between neuronal and non-neuronal components in the CNS has long
been a focal point of research to unravel the complexities of neurological pathologies.
The scope of this review focused on identifying recent studies which investigated the
causal impact of microglial mechanisms in neurodevelopmental (ASD and ADHD) and
neurodegenerative diseases, specifically, HD; however, we acknowledge that not all such
studies have been included in this review. Contrary to the established role of microglia as
the resident immune cells in the CNS, microglial dysfunctions were demonstrated to play a
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causative role in driving the pathology and symptoms in neurodevelopmental disorders
and neurodegenerative diseases.

In ASD, microglial deficits stemmed from reduced motility and phagocytic ability,
causing an overabundance of immature neural synapses influencing behavioral outputs.
In ADHD, abnormal microglial activation contributed to the release of proinflammatory
factors and the onset of ADHD-like behaviors. Interestingly, in the chronic neurodegenera-
tive HD, microglial activity is modified at the pre-symptomatic and symptomatic stages.
While pre-symptomatically, microglial changes might aid in neuroprotection, an as yet
unclear switch to a neurotoxic state appears to promote excessive phagocytosis and re-
duced cerebral volume. In both of these roles, microglia seem to become hyper-functional,
suggesting a rather over-compensatory role. A common theme of microglial dyshome-
ostasis emerged from these studies, prompting strategies targeting microglia to reverse or
delay disease progression. In support of this possibility, treatment using minocycline, a
tetracycline derivative, in a BTBR ASD mouse model restored microglia to their homeo-
static state and rescued ASD-related sociability changes and repetitive behaviors [37]. As
also noted earlier, a further study treated HD patients with cannabinoids which act on
cannabinoid receptors, and found that this improved HD related motor symptoms via
microglial mechanisms [38]. Therapeutic outcomes are not limited to the neuropathology
of diseases discussed herein. Additionally, the administration of a dopamine D1R agonist
to schizophrenia patients, which ameliorated attention deficits, also reduced microglial
activation [39]. In Alzheimer’s disease (AD), the in vivo targeted inhibition of BACE-1, an
amyloid-precursor-protein-cleaving enzyme in microglia, reduced amyloid plaque devel-
opment, further demonstrating prolonged benefits in delaying disease progression [40]. In
summary, microglia are not mere immune-activated cell types, but a pervasive pathological
substrate in neurological diseases. Their dyshomeostasis involving altered efficacy as both
immune modulators and regulators of neural development and functions consequently
results in symptom development/aggravation. Therefore, a need for the careful characteri-
zation of the molecular mechanisms underlying microglial dysfunctions and strategies to
leverage them for therapeutic interventions is explicitly substantiated.
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