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Abstract

The association between maternal immune activation (MIA) during pregnancy and risk for
offspring neuropsychiatric disorders has been increasingly recognized over the past several years.
Among the mechanistic pathways that have been described through which maternal inflammation
during pregnancy may affect fetal brain development, the role of mitochondria has received little
attention. In the current review the role of mitochondria as a potential mediator of the association
between MIA during pregnancy and offspring brain development and risk for psychiatric disorders
will be proposed. As a basis for this postulation convergent evidence is presented supporting the
obligatory role of mitochondria in brain development, the role of mitochondria as mediators

and initiators of inflammatory processes, and evidence of mitochondrial dysfunction in pre-
clinical MIA exposure models and human neurodevelopmental disorders. Elucidating the role

of mitochondria as a potential mediator of MIA-induced alterations in brain development and
neurodevelopmental disease risk may not only provide new insight into the pathophysiology of
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mental health disorders that have their origins in exposure to infection/immune activation during
pregnancy but may also offer new therapeutic targets.

Keywords

Maternal immune activation; neurodevelopment; brain; mitochondria; bioenergetic function;
oxidative stress

I. Introduction: MIA, mitochondria and brain development

Maternal immune activation (MIA) during pregnancy constitutes a well-established risk
factor for offspring neuropsychiatric disorders. A convergent body of epidemiological,
preclinical, and prospective observational research supports the embryonic/fetal period

of brain development as being particularly susceptible to disorganizing influences.
Inflammatory mediators play a key role for both healthy as well as abnormal brain
development during the intrauterine period of life, at which time the developing embryo/
fetus responds to ‘suboptimal’ conditions by producing structural and functional changes in
cells, tissues and systems that modulate susceptibility for many complex common disorders
(7.e., the concept of fetal, or developmental, programming of health and disease risk).
Several mechanistic pathways have been described through which maternal inflammation
during pregnancy may affect fetal brain development either via direct mechanisms of action
like pro-inflammatory cytokine-induced intracellular signaling pathways (1) or indirectly
via effects such as priming microglial functioning (2). Mitochondria, which are sensitive

to immune alterations, are fundamentally important to many of these processes and others,
and thus may mediate some of the inflammatory-related influences on brain development.
Furthermore, there is a large body of clinical epidemiological studies that demonstrate

the presence of mitochondrial dysfunction in the context of neurodevelopmental disorders,
for which maternal infection/immune activation during pregnancy is an established risk
factor (see section 3.3 for more details). However, the specific importance of mitochondria
in the association between MIA during pregnancy and offspring neurodevelopment has
received little attention to date. In this review, we first discuss plasticity of the developing
brain and the mitochondrial biology system during fetal life and describe the specific

role mitochondria play in all aspects of brain development. We then review literature in
support of maternal inflammation during pregnancy altering mitochondrial biology and of
mitochondrial biology acting as a potential mediator of the association between MIA during
pregnancy and altered offspring brain development and risk for psychiatric disorders. While
the evidence in the current review for supporting mitochondrial dysfunction as a mediator
of the association between MIA and offspring risk for neurodevelopmental disorders stems
from preclinical models inducing MIA by acute infections, we note that mitochondrial
dysfunction likely also plays an important role in the association between offspring
neurodevelopmental disorders and chronic maternal inflammation during pregnancy, which
is common in the context of highly prevalent maternal conditions/circumstance like obesity,
stress, as well as exposure to environmental toxins (3).We conclude by articulating current
knowledge gaps and future research directions.
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2. The developing brain: role of mitochondria

Before we discuss how MIA may affect brain development via mitochondrial function
(in section 3), in this section we first provide a basic overview of fundamental brain
developmental processes and of key aspects of mitochondrial structure and function and
then describe the role of mitochondrial function in brain development.

2.1. Overview of human brain development

Comprehensive in-depth descriptions of embryonic and fetal brain development have been
provided elsewhere (4, 5)(ref (6) for subcortical development) and are beyond the scope of
the current paper, but an overview of the temporal sequence of critical developmental steps
is provided here and discussed further in section 2.3. Developmental neurogenesis is the
critical process by which neural stem cells (NSCs) differentiate into the distinct cell types
that constitute a functioning neural circuitry. This process starts with NSCs in the neural
tube expanding their pool via symmetrical division. NSC division then becomes asymmetric,
allowing for the generation of a copy of the original NSC and a neural progenitor cell
(NPC), that will primarily differentiate into a neuron, or into a glia cell (astrocyte, microglia,
or oligodendrocyte) (7-9). While NSCs continue to divide within the ventricular zone, NPCs
begin a process of migration in the formation of the cortex (4). The first cells arriving in the
cortical plate will form layer VI while later-born cells form progressively more superficial
layers (10, 11). After migrating to their final destination, neurons begin to form synaptic
connections within the developing brain with rapid acceleration in the third trimester (12).
Around mid-gestation, gliogenesis and the process of myelination begins, allowing for more
efficient cell-to-cell communication (13). Ex-utero synaptogenesis, myelination, and pruning
are dominant developmental processes in early postnatal life and perpetuate until at least
early adulthood (4).

2.2. Overview of the mitochondrial biology system

Mitochondria are multifunctional double-membrane organelles that regulate several
fundamental cellular processes, including the production of over 90% of cellular energy.
Through oxidative phosphorylation (OXPHOS), mitochondria oxidize the food we eat, with
the air we breathe, to generate cellular energy in the form of ATP (adenosine triphosphate).
Through OXPHOS, mitochondria shuttle electrons through the four respiratory complexes
(Complex I-1V) of the electron transport chain to generate a proton gradient across the
inner mitochondrial membrane (mitochondrial membrane potential (MMP)) that powers
the production of ATP. Measurement of any of these collective steps, is referred to as
mitochondrial bioenergetic function. Early embryonic and fetal development, especially of
the brain, is an energy demanding process (14), and thus, mitochondrial health and the
capacity to meet the bioenergetic demands of the cell, place mitochondria central to this
process of early development.

Beyond this essential and well-established bioenergetic function, mitochondria are
increasingly viewed as active regulators of signal transduction in numerous pathways
(15), serving an important role in cellular signaling, regulating cell proliferation,
differentiation and apoptosis, primarily through the modulation of Ca* homeostasis,
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metabolite availability, cellular redox, and production of reactive oxygen species (ROS)
(16-18). While ROS at low levels is now considered a standard signaling molecule (17, 19),
when mitochondrial function is impaired, damaging elevations of ROS levels can occur (20),
which places mitochondria at the center of cellular production and regulation of oxidative
stress (21, 22). Importantly, there is increasing understanding that these layered aspects of
mitochondrial function and signaling regulate cell specification in early development, such
that mitochondrial activity is a necessary requirement for differentiation in embryonic and
neuronal stem cells (as will be discussed below) (23, 24). Furthermore, mitochondria serve
as a site of production for various metabolic substrates (25-27) essential for rapid cellular
proliferation during embryonic and fetal development.

These many and multi-faceted aspects of mitochondrial function are closely tied to the
dynamic form and structure of mitochondria, and to the spatial interaction of these
organelles with each other and with other intracellular structures. The approximately
102-103 mitochondria per cell form dynamic branched networks, and when two or more
mitochondrion combine, this is known as fusion, whereas their separation is known as
fission (28, 29). These opposing processes (/.e., fission/fusion dynamics) are carefully
balanced, serving an important regulatory role in bioenergetic function (30). Furthermore,
mitochondrial fission can be used to isolate poorly functioning or damaged mitochondrial
components for destruction (mitophagy), and this mitophagy is carefully balanced by the
generation of new mitochondria (mitochondrial biogenesis) (31). Mitochondria maintain
normal functions through such mitochondrial quality control measures (/.e., mitophagy/
biogenesis), and this controlled regulation of mitochondrial content (or cellular density) is
necessary to maintain mitochondrial health and to meet the energy demands of the cell.
Appropriate mitochondrial density is not only critical at the cellular level, but the spatial
distribution and subcellular density of mitochondria within the cell is critical too. The
multiple mitochondria per cell are not evenly distributed and are recruited, for example, to
energy or calcium demanding subcellular compartments, such as the presynaptic terminal
in neurons (32). Perturbations in mitochondrial movement and recruitment to specific sites
of the cell can lead to subcellular ATP depletion and interfere with the mitochondrial Ca2*
signaling particularly important for neuronal development (discussed further below).

Mitochondria are maternally inherited bacterial endosymbionts, that accordingly, contain
their own genome (/.e., mtDNA) that is unique from nuclear DNA (33). The health (/e
quantity and quality) of mtDNA is critical to success in the earliest stages of development,
as levels of mtDNA and ATP production are tied to rates of fertilization and implantation
(34, 35), as well as placental and fetal growth (36). mtDNA does not contain histones

or telomeres and is located in close proximity to the OXPHOS machinery that produce
ROS. As a result mtDNA is more susceptible than nuclear DNA to damage (37-39),

and demonstrates a higher intrinsic mutation rate (40). Notably, the mtDNA in oxygen
demanding tissues, such as the brain, demonstrate even higher levels of mtDNA damage, of
which the immature/developing brain is particularly susceptible, due to its poorly developed
scavenging systems and high availability of iron for the catalytic formation of free radicals
(41). The accumulation of mtDNA defects impairs mitochondrial bioenergetic function, and
such changes are generally stable and amplified over time (42). Thus, prenatal exposures
that impact mtDNA quality (e.g., deletion and mutation) provides a plausible mechanism by
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which phenotypes of mitochondrial dysfunction may persist over time and confer long term
effects on health and disease risk.

We have recently reviewed the evidence to support the developmental plasticity of
mitochondrial biology (43), and herein argue that because mitochondria play a fundamental
role in all aspects of cellular function in early development, any perturbation to the system,
for example, in the context of MIA, will have long-term downstream effects. Thus, in
addition to MIA-induced alterations in mitochondrial function during critical processes of
brain development having long lasting consequences on its integrity (as reviewed below)
programmed alterations in mitochondrial function by prenatal environmental conditions, like
inflammation, have the potential to affect functioning of the brain and disease susceptibility
across the lifespan (Figure 1).

2.3. Obligatory role for mitochondrial function in brain development

2.3.1. In neurogenesis—Stem cells possess the dual capacity to either self-renew

or commit to a specific cell type via differentiation and proliferation. Increasingly,
mitochondrial bioenergetic function and fission/fusion dynamics are being recognized as
essential regulators of each of these processes. With respect to stem cell renewal capacity,
the crucial role of fission/fusion dynamics has been demonstrated via manipulation of fission
(mitofusin-1 & -2 (MFN1/2)) and fusion proteins (dynaminrelated protein 1(DRP1)) in
uncommitted mouse cells (44). Specifically, loss of MFN1/2 resulted in a drastic inability

to form neurospheres, while DRP1 increased neurosphere yield (44). Furthermore, loss of
the fusion protein (optic atrophy 1 (OPA1)) resulted in decreased primary and secondary
neurospheres (44).

Both mitochondrial biogenesis and bioenergetics regulate fate decisions of NPCs to either
proliferation or differentiation. Differentiated NSCs are characterized by low mitochondrial
and mtDNA content, and the switch from glycolytic metabolism to mitochondrial OXPHQOS,
controls the shift from NSC proliferation to NSC differentiation into NPCs and subsequent
cell types(45-48). Preclinical murine studies demonstrate that mitochondrial bioenergetics
are necessary for NPC differentiation and proliferation. Specifically, a one-day treatment
of rotenone, a mitochondrial Complex I inhibitor, on cell cultures derived from mouse
pups (postnatal day 5) can reduce NPC proliferation and differentiation, while a long-term
rotenone treatment fully inhibits NPC proliferation and differentiation (49, 50). Moreover,
genetically induced mitochondrial dysfunction (/.e., by ablating mitochondrial Complex

Il gene), leads to impaired differentiation of glia-like central NSCs into neurons and
oligodendrocytes (but not into astrocytes), leading to brain atrophy and early death (51).

Besides the described metabolic changes in the scope of neurogenesis, mitochondria also
change their morphology and dynamics depending on the state of the developing cell(52,
53). While the mitochondrion appears rather simple in mouse NSCs (/.e., round containing
little cristae), during differentiation, it becomes a complex tubular network of elongated
cristae-rich mitochondria with a dense matrix (54-58). Empirical studies in this context
point to the pivotal role of the mitochondrial fission protein DRP1 in mitochondrial
dynamics during neurogenesis. More specifically, while a knock-down of DRP1 was found
to lead to an impairment of mitochondrial fission promoting NSC differentiation in human
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pluripotent stem cells, an overexpression of active DRP1 mutant was found to enhance
pluripotency (59, 60).

Neuronal migration, a highly energetic process, is also critically dependent on mitochondrial
dynamics and bioenergetics. For example, the genetic disruption of OXPHOS in mice,
lacking ANT1 (adenine nucleotide transferase 1), a protein encoding an inner mitochondrial
membrane protein that transports ADP (adenosine diphosphate) into mitochondria and

ATP from mitochondria to the cytosol, has been related to alterations of interneuron
migration. These data suggest that interneuron polarity during migration is particularly
sensitive to disruptions in mitochondrial bioenergetics, and that OXPHOS is required for
normal migration of interneurons from the basal forebrain to the neocortex (61). Other
mouse models show that, under basal conditions, autophagy levels are correlated with

the bioenergetic requirements of cells and that decreases in ATP/ADP levels — due to
abnormalities in OXPHOS — during the migratory phase lead to the entry of cells into the
stationary phase and to the induction of autophagy (62). Hence, these findings point to the
critical contribution of the integrity of OXPHOS to the dynamic regulation of the pace and
periodicity of neuronal migration.

2.3.2. In glial cell development—In the process of gliogenesis, NSCs differentiate
into non-neuronal glial cell-types including astrocytes, oligodendrocytes, and microglia.
With respect to astrocytes during development, mitochondria play a role in regulating
astrocyte maturation and subsequent synapse formation (63). Specifically, recent evidence
has demonstrated that conditional deletion of the metabolic regulator PGC-1a (peroxisome
proliferator-activated receptor gamma co-activator 1a)) controls the mitochondrial biogenesis
in developing astrocytes, and compromises the proliferation and maturation of astrocytes
with a subsequent effect on the number and function of excitatory synapses in mice (63).

The importance of mitochondrial functioning in the context of oligodendrocyte development
is evident from studies using developing human oligodendroglial cells differentially exposed
to rotenone, inhibiting bioenergetic function (64). Specifically, in vitro, differentiated
oligodendroglial cells have been observed to be uniquely sensitive (e.g., viability and ATP
synthesis) to rotenone exposure relative to undifferentiated cells (64), thus demonstrating
the fundamental importance of mitochondrial function in oligodendrocyte development.
Because oligodendrocytes are the myelinating cells of the central nervous system, their
health is of consequence to myelination in humans both perinatally (65) and well into

at least late childhood (66, 67) with long-term effects for efficiency of neural signal
transduction.

Yolk-sac derived microglia enter the developing brain primarily before the formation of
the blood-brain barrier. After migration into the brain in this early gestational period, they
are believed to self-sustain through adulthood where they form the basis of the immune
response in the central nervous system (68). While the specific role for mitochondria in the
proliferation and migration of microglial cells is not yet entirely clear, xenographic transfer
of hamster mitochondria into embryonic ischemic cortical rat neurons has been shown to
transiently increase the proliferation of microglia (69).
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2.3.3. In the development of the blood-brain barrier (BBB)—The BBB is a
semipermeable border composed of endothelial cells restricting solutes from entry into the
extracellular space surrounding the central nervous system. The integrity of the BBB can

be indirectly tied to mitochondria as microglia and astrocytes (discussed above) underlie

its formation (70). Further evidence supports the direct relevance of mitochondria to the
BBB. Specifically in preclinical models, endothelial cells found within the BBB are enriched
for mitochondria, containing twice the mitochondrial content relative to endothelial cells in
other tissues (71), and recent experimental evidence in mature rodents supports a causal role
of impaired mitochondrial function in the degradation of the BBB integrity (72).

2.3.4. In axonal development—The development of axonal projections that originate
in the cell body and extend to target neurons is essential to the formation of circuits
underlying human behavior (73). Axonal growth is a highly energetic and mitochondrial-
dependent process as evidenced by the spatiotemporal distribution of mitochondria during
extension. For example, in actively growing chick and rodent axons, there is a marked
increase in subcellular mitochondrial density in the far distal regions adjacent to the
growth cone (74), with additional clusters found in branch points (75). Further, when
axonal reorganization occurs (e.g., in the case of physical restriction or destruction) via
depolymerization of the actin filaments, mitochondrial distribution changes in response

by favoring more proximally growing axons that represent better candidates for eventual
connection to target neurons. This energetic prioritization has been further demonstrated via
alternating branch growth in rat hippocampal neurons where mitochondrial transport into
newly formed axons occurs after the nascent axon has elongated past the length of other
minor processes extending out from the cell body (76).

In addition to singular neuron to neuron connections, the functional mapping between
neuronal networks is further facilitated by axonal branching, where collateral branches
extend out from the singular axon to form a dense network of terminal arbors (77)

with multiple endpoint targets. Several recent studies have highlighted the critical role
mitochondria play in the branching process. For example, branching sites are largely
dependent on the density, positioning, and functioning of stalled mitochondria (/.¢e., those
exhibiting neither anterograde or retrograde transport) along the axon. Specifically, it has
been demonstrated that the mitochondria-associated microtubule binding protein syntaphilin
is necessary for axonal branching in mouse models, suggesting a direct link between
mitochondria immobilization, mitochondrial spatiotemporal density and branch formation
(78). Collectively, this then supports the fundamental importance of mitochondria in
providing sufficient ATP for axonal growth, and further, because redistribution of resources
is only necessary in the case of limitation, it suggests that axonal extension and branching
may be a rate limited process susceptible to mitochondrial dysfunction. For a more complete
review of the role of mitochondria in axonal development, please see Smith et al. (79).

2.3.5. In synaptogenesis—~Following the processes of neural proliferation,
differentiation, migration, and finally axonal formation, synapses are assembled for
establishing interneuronal communication (synaptogenesis) (80). It stands to reason,
then, that because processes upstream of synapse formation are mitochondria dependent
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(see above sections), synaptogenesis is indirectly mitochondria-dependent. In addition to
this indirect role, there is evidence of a specific direct role for mitochondria in the

formation of synaptic connections. In one study of embryonic (day18) rodent hippocampal
neurons manipulated using dynamin-like GTPases (DRP1 and OPA1) to reduce dendritic
mitochondria content, Li ef a/. (2004) conclude that mitochondria are an essential and
limiting factor for synaptogenesis based on observed correlations between the intra-neuronal
spatial distribution of mitochondria and synapse plasticity (81). Furthermore, Stavsky

et al. (2021) observed that when deleting NCLX (the mitochondrial sodium calcium

lithium exchanger (82)) in mice and culturing hippocampal neurons from newborn pups
(postnatal day 0-2), neuronal mitochondria demonstrated basal calcium overload, membrane
depolarization, and reduced calcium influx and efflux (83). In addition, the authors observed
reduced calcium transients in the presynaptic terminals that led to a lower probability

of neurotransmitter release and weaker synaptic transmission (83). Finally, a model of
growth retardation involving placental mass reduction has been shown to decrease the
density of synapses and increase subcellular mitochondrial density in the visual cortex of
offspring fetal sheep (gestation day 140) (84). The authors posit that the observed increase
in mitochondrial density (e.g., increased aerobic efficiency) is a compensation mechanism
to counteract reductions in synaptogenesis (84), thus suggesting a rate limited role of
mitochondria in the formation of synapses.

3. Inflammation and mitochondrial function: focus on the intrauterine

period

As reviewed above, virtually all aspects of brain development are ultimately mitochondria-
dependent. To support the premise that mitochondria mediate aspects of MIA-induced
effects on the developing brain, the following section provides evidence of altered offspring
mitochondrial structure and function in the context of MIA.

3.1. Immune mediators and mitochondrial function

A growing body of research suggests that mitochondria act as central hubs in the regulation
of innate immunity and inflammatory responses (85), and are thus acutely sensitive to
inflammatory processes. For example, in vitro exposure to inflammatory molecules has
been linked to overall cellular reductions in mitochondrial bioenergetics (86-91), increased
intracellular ROS (88, 92, 93), increased mitochondrial fragmentation/fission (94, 95), and
decreases in mtDNA content (96, 97). These inflammation-induced changes in mitochondria
have been observed /in vitro in neural and glial cells (86-88, 90, 91, 98), and through

in vivo injection of the endotoxin lipopolysaccahride directly into the brain compartment
(99). In addition, immune cell activation and quiescence is coupled with mitochondrial
function and content (100, 101), and lipopolysaccahride administration has been shown

to repurpose lymphocyte mitochondria from ATP synthesis to ROS production (102),
further potentiating a pro-inflammatory state. Importantly, this process has specifically been
demonstrated in microglia, with mitochondrial structure (fission/fusion dynamics) thought
to play a central role in the process (86, 87). Moreover, perhaps due to mitochondria’s
bacterial origins, molecules originating from mitochondria itself (7.e., ATP, mtDNA, mROS)
act as danger-associated molecular patterns in the intra- and extra-cellular environment,
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responsible for the activation of Nodlike receptor family, pyrin domain containing 3
(NLRP3) inflammasome and subsequent amplification of inflammatory responses (103-
106). Thus, mitochondrial function is not only sensitive to inflammatory stimuli, but

the release of mitochondrial molecules in response to inflammation or cellular stress

can directly induce neuroinflammation, akin to a positive feedback loop. In this context,
mitochondria are not only a potential target and mediator of MIA-dependent effects on the
developing brain, but may participate in a self-reinforcing cellular stress response cycle,
such as is discussed in the cellular danger response model (107). This interrelationship
between mitochondria and inflammation is evident across the lifespan, but is particularly
consequential during the sensitive window of embryological/fetal brain development.

3.2. Mitochondrial dysfunction as a mediator of preclinical MIA-related effects on the
developing brain

Mitochondria are developmentally plastic (43), their structure and function are altered

by inflammatory stimuli (reviewed above), and we propose herein that they are a likely
mediator underlying the impact of MIA exposure on offspring neurodevelopmental. We
conducted a review of empirical studies in which MIA was induced during pregnancy and
mitochondria-relevant measures were obtained in either neuronal or glial cells/tissue of the
offspring. Our review identified 12 published preclinical (primarily murine) studies (Table
1) (108-119) providing evidence for MIA-induced changes in offspring brain mitochondrial
structure/morphology (111, 114, 115), mitochondrial content/density (111), indirect (112,
113, 116) and direct measures of mitochondrial bioenergetic function (electron transport
chain enzymatic activity (110, 114), MMP (114, 117)), and oxidative stress levels (108,
109, 114, 115, 118, 119). Further, unbiased/untargeted proteomics analysis suggested that
the top two significant pathways differentiating the brain of MIAexposed offspring relative
to controls were specific to mitochondrial bioenergetic activity (i.e., OXPHOS, tricyclic
acid cycle) (116). Importantly in the majority of reviewed studies (108-117), these MIA-
induced changes in mitochondria in the brain paralleled changes in brain integrity (e.g.,
synaptosomal structure (110)) and behavior (e.g., altered inhibitory behavior (115, 117),
social behavior (109, 110, 115), sensorimotor coordination (110)).

Two recent studies strengthening the empirical support for an association between
preclinical MIA and offspring brain mitochondrial dysfunction are of particular relevance.
The first, employed multiple layered measures of mitochondrial structure and function

in the hippocampus of adolescent offspring born to dams exposed to lipopolysaccahride
during pregnancy (gestation day 9.5) to demonstrate a comprehensive decrease in gene
expression, protein level and enzymatic activity specific to mitochondrial electron transport
chain Complex I, that also corresponded with a holistic decrease in bioenergetic function,
measured by MMP (114). Furthermore, this study demonstrated mitochondrial specific
increases in oxidative stress (MROS) and decreases in mitochondrial specific antioxidant
levels, which is consistent with the increase in oxidative stress reported across all studies
that assessed MIA-induced oxidative damage (108, 109, 114, 115, 118, 119). Previous work
has highlighted ROS as a mediator of fetal neurodevelopmental programming (120, 121),
and we bring the focus here to mitochondria, as the primary source of ROS, particularly

in response to inflammatory insults (88). The second study presents the first empirical
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evidence to inform more directly on the cause-effect-relationship between MIA-dependent
programming of mitochondrial dysfunction and behavior. Specifically, Robiscek et al.
(2018) demonstrate decreased mitochondrial bioenergetic function (measured by MMP) in
cortical neurons in MIA-exposed rats which parallel behavioral deficits (117). Interestingly,
both of these features are rescued by postnatal mitochondrial therapy via intracranial
injections of isolated active normal mitochondria (117). The promise of mitochondrial
therapy is further supported by the successful treatment of human neurons derived from
schizophrenic patients using isolated active normal mitochondria (117), which normalized
cellular oxygen consumption and MMP to the levels observed in neurons from control
patients. Similarly, Naviaux et a/. (2013) had previously employed a postnatal therapy in
MIA-exposed offspring that targets the extracellular release of mitochondrial molecules (/.e.,
mitokines), and was able to rescue cerebral mitochondrial function and core social deficits
(110). The same mitokine therapy was employed in a recent human phase I/11 randomized
control trial in children with autism, and improved scores on the Autism Diagnostic
Observation Schedule (122). The efficacy of such mitochondrial targeted treatments supports
the premise that mitochondrial activity is sufficient to induce, and potentially rescue,
neurodevelopmental disorders.

3.3. Mitochondrial dysfunction in the context of human neurodevelopmental disorders

Further support for the role of mitochondrial function as a potential mediator of the
association between MIA during pregnancy and mental health risk comes from clinical
epidemiological studies that suggest a relationship between mitochondrial dysfunction
and neurodevelopmental disorders, for which maternal infection/immune activation during
pregnancy is an established risk factor. Brain mitochondrial dysfunction has been reported
in autism spectrum disorder (123-125), attention deficit hyperactivity disorder (126),

and schizophrenia (127, 128). Specifically, patients differed from healthy controls in
mitochondrial density/localization (124, 126-128), bioenergetic function (123, 125, 126),
fission/fusion dynamics (125), and structure/morphology (126, 128). Furthermore, inherited
mtDNA mutations are associated with increased risk for neurodevelopmental disorders
(129-133), which supports the premise that mitochondrial dysfunction may be a cause
rather than a secondary consequence of these disorders. Moreover, in preclinical murine
models where mitochondrial specific defects can be induced through mutations or
overexpression, and temporality can be established, mild mitochondrial dysfunction has
proven sufficient to cause autism spectrum disorder (134), schizophrenia (135, 136), and
broad neurodevelopmental disorder (137) phenotypes. Thus, there is empirical evidence
supporting a causal role for the integrity of mitochondrial structure and function in early
brain development. Because mitochondria regulate and are regulated by inflammatory
processes, there is furthermore a basis for concluding a causal role of mitochondria in
MIA-induced changes in brain development and risk for neurodevelopmental disorders.

4. Conclusions and future directions

Convergent evidence supporting the obligatory role of mitochondria in brain development
and the role of mitochondria as mediators and initiators of inflammatory processes, as
well as evidence of mitochondrial dysfunction in pre-clinical MIA exposure models and
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human neurodevelopmental disorders, suggests that mitochondria play a pivotal role in
MIA-induced alterations in brain development.

While the conceptual model presented here is supported by empirical evidence, we

address below two major limitations (/.e., knowledge gaps) presenting opportunities for
future research. First, preclinical studies demonstrate that mitochondrial dysfunction is
induced by MIA, and parallels MIA-induced changes in brain development and behavior;
however, evidence to support clear cause-and-effect of mitochondrial function in this
pathway is still limited (110, 117). Further empirical evidence is needed to support

which aspects of mitochondrial function are sufficient and necessary for MIA-induced
alterations in neurodevelopment, with parallel evidence that these aspects can be mitigated
by mitochondrial targeted therapies. Novel insights from such studies could lead to potential
therapeutic targets, that may be applied prenatally, or even postnatally while the brain
retains a high degree of neuroplasticity, as has successfully been done in first pioneer
studies (110, 117). Second, confirmatory analyses in humans are necessary to demonstrate
the generalization of the consequences of MIA exposures during pregnancy for offspring
mitochondrial function, generally and specifically in the brain. Human studies in /iving
patients have been limited to accessible peripheral tissues that serve as a proxy to
mitochondrial function in the brain (methods reviewed in (138)), yet we highlight some
methodological advances for areas of potential future clinical research. Specifically, novel
non-invasive indirect measurement (magnetic resonance and positron emission tomography
imaging) of mitochondrial bioenergetic function (139, 140) and mROS production (141)

in the brain have been demonstrated in pre-clinical animal models and are potential tools
for future /n-vivoresearch in human studies. Furthermore, recent advances in induced
pluripotent stem cell and umbilical mesenchymal stem cells (uUMSCs) research would allow
for collection of non-invasive tissues at birth (e.g., umbilical cord) and/or early in life (e.g.,
hair follicles) with demonstrated potential for differentiation to neuronal cell-lineages (142—
144). Such tissues could be utilized for 2D and 3D differentiation research studies of the
central nervous system under varying inflammatory conditions, and in particular, progress in
using human primary cell cultures to generate more complex 3D brain organoids (144) now
allows for improved ex-vivo modeling of inflammation-induced mitochondrial deficits in the
developing brain and to examine treatment options.

In summary, we argue that mitochondrial function is a promising mechanism through
which maternal immune activation/inflammation during pregnancy, can impact the risk for
neurodevelopmental and psychiatric disorders. Elucidating the role of mitochondria as a
mediator of MIA-induced alterations in brain development and neurodevelopmental disease
risk may not only provide new insight into the pathophysiology of mental health disorders,
but may also offer new therapeutic targets.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Conceptual Figure
Note. ROS=Reactive Oxygen Species, mtDNA=mitochondrial DNA.

Maternal immune activation (MIA) can alter aspects of offspring mitochondrial

structure and function including mitochondrial biogenesis/mitophagy, oxidative stress/ROS
production, bioenergetic function, fission/fusion dynamics, and mtDNA quality.
Mitochonadrial biogenesis and mitophagy refer to the coordinated control of mitochondrial
content, either through the generation of new mitochondria (mitochondrial biogenesis) or
the controlled destruction/regulated turnover of mitochondria (mitophagy). Mitochondrial
oxidative stress/ROS production refer to an imbalance between free radical production
(mitochondrial derived) and antioxidant control of these species, which may result in
damaged proteins, lipids, DNA, etc. Bioenergetic function refers to mitochondrial capacity
to meet the energetic needs (e.g., ATP) of the cell or subcellular compartment. Mitochondria
organelles form a dynamic reticulated network, and the subsections of this network can
separate from and fuse with each other, referred to as fission/fusion dynamics. Specifically,
fusion involves the tethering of two adjacent mitochondria followed by merging, of the
inner and outer mitochondrial membranes, whereas fission is the opposing process of
fragmentation of a mitochondrial network into two or more mitochondria. Finally, mtDNA
quality refers to the level and phenotypic impact (burden) of mtDNA mutations and
deletions within an individual mitochondrion or across mitochondria in a cell or tissue.

As all of these aspects of mitochondrial function are crucially involved in
neurodevelopmental processes, these MIA-induced alterations can affect neurodevelopment
at different stages. Moreover, alterations in mitochondrial structure/function due to MIA
may be programmed and, hence, can persist over the life span. Thus, in addition to the
effects of MIA-induced alterations in mitochondrial function on the developing brain, these
mitochondrial alterations may continue to exert long-term effects on the brain (and other
systems) over the lifespan of the individual.

Adapted from Nutton et al. 2011, created with BioRender.com.
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