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Editorial on the Research Topic
Synaptic Loss and Neurodegeneration

Synapse loss is associated with sensory, motor, and cognitive impairments in a variety of
neurodegenerative conditions, such as major depressive disorder, schizophrenia, Alzheimer’s
disease, Huntington’s disease, and amyotrophic lateral sclerosis, as well as aging. Loss of excitatory
synapses is the strongest correlate for cognitive impairments in Alzheimer’s disease. Despite the
overwhelming evidence for synapse loss in contributing to disease etiology, very little is known
about the mechanisms involved. Introducing disease linked mutations in model organisms has
provided an entry point to address the mechanisms of synaptic dysfunction. Though this has led
to many exciting discoveries, our current understanding has not reached the threshold required to
develop translational approaches to treat synaptic abnormalities. To shine some light on this very
important topic, this Research Topic provides a collection of primary research articles, reviews as
well as mini reviews, and a perspective article, on different aspects of synaptic dysfunction in the
context of neurodegenerative diseases.

The emerging roles of microglia and astrocytes in synaptic loss are first discussed in a series of
reviews and mini-reviews. Lee and Chung cover the recent developments on the physiological roles
of glial cells at synapses, and propose that synaptic loss can be initiated by a misregulation of normal
glial functions. Henstridge et al. (2016) next synthesizes the recent literature on the contribution of
glial cells to excitatory/inhibitory imbalance, in the context of prevalent neurodegenerative diseases:
Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis, and multiple sclerosis.
Focusing on Alzheimer’s disease, Ziegler-Waldkirch and Meyer-Luehmann further summarize the
roles of microglia and astrocytes in synaptic loss in genetic mouse models, and discuss the current
therapeutic avenues. Pons and Rivest also cover important therapeutic avenues of macrophage
colony-stimulating factor and its receptor expressed by peripheral monocytes, macrophages and
microglia, in Alzheimer’s disease, multiple sclerosis, glioma, and brain injury.

In complement, Subramanian et al. review the role of cell-intrinsic calcium dyshomeostasis
and cell-extrinsic activities of microglia in the mechanisms underlying synaptic loss in genetic
mouse models of Alzheimer’s disease. Chang et al. further discuss the involvement of neuronal
hyperpolarization-activated cyclic nucleotide-gated channels in major depressive disorder,
Parkinson’s disease, Alzheimer’s disease, amyotrophic lateral sclerosis, and spinal muscular atrophy.
Pradhan et al. summarize the evidence for an altered brain derived neurotrophic signaling in
amyotrophic lateral sclerosis and provide insights into its modulation as a neuroprotective strategy.
Liu et al. additionally expose the current state of knowledge on the pathophysiological roles of
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neuron- and glial-derived exosomes in different diseases of
the central nervous system and their application as non-
invasive biomarkers in the cerebrospinal fluid and peripheral
body fluids. In a perspective article, Zhao et al. discuss the
interaction between the periphery and the central nervous
system, particularly focused on the gut microbiome and its
modulation of neurofilaments and synaptic signaling proteins
upon bacterial infection.

A series of primary research articles also unravel mechanisms
of synaptic loss in different pathological conditions using
different model organisms, from drosophila to rodents. In
particular, Chen et al. reveal an altered synaptic vesicle
release and calcium influx at single presynaptic terminals of
cortical neurons in a knockin mouse model of Huntington’s
disease. Spring et al. provide results from fourteen different
drosophila lines expressing spinal muscular atrophy patient-
derived mutations, showing a comprehensive modeling of the
disease features including locomotor decline. Kriebel et al.
propose a novel model of age-related decline in synaptic
connectivity, involving a partial inhibition of the mitochondrial
respiratory chain, in vitro and in vivo in rats. Lastly, Hui et al.
(2018) uncover partial sex differences in microglial phagocytic
activity, excitatory, and inhibitory synaptic density, as well as
inhibitory synaptic tone and excitatory synaptic transmission in
a mouse model of maternal immune activation.

In conclusion, this special issue provides different perspectives
on the neuronal, glial, and peripheral mechanisms involved in
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synaptic loss across a wide range of neurodegenerative disease
conditions, including major depressive disorder, Parkinson’s
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in human.
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Synapse loss has detrimental effects on cellular communication, leading to network
disruptions within the central nervous system (CNS) such as in Alzheimer’s disease (AD).
AD is characterized by a progressive decline of memory function, cognition, neuronal
and synapse loss. The two main neuropathological hallmarks are amyloid-f (AB) plaques
and neurofibrillary tangles. In the brain of AD patients and in mouse models of AD several
morphological and functional changes, such as microgliosis and astrogliosis around Af
plaques, as well as dendritic and synaptic alterations, are associated with these lesions.
In this review article, we will summarize the current literature on synapse loss in mouse
models of AD and discuss current and prospective treatments for AD.

Keywords: Alzheimer’s disease, amyloid plaques, glial cells, synapse loss, microglia, astrocytes

SYNAPSE LOSS IN NEURODEGENERATION

Synapse loss has harmful effects on cellular communication, leading to network disruption in the
central nervous system (CNS). The communication of billions of neurons within the mammalian
brain generates and controls memory, thoughts and emotions. In a neuronal network with different
cells, the transfer of information is coordinated at specialized compartments such as the synapse.
Synapses are contact points between two neurons, where they communicate by passing ions or
neurotransmitter across the synaptic cleft. Synapses can have excitatory or inhibitory effects on
the target cells, depending on the released signals. The formed synapses are not rigid but rather
dynamic and can either strengthen, shrink or even get lost. Considering the critical role of synapses
under physiological conditions, it is not surprising that a severe loss of synaptic integrity can cause
substantial disorders such as neurodegenerative diseases (Dudai and Morris, 2013).
Neurodegenerative diseases are disorders of the CNS or the peripheral nervous system
characterized by the progressive structural and functional degeneration of neurons, leading
to mental or movement problems. The most common form of neurodegenerative diseases is
Alzheimer’s disease (AD) which currently affects 46 million people worldwide (Prince, 2015). Over
a century ago Alois Alzheimer first described the defining lesions (Stelzmann et al., 1995), the
two main hallmarks of AD, extracellular amyloid-p (AP) plaques and intraneuronal aggregates of
hyperphosphorylated tau protein, so-called neurofibrillary tangles. Af is released from the amyloid
precursor protein (APP) by cleavage of - and y-secretases (Haass, 2004) and accumulates in
the extracellular space of the brain to diffuse or dense-core plaques (Serrano-Pozo et al., 2011).
Intravital imaging studies of APP transgenic mice confirmed that smaller dense-core plaques
can cluster together, thus forming lager plaques (McCarter et al., 2013) that are associated with
neuronal and synapse loss (Tsai et al., 2004; Spires et al., 2005), increased neurite curvature (Garcia-
Alloza et al., 2006; Meyer-Luehmann et al., 2008), impaired neuronal activity in dendritic segments
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(Meyer-Luehmann et al., 2009), dystrophic neurites (D’Amore
et al, 2003; Tsai et al., 2004) and the accumulation of glial
cells (Bolmont et al., 2008; Meyer-Luehmann et al., 2008;
Kuchibhotla et al., 2009; Delekate et al., 2014). However,
memory impairments and cognitive decline are most likely
caused by synapse dysfunction and synapse loss rather than
due to mere neuronal loss or the accumulation of AR
plaques and neurofibrillary tangles (Terry et al., 1991; Masliah
et al, 1994; Koffie et al., 2011). Electron microscopy and
immunohistochemical stainings for synaptic markers revealed
significant reductions in synaptic density in the cortex and
hippocampus (Scheff et al., 1990; Terry et al., 1991; Masliah,
2001). Although the cause of synapse loss has not yet been fully
elucidated, most likely both lesions, AB and tau, contribute to
neurodegeneration.

Besides aging, new genetic risk factors for AD were
reported recently in GWAS, such as ApoJ/Clusterin, PICALM,
complement receptor 1 (CR1), TREM2 and sialic-binding
immunoglobulin (Ig)-like lectin CD33 (Lambert et al., 2009; Naj
et al, 2011; Hollingworth et al.,, 2012; Guerreiro et al., 2013;
Jonsson et al,, 2013). Interestingly, some of these genes are
involved in AP production or clearance (Harold et al., 2009;
Lambert et al., 2009), or are part of immune-related pathways.
During development, synapse elimination was shown to be
dependent on microglia phagocytosis that was mediated by Clq
and C3 (Stevens et al., 2007). Recently, it was also demonstrated
that in young pre-depositing hAPP mice this “developmental
synaptic pruning pathway” is activated and leads to synapse loss
(Hong et al., 2016).

AP plaque formation follows a nucleation-dependent
polymerization, where monomers form dimers, oligomers,
protofibrils and amyloid fibrils (Harper and Lansbury, 1997;
Kumar and Walter, 2011). AB peptides are 36-43 amino acids
in length, whereas AP42 is the most neurotoxic fragment,
with the highest affinity to aggregate and represents the main
component of senile AP plaques. Soluble AP oligomers are
the most neurotoxic species that have been shown to impair
long-term potentiation (LTP) (Walsh et al., 2002; Shankar et al.,
2008) and enhance long-term depression (LTD) (Li et al., 2009),
resulting in weakening of synapses. LTP has been related to the
formation of new dendritic spines, increases of postsynaptic
densities and the enlargement of spine heads (Maletic-Savatic
et al, 1999; Négerl et al, 2004). In contrast, LTD has been
associated with spine shrinkage and loss (Négerl et al., 2004).
Other studies reported that the non-fibrillar forms of AB can
affect learned behaviors in rodents (Cleary et al., 2005; Lesné
et al.,, 2006; Freir et al., 2011). Recently, it was demonstrated that
lower molecular weight oligomers are highly bioactive molecules
that inhibit synaptic plasticity, alter cell-surface receptor levels
and induce microglial inflammatory response (Yang et al., 2017).
Soluble oligomers extracted from AD brains disrupt LTP and
synaptic function in vitro and impair cognition when injected
into healthy mice in vivo (Walsh et al., 2002; Cleary et al,
2005; Shankar et al., 2007). In vivo imaging studies revealed a
loss of dendritic spines around plaques as a result of altered
structural plasticity (Spires et al., 2005), whereas increased spine
density and synaptic markers were obtained upon the removal

of soluble oligomers (Spires-Jones et al., 2009). Together, these
results support the idea that soluble forms of AP are toxic to
synapses.

In mouse models of AD, synapse loss is primarily found
around dense-core A plaques (Koffie et al, 2009), whereas
no synapses are lost in the vicinity of diffuse plaques (Masliah
et al, 1990), thus indicating that dense-core AP plaques
release toxic soluble AP oligomers into the surrounding
tissue (Takahashi et al, 2004; Koffie et al, 2009), leading
first to synaptic dysfunction and finally to complete synapse
loss. In several mouse models of AD, synapse numbers are
significantly decreased compared to non-transgenic control
mice already at pre-depositing stages (Hsia et al, 1999;
Mucke et al, 2000; Shankar et al, 2009; Harris et al,
2010).

The role of tau in synapse loss is less well established. During
the course of AD tau gets hyperphosphorylated and accumulates
in the somata and dendrites of neurons (Grundke-Igbal et al.,
1986). The intracellular aggregates of hyperphosphorylated tau
form inclusions and neuropil threads, both of which are
strongly related to neuronal apoptosis (Spires-Jones et al., 2009).
In human AD brains and in mouse models of tauopathy,
tangle bearing neurons comprise fewer synapses onto their
somata and express less synaptic proteins compared to healthy
neurons (Callahan et al., 1999; Ginsberg et al, 2000). The
overexpression of mutant P30IL in rTg4510 mice led to
altered synaptic function and synapse loss (Crimins et al.,
2011).

GLIAL CELLS

Neuronal synapse formation is based on the interplay between
neurons and glial cells. Microglia, the immune cells of the
brain parenchyma, regulate synapse formation (Parkhurst
et al, 2013) and synapse engulfment via the complement
system, which is part of the innate immune system (Wu
et al., 2015). In contrast, astrocytes provide nutrients to
neurons, take up and release neurotransmitters and provide
structural support for neurons (Verkhratsky et al., 2010; Clarke
and Barres, 2013). Oligodendrocytes are myelin-forming cells
guaranteeing a fast movement of action potentials through axons.
Recently, a new cell population was defined as oligodendrocyte
precursor cells or NG2-glia (Dimou and Gallo, 2015). In the
hippocampus synaptic transmission occurs between NG2-glia
and axons. Furthermore, NG2-glia can receive direct excitatory
and inhibitory synaptic input from neurons mediated by
the neurotransmitters glutamate and GABA. However, the
functional role of this neuron to glia synapse is not yet
entirely understood (Lin and Bergles, 2004; Bergles et al., 2010).
The discovery of NG2-neuron synapses offers the possibility
to further investigate the relationship between NG2-glia and
neurons in the brain. Interestingly, during their differentiation
step from NG2-glia to more mature stages (oligodendrocytes),
these cells lose their synapses with neurons (De Biase et al,
2010). Due to the dearth of data, we will focus in this review
more on the role of microglia and astrocytes and synapse
loss.
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MICROGLIA

Microglia mediated synapse loss, or synapse pruning is an
important physiological process for proper brain maturation
during development. Understanding microglia function in
healthy conditions can further help to get insights into their
contribution to synapse loss and dysfunction early in disease.
Microglia constantly extend and retract their processes and
scan their local environment, thereby exploring the entire brain
volume (Nimmerjahn et al., 2005). Several studies confirmed
that microglia directly contact synaptic elements, thus affecting
many synapses (Tremblay et al, 2010; Paolicelli et al., 2011;
Schafer et al., 2012). Recent work has also shown that disruption
of microglia function resulted in deficient synaptic pruning
that was associated with weak synaptic transmission leading
to functional connectivity deficits (Paolicelli et al., 2011; Zhan
et al, 2014). Furthermore, this microglia-mediated synaptic
elimination was shown to be dependent on neuronal activity
(Schafer et al, 2012). In addition, depletion of microglia led
to a reduction in motor-learning-dependent synapse formation
(Parkhurst et al., 2013), implicating microglia in sculpting
synaptic connectivity.

AP plaques in human AD brains and in mouse models
of AD are surrounded by microglia (Meyer-Luehmann et al.,
2008; Serrano-Pozo et al., 2013) with impaired process extension
(Figure 1A). Microglia cells can be classified into three main
types based on their morphology: ramified, hypertrophic and
amoeboid. Ramified microglia are found in plaque-free areas
of the brain, whereas hypertrophic and amoeboid microglia
with short, thick and poorly ramified processes are typically
associated with senile plaques (Brawek et al., 2014). Interestingly,
microglia are not only the resident monocytes in the brain
but are also present in the retina, where AP deposits
have been reported as well in AD patients and AD mice

(Ning et al., 2008; Grimaldi et al., 2018). Similar to the brain,
the retina of late-symptomatic AD mice contains less ramified
microglia when compared to wildtype (WT) controls (Grimaldi
et al., 2018). Recently, with the help of advanced technologies,
more microglial phenotypes have been described. By comparing
microglia cells from WT and 5xFAD transgenic mice using
single-cell RNA-sequencing, disease associated microglia (DAM)
co-localizing with AP plaques were identified (Keren-Shaul et al.,
2017). Though, their precise role in synapse clearance and
remodeling requires further investigation (Deczkowska et al.,
2018). Moreover, an electron microscopy study defined “dark”
microglia that are under steady state conditions rarely present
but become prevalent in mouse models with AD pathology.
Those “dark” microglia are predominantly active at synapses
with condensed, electron-dense cytoplasm and nucleoplasm
(Bisht et al., 2016). Ultimately, another study depicted the
switch of microglia from a homeostatic to a neurodegenerative
phenotype by gene expression analyses (Krasemann et al.,
2017). However, the exact function of microglia in the context
of AD is still not understood. In any case, they play either
a beneficial or detrimental role in AD pathology, including
the degradation of AP or the stimulation of neurotoxicity
through inflammatory cytokine release (Wyss-Coray and Rogers,
2012). Several genes expressed or enriched in microglia
appeared to be involved in AP clearance, including CD33
(Griciuc et al., 2013). Furthermore, members of the classical-
complement-cascade, Clusterin and CR1 have been linked to
late onset AD (Jun et al., 2010; Fonseca et al., 2016). The
best characterized molecules involved in synapse removal by
microglia are components of the complement cascade that is
upregulated in AD brains. Furthermore, Ap and tau aggregates
can induce microglial and complement activation (Rogers et al.,
1992; Shen et al, 2001). A recent study implicates microglia,
complement and immune-related pathways as early mediators

Thy1-GFP

FIGURE 1 | Microglia and astrocytes cluster around amyloid-B (AB) plaques (white arrows) in the brains of amyloid precursor protein (APP) transgenic mice. (A)
Microglia (Ibat, red) can be found closely associated with AB plaques (6E10, blue), with dystrophic neurites appearing in the vicinity of AR plaques (GFP). (B) Reactive
astrocytes (GFAP, red) can be found in close proximity to AB plaques (6E10, bluge). Scale bar represents 10 wm.
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of synaptic dysfunction (Hong et al., 2016). In the hippocampus
of AD mice, the complement proteins Clq and C3 were
upregulated and connected with synapses at pre-depositing
stages, causing extended engulfment of synaptic elements (Hong
etal., 2016). Furthermore, inhibition of C1q, C3 and CR3 rescued
synapse loss and synaptic dysfunction in young hAPP mice
indicating that microglia are involved in early synapse loss
in pre-depositing mice. In addition, Clq-deficient mice that
were crossed to Tg2576 mice displayed less astrogliosis and
AP plaques, suggesting a detrimental role of the complement
pathway (Fonseca et al., 2004). Together, these data indicate that
pathways responsible for synaptic pruning during development
are activated in AD that eventually lead to synapse loss (Stephan
et al, 2012; Hong et al, 2016). Interestingly, depletion of
microglia (30%) in 3xTg AD mice improved cognition but did
not alter AP plaque load, suggesting that microglia might play
a role in cognitive dysfunction independent of AB pathology
(Dagher et al,, 2015). Alternatively, it has been proposed that Ap
binds to postsynaptic glutamatergic receptors leading to synapse
inactivation (Decker et al., 2010; Li et al., 2011). Microglia might
then be recruited to the AP tagged synapse and induce the
removal of this complex.

ASTROCYTES

Astrocytes represent the most abundant cell type in the brain.
They are involved in synapse formation and elimination, synaptic
plasticity and activity. Due to their essential role in brain function
it is likely that astrocyte dysfunction results in progression
of neurodegenerative diseases. Similar to microglia, reactive
astrocytes surround senile AP plaques in the brain of AD
patients and in mouse models of AD. They become reactive
as indicated by their hypertrophic processes and increased
expression of GFAP (Wisniewski and Wegiel, 1991; Sofroniew,
2009) (Figure 1B). On the one hand, astrocytes are able
to degrade and phagocytose AB and reduce AB mediated
neurotoxicity (Wyss-Coray et al., 2003), but on the other hand
they induce microglia activation by releasing proinflammatory
factors (Wyss-Coray and Rogers, 2012). Vice versa, a subtype
of reactive astrocytes (Al) that is abundant in the AD brain, is
induced by neuroinflammatory microglia (Liddelow et al., 2017).
As AD pathology progresses, reactive astrocytes upregulate the
adenosine receptor A2A, thereby leading to long-term memory
loss due to affected astrocyte-synapse interactions. In addition,
conditional genetic removal of the A2A-receptor enhanced
memory function in hAPP mice (Orr et al,, 2015). These findings
suggest that increased levels of astrocytic A2A receptor due
to AD pathology might contribute to memory loss. Moreover,
resting Ca®* levels are enhanced in AD mice and more frequent
Ca’* transients and intracellular Ca>* waves are present, all
of which can lead to the release of gliotransmitters (glutamate,
ATP, GABA) (Kuchibhotla et al., 2009; Henneberger et al., 2010;
Lee et al., 2010; Woo et al., 2012). Furthermore, production
of GABA by reactive astrocytes is increased in APPPS1 mice,
though inhibition of GABA production or release from reactive
astrocytes fully recovers spike probability, synaptic plasticity,
learning and memory loss in these mice (Jo et al., 2014).

Further investigations of neuron-glia signaling pathways and
their disruption in neurodegenerative diseases are necessary
for the development of new successful therapies that are
promising due to the early involvement of glia in the disease
process.

THERAPEUTIC APPROACHES

Although our knowledge regarding the mechanism underlying
AD pathogenesis has improved over the last decades, there is still
no cure available. Moreover, open questions concerning memory
and synapse loss, as well as gliosis and related neuronal damage,
still remain (De Strooper and Karran, 2016).

Most current therapeutic approaches focused on the
reduction of AP levels and AP plaque load by inhibiting or
modifying the generation of AB. Other attempts tried to target
the tau protein instead (Roberson et al., 2007; Ittner et al.,
2010). The reduction of endogenous WT murine tau by 50%
circumvented synaptic and behavioral deficits in hAPP mice,
without affecting AP plaque load (Roberson et al, 2007).
Although the mechanism by which Af-mediated cognitive
deficits are prevented without diminishing AP levels remains
elusive. In vivo imaging of 3xTg-AD mice revealed spine loss
on dystrophic dendrites positive for hyperphosphorylated
tau in areas without plaques (Bittner et al., 2010). Further
investigations on the function of tau in mouse models of AD will
provide insights regarding the role of tau in AD.

Prime targets for AD therapies are - and y-secretase
inhibitors. Numerous inhibitors currently undergo clinical trials
(May et al, 2011; Lucas et al,, 2012; Wang et al, 2014; Yan
and Vassar, 2014). Therefore, several studies have tested f-
and y-secretase inhibitors in mouse models of AD. In vivo
2-photon imaging allows to explore structural plasticity of
synapses in living mice, even for long-time periods (Grutzendler
et al., 2002; Tsai et al., 2004; Spires et al., 2005; Fuhrmann
et al, 2007; Liebscher and Meyer-Luehmann, 2012; Liebscher
et al, 2014) and the effect of administered drugs on the
plasticity of spines and synapses can be directly monitored.
Two different y-secretase inhibitors, DAPT and LY450139, were
tested in WT and APP-KO mice on structural plasticity of
dendritic spines. Bittner et al. (2009) could show that APP-KO
mice have an increased spine density and that y-secretase
inhibition reduces the number of spines in an APP-dependent
manner. Other studies performed in vivo 2-photon imaging
and followed dendritic spines and axonal boutons over the
course of several weeks in APPS1 mice. Pre- and postsynaptic
structures showed an enhanced instability in the vicinity of Af
plaques (Grutzendler and Gan, 2007; Spires-Jones et al., 2007;
Liebscher et al., 2014). Four weeks treatment with a y-secretase
inhibitor (ELN594) efficiently reduced AP plaque formation
and growth and stabilized spines near plaques (Liebscher et al.,
2014).

Unfortunately, the inhibition of BACEI is known for its
mechanism-based side-effects. Conditional deletion of BACEI in
5xFAD mice resulted in reduced Af plaque load and improved
synaptic function, determined by LTP and contextual fear
conditioning experiments (Hu et al., 2018). However, ablation
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of BACE]1 in mice is not without issues, as those mice exhibit
abnormal astrogenesis, neurogenesis, hyperactivities, impaired
axonal growth and altered LTP (Vassar, 2014). Pharmacological
inhibition of BACEI slowed down plaque formation and reduced
dendritic spine formation via Seizure Protein 6 in long-term
in vivo imaging experiments (Filser et al., 2015; Peters et al,,
2018; Zhu et al., 2018). Further studies are needed to elucidate
how side-effects can be reduced to a minimum e.g., by partial
inhibition of BACEl (Fukumoto et al, 2002; Zhao et al,
2007).

The oligomeric form of Af is often considered as the toxic
form. Immunotherapy against AP oligomers had little effect
on synapse loss in the vicinity of AB plaques but abolished
synapse loss further away from plaques (Dorostkar et al., 2014),
suggesting that synapse loss is not primarily mediated by
oligomers. In another study, switching off oligomer production
resulted in improved cognitive and synaptic impairment (Fowler
et al, 2014). However, despite these promising results in
preclinical studies, removing toxic AP species from the brain with
active immunization failed in clinical trials (Hyman, 2011).

To date, it remains an open question whether such Af
lowering strategies will be successful. Therefore, alternative
treatment options should be considered. Mice exposed to an
environmental enrichment developed enhanced numbers of new
dendritic spines, excitatory synapses and dendritic branches
on pyramidal neurons (Mora et al, 2007). Environmental
enrichment has also been shown to ameliorate AB plaque
load, synapse loss and impaired synaptic plasticity (Lazarov
et al., 2005; Cracchiolo et al., 2007; Herring et al., 2009;
Ziegler-Waldkirch et al., 2018a,b). In a non-pharmacological
approach, housing in an environmental enrichment reduced
AB plaque load by activating phagocytic microglia in 5xFAD
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Macrophage colony-stimulating factor (mCSF) is a cytokine known to promote the
recruitment of macrophages inducing the release of CCL2, a chemokine mobilizing
monocytes to sites of inflammation. Additionally, it induces microglia/macrophage
proliferation and the polarization of these cells towards a M2-like phenotype, impairing
their ability to release pro-inflammatory factors and toxic mediators, while favoring the
release of mediators promoting tissue repair. Another important player is the mCSF
receptor CSFR1, which is highly expressed in monocytes, macrophages and microglia.
Here, we discuss the new interesting therapeutic avenue of the mCSF/CSFR1 axis on
brain diseases. More specifically, mCSF cascade might stimulate the survival/proliferation
of oligodendrocytes, enhance the immune response as well as modulate the release of
growth factors and the phagocytic activity of immune cells to remove myelin debris and
toxic proteins from the brain.

Keywords: mCSF, microglia, brain diseases, innate immune response, phagocytosis

INTRODUCTION

Macrophage colony-stimulating factor (mCSF) is an hematopoietic cytokine expressed in a wide
range of cells and tissues, namely the kidney, brain, liver, retina, spleen, lung, adipose tissue,
skin and joints (Ryan, 2001; Nandi, 2006). It stimulates progenitor cells from bone marrow
(Stanley, 1976) and takes a role in the development, proliferation and maintenance of mononuclear
phagocytes such as monocytes, dendritic cells, microglia and osteoclasts (Chitu et al., 2016). mCSF
signals through a tyrosine kinase family receptor, CSFR1 also known as CD115, which also binds
interleukin-34 (IL-34) that plays similar roles (Ségaliny et al., 2015). In addition to be involved
in the development and support of innate immune cells, mCSF/CSFR1 activity is involved in
various pathologies such as ovarian cancer, breast cancer, rheumatoid arthritis and cutaneous
lupus (Toy et al., 2009; Achkova and Maher, 2016). The mCSF/CSFR1 axis is a therapeutic target
to regulate the inflammatory and pathological processes, including cancer, rheumatoid arthritis
and cutaneous lupus. CSFR1 monoclonal antibody or antagonist has been shown to suppress
the inflammatory response in a phase II clinical trial on rheumatoid arthritis (Garcia et al.,
2013). mCSF-deficient mice exhibit numerous phenotypic defects, namely toothless, skeletal defects
(Naito et al., 1997), reduced body weight, deficit in tissue macrophages and osteoclasts as well as
neurological abnormalities (Nandi et al., 2012) indicating a major role played by this ligand on these
populations of cells. In the brain this cytokine is secreted by neurons, astrocytes and microglia and
is involved in the brain development (Nandi et al., 2012). In this regard, mCSF-deficient animals
have severe brain deficits with specific abnormalities within the cerebral cortex.
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mCSF has also a critical role on the activity, survival,
maintenance, proliferation and differentiation of microglial
cells, which are resident immune cells in the brain. It has
been proposed that microglia are derived from progenitors
that originate from the neuroectoderm and/or the mesoderm,
which colonize the brain from the early embryonic stage, and
throughout the fetal development stage (Soulet and Rivest, 2008).
They are the only cell type that expresses the CSFR1 in the brain
(Erblich etal., 2011). A conditional deletion of CSFR1 specifically
in microglia leads to a severe depletion of these innate immune
cells in the brain (Elmore et al., 2014). Taken together, these
data point towards a major role of the mCSF/CSFRI1 axis within
microglia as a crucial neuroprotective mechanism in the brain
during normal and pathological conditions.

mCSF IN PATHOLOGICAL CONDITIONS

mCSF has the ability to polarize microglia towards both pro-
inflammatory (M1) and anti-inflammatory (M2) directions
depending on the microenvironment and other inflammatory
molecules (Hamilton et al., 2014). The presence of IL-1, tumor
necrosis factor (TNEF), reactive oxygen species (ROS) and nitric
oxide (NO) creates a powerful pro-inflammatory medium,
whereas IL-10, arginase 1, transforming growth factor p (TGF-f)
are rather anti-inflammatory and contribute to the effects of
mCSF to restrict neuroinflaimmation in brain injuries and
diseases. (Cherry et al., 2014).

Neurodegenerative diseases are associated with a robust
microglial response, which is known to have both beneficial
and detrimental properties depending on the disease, animal
models, duration and environmental factors (Aguzzi et al,
2013). In many diseases, microglia are becoming a key
target for therapeutic purposes since they can eliminate toxic
elements from the brain and set the conditions for repair
and remyelination. The mCSF/CSFRI axis is consequently a
very interesting new therapeutic avenue and has also been
used as diagnostic tools in neuropathologies (Hume and
MacDonald, 2012). In this regard, low levels of mCSF were
measured in patients with presymptomatic Alzheimer’s disease
(AD) or mild cognitive impairment (MCI), which together
with low levels of other hematopoietic cytokines predicted the
rapid evolution of the disease toward a dementia diagnosis
2-6 years later (Ray et al., 2007; Laske et al., 2010). In multiple
sclerosis (MS) patients, despite the tremendous increase in
macrophages/microglia within the lesions, the relative number
of these cells expressing mCSF or CSFR1 decreased (Werner
et al., 2002). Consequently, a lower level of mCSF/CSFR1 in the
bloodstream and the brain seems to be predictive a the disease
evolution.

ALZHEIMER’S DISEASE (AD)

AD is a progressive neurodegenerative disease and the most
common form of dementia with close to 50 million affected
individuals in the world. One proposed hypothesis of the
disease onset and progression is the failure of microglia to
clear amyloid-beta (AB) due to their poor phagocytic properties

when compared to macrophages. The consequence is the
AP accumulation (both soluble and insoluble) that provokes
neurological disorder, cognitive decline and neurodegeneration
(Masters et al.,, 2015). On the other hand, the harmful role
of microglia is due to the production of pro-inflammatory
cytokines, NO and ROS among other secreted factors in
presence of AR (Combs et al., 2001). Although microglia have
ability to clear AP at the early stage of AD, this phagocytic
response seems to deteriorate with time explaining the overflow
of AB accumulation while the diseases is progressing (EIAli
and Rivest, 2016). Such impaired role of microglial cells to
clear this toxic protein appears crucial in AD etiology. As
mentioned, mCSF plays important roles in the activation state
of microglia, especially to improve their phagocytic properties
with very limited pro-inflammatory activities (Mitrasinovic et al.,
2003). Intraperitoneal weekly injections of mCSF beginning
before the apparition of symptoms prevent amyloid burden
and neurological decline in the APPswe/PS1 mouse model
of AD (Boissonneault et al, 2009). Even more interesting
is the fact that such a treatment was able to stabilize
the disease then improve the cognition and memory when
started late after the first symptoms. The main conclusion
of this study was that mCSF was able to trigger microglia
proliferation, improve their phagocytic activities to Af and
prevent its toxicity to neuronal elements (Boissonneault et al.,
2009).

In another study supporting the neuroprotective role of
mCSF, Mitrasinovic and colleagues used microglial cell line
overexpressing CSFR1 in the presence of AP in the culture
medium (Mitrasinovic, 2003). Such a preparation was able to
activate microglia and improve AP phagocytosis. One of the
challenges is to control the chronic inflammatory reaction,
which has frequently been associated with the detrimental role
of these cells in that disease. Of interest is that such a response
does not take place in the brain of mCSF-treated animals
such as in the case of lipopolysaccharide (LPS)-treated mice
that exhibit of strong and robust pro-inflammatory reaction
together with an increased phagocytosis. Of note, a chronic
systemic LPS administration in APPg/PS1 mice leads to
higher A8 deposit (Lee et al, 2008). In contrast, Michaud
et al. (2013) used a detoxified LPS called monophosphoryl
lipid A (MLP) that triggers a low inflammatory response
while inducing a strong phagocytic microglial reaction in
APPgy/PS1 mice and improvement of AD-related pathologies.
This provides clear evidence that a strong inflammatory
response by microglia is not necessary to improve their
efficiency to clear AP. The challenge remains to mastering
the inflammatory/anti-inflammatory phenotype depending
on stage of AD and to maintain efficient responses to
clear AP in a chronic manner to prevent or delay the
symptoms.

MULTIPLE SCLEROSIS (MS)

MS is an autoimmune disorder with consequences as axon
demyelination and chronic inflammation of the CNS
(Thompson et al., 2018). The demyelinating processes leave
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many myelin debris, which can be cleared by microglia and
infiltrating macrophages later in the pathology (Huizinga
et al, 2012). A proper activation of microglia enhances
myelin clearance and allows the oligodendrocyte precursor
cell (OPC) differentiation and oligodendrocyte survival, that
improve remyelination (Kotter, 2006). As for the case of
amyloid, microglia need to be activated to phagocyte the
myelin debris and we recently provided solid evidence that
mCSF plays a key role in such activation process (Laflamme
et al, 2018). A number of animal models are available to
mimic MS, namely cuprizone-induced demyelination and
Experimental Autoimmune Encephalomyelitis (EAE). The well-
characterized, very reproducible and non-invasive cuprizone
model allows to study cellular and molecular mechanisms
involved in the demyelination (DM)/remyelination (RM)
process, while excluding the autoimmune component (Denic
et al, 2011). Indeed, continued exposition to dietary cuprizone,
a copper-chelating toxin, leads to oligodendrocyte apoptosis
and demyelination among vulnerable brain structures, such
as the corpus callosum and cerebral cortex. Few days after
replacing cuprizone by normal food, RM is observed in those
structures (Matsushima and Morell, 2006; Gudi et al., 2014).
Our previous study brought us to deepen the role of microglia
and other parenchymal cells such as oligodendrocytes in the
cascade of events that leads to DM/RM events (Lampron
et al., 2015). For this reason, in this study, exogenous mCSF
was administered to mice that received dietary cuprizone
(Laflamme et al., 2018). mCSF is a cytokine well-known to
stimulate cell survival, proliferation and differentiation of
myeloid cells (Hamilton, 2008; Otero et al., 2009). Moreover, it
modulates microglial phenotype towards an anti-inflammatory
one (Ushach and Zlotnik, 2016), reducing the expression of
antigen presenting proteins (Smith et al., 2013) and promoting
the release of trophic factors (Smith et al.,, 2013). Herein, we
investigated the effect of exogenous mCSF on the activity of
microglia and oligodendrocytes over the course of cuprizone
intoxication. Since mCSF is expressed constitutively, we utilized
a conditional model in which its mCSF receptor (CSFIR) is
deleted in microglia selectively, to better understand the role of
the endogenous cytokine.

mCSF-treated mice exhibited reduced myelin loss during
the demyelination phase, together with an increased number
of microglia and OPCs in lesion sites (Laflamme et al., 2018).
Tamoxifen-induced conditional deletion of the mCSF receptor
in microglia from cuprizone-fed mice caused aberrant myelin
debris accumulation in the corpus callosum and reduced
microglial phagocytic response. mCSF therefore plays a key
role in stimulating myelin clearance by brain innate immune
cells, which is a prerequisite for proper remyelination and
myelin repair processes. Microglial cells synthetize the growth
factor IGF-1 that may be involved in the remyelination process.
IGF-1 would play a role in oligodendrocyte survival and OPC
differentiation, but the mechanism remains unclear and needs to
be further investigated (Laflamme et al., 2018).

Although the cuprizone model allowed us to study the
de/remyelination and the interactions between microglia,
oligodendrocytes and the environment, it is not a model to

study the inflammation and peripheral immune cell invasion.
For this aspect of the disease, EAE is used. In this model,
there is a chronic inflammatory response together with a
robust activation of microglia, DM, synaptic dysfunctions and
perturbation in the axonal transport (Rasmussen et al., 2007).
mCSF inhibition in EAE animals improved recovery, suppressed
the production of pro-inflammatory molecules and decreased
the number of infiltrating immune cells (Uemura et al., 2008).
The dual role of the cytokine in these two different models
may be explained by critical contribution of infiltrating cells in
the pathology of EAE mice. Although there is also infiltration
of monocytes in the brain of cuprizone fed mice, these cells
do not contribute to the neuropathology of cuprizone-treated
animals (Lampron et al., 2015). Consequently, inhibiting mCSF
function seems beneficial in a model that depends on blood
brain barrier damages and massive infiltration of immune cells,
whereas it is the opposite in a model depending on the ability
of microglia to clear myelin debris, such as in the case of
cuprizone.

GLIOMA

Glioma is a tumor that begins within the population of
glial cells in the CNS. The tumor-associated cytokines
are correlated with the grade of the cancer (Balkwill and
Mantovani, 2001). In high-grade gliomas, macrophages with
an anti-inflammatory profile are predominant. mCSF, IL-10,
TGFp are reported to be highly expressed by the tumor
and its microenvironment compared to low grade gliomas
(De et al, 2016). These results suggest that tumor-derived
mCSF induces a shift of microglia/macrophages towards the
M2 phenotype, which influences tumor growth. Evaluation
of the proportion of M2 microglia/macrophages and mCSF
expression in tumor tissue would be useful for the assessment of
microglia/macrophage proliferative activity and the prognosis
of patients with gliomas. Injecting mCSF in rats bearing tumors
has two effects depending on the dose. A low dose of mCSF has
no effect regarding the tumor progression and cell recruitment,
whereas an high dose of mCSF has a significant anti-tumor effect
against glioma (Matsuoka et al., 1994). Similar anti-tumor effects
were reported in other cancers, such as sarcoma, melanoma and
lung cancer. Another study in mCSF-deficient mice (mice op/op)
has shown a comparable number of Ibal cells in tumor-bearing
brain and a comparable state of activation in both wild type
and op/op groups of mice (Sielska et al., 2013). Inhibition of
mCSF signaling pathway by blocking the CSFR1 on microglia
prevents the glioblastoma invasion and tumor-associated
microglia (Coniglio et al., 2012). Glioblastoma cells from human
patient express mCSF which triggers microglia M2 profile that is
involved in tumor progression (Komohara et al., 2008; Pollard,
2009). Despite conflicting data, it seems that inhibiting of the
mCSF/CSFR1 pathway would be the angle to treat glioblastoma.

BRAIN INJURY

A massive proliferation and infiltration of innate immune cells
takes place during CNS injury and microglia are the main
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effector of this response (Donat et al., 2017). Such a cellular
response is mainly mediated by the release of cytokines in the
microenvironment of the injury. mCSF inhibition was found
to prevent significantly such a cellular movement together with
microglial proliferation, an increase number of neuron death
and exacerbation of the injury. These observations unravel
another example of the beneficial role played by mCSF and
the importance of these resident immune cells in the brain.
Neuronal protection from excitotoxic and teratogen reaction
followed by brain injury was also observed in organotypic
co-culture media with transfected microglia overexpressing
CSFR1. Microglia activation by mCSF improved neuronal
survival in the co-culture in vitro system (Mitrasinovic, 2005).
It was also shown that the cytokine is secreted by neurons in
early phases then by microglia on later phases around necrosis
in an in vivo model of focal brain injury in rats (Takeuchi
et al.,, 2001), mCSF-induced microglial proliferation promotes
tissue repair, nerve regeneration and inhibits production of
pro-inflammatory cytokines (Xu et al., 2017). It is also important
to mention that activated microglia are not strictly polarized
into pro-inflammatory or anti-inflammatory profiles, but into a
mixed phenotype resulting in a complex signaling between the

actors of neuroinflammation. Indeed, gene expression analyses
have unraveled such a mixed signature of M1/M2 microglia
following brain injury (Rosi, 2016).

CLINICAL STUDIES

mCSF/CSFR1 axis is a therapeutic target to regulate the
inflammation and innate immune cell proliferation and
differentiation that play both beneficial and detrimental roles
in neuropathologic processes depending on the disease and
model (Hamilton et al., 2017). Drugs were developed against
the ligand or the receptor in various diseases namely cancer,
rheumatoid arthritis and cutaneous lupus. It is targeted with
monoclonal antibodies or antagonists, which block the action
of the ligand on its binding site. It is the principal strategy
used in cancer therapy. Monoclonal antibodies have also been
developed against mCSF. Based on preclinical data, inhibition
of the mCSF/CSFR1 axis may not be a good strategy and can
be deleterious in inflammatory or neurodegenerative diseases
(Hamilton et al., 2017). On the other hand, such a strategy seems
to have beneficial effects on pain alleviation where microglia
have to be inhibited in contrast to the diseases discussed above.
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CONCLUSION

mCSF/CSFR1 has a pivotal role in healthy brain and
neurodegenerative pathologies. It is synthetized by neurons,
astrocytes and microglia. Such a mCSF/CSFR1 signaling
helps microglia clearing myelin debris, support neurons, clear
toxic proteins and maintaining microglia (Figure 1). Many
groups have studied the role of the mCSF/CSFR1 axis in the
brain. It appears essential in brain development, synaptic
landscape, infection resolution and neuronal maintenance.
In some neurodegenerative diseases, mCSF and microglia
are highly beneficial, especially in mouse model of AD to
clear amyloid, prevent its toxicity to neurons and improve
cognitive impairment. mCSF-activated microglia help clearing
myelin debris and set the conditions for remyelination
and repair. mCSF injections have beneficial effects on
remyelination, oligodendrocyte survival and OPC differentiation
in cuprizone-fed mice. mCSF is not always benefic, inhibition
of mCSF reduces immune cell infiltration and inflammation in
the EAE model that mimics the massive invasion of systemic
immune cells in the CNS. In the same line, mCSF deficiency
prevents tumor invasion in glioblastoma.

Taken together, these studies underline a great potential
of this hematopoietic cytokine and the need to modulate the
mCSF/CSFR1 axis in pre-clinical models of brain diseases,
although this has to be validated in clinical settings. Many clinical
trials have used mCSF inhibitors or a monoclonal antibody
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Huntington’s disease (HD) is an inherited neurodegenerative disorder caused by the
abnormal expansion of CAG repeats in the huntingtin (HTT) gene, which leads to
progressive loss of neurons starting in the striatum and cortex. One possible mechanism
for this selective loss of neurons in the early stage of HD is altered neurotransmission
at synapses. Despite the recent finding that presynaptic terminals play an important
role in HD, neurotransmitter release at synapses in HD remains poorly understood.
Here, we measured synaptic vesicle release in real time at single presynaptic terminals
during electrical field stimulation. We found the increase in synaptic vesicle release at
presynaptic terminals in primary cortical neurons in a knock-in mouse model of HD
zQ175). We also found the increase in Ca®* influx at presynaptic terminals in HD
neurons during the electrical stimulation. Consistent with increased Ca®*-dependent
neurotransmission in HD neurons, the increase in vesicle release and Ca®* influx was
rescued with Ca®* chelators or by blocking N-type voltage-gated Ca?* channels,
suggesting N-type voltage-gated Ca?* channels play an important role in HD. Taken
together, our results suggest that the increased synaptic vesicles release due to
increased Ca®* influx at presynaptic terminals in cortical neurons contributes to the
selective neurodegeneration of these neurons in early HD and provide a possible
therapeutic target.

Keywords: Huntington’s disease, synaptic vesicle release, calcium influx, real-time imaging, presynaptic terminal

INTRODUCTION

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder caused by an
increase in CAG trinucleotide repeats in the huntingtin (HTT) gene, giving rise to an expanded
polyglutamine (polyQ) domain in the N-terminal of the encoded HTT protein (MacDonald
et al,, 1993). The main clinical symptoms of HD include severe involuntary motor dysfunction,
psychiatric disturbance, cognitive impairment, and eventual death (Dayalu and Albin, 2015).
Although the HTT gene is ubiquitously expressed throughout the human body, the medium spiny

Frontiers in Molecular Neuroscience | www.frontiersin.org 21

December 2018 | Volume 11 | Article 478


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://doi.org/10.3389/fnmol.2018.00478
http://crossmark.crossref.org/dialog/?doi=10.3389/fnmol.2018.00478&domain=pdf&date_stamp=2018-12-24
https://www.frontiersin.org/articles/10.3389/fnmol.2018.00478/full
https://www.frontiersin.org/articles/10.3389/fnmol.2018.00478/full
https://www.frontiersin.org/articles/10.3389/fnmol.2018.00478/full
https://www.frontiersin.org/articles/10.3389/fnmol.2018.00478/full
https://www.frontiersin.org/articles/10.3389/fnmol.2018.00478/full
https://loop.frontiersin.org/people/587350/overview
https://loop.frontiersin.org/people/535803/overview
https://loop.frontiersin.org/people/652828/overview
https://loop.frontiersin.org/people/587576/overview
https://loop.frontiersin.org/people/152737/overview
https://loop.frontiersin.org/people/560368/overview
https://creativecommons.org/licenses/by/4.0/
mailto:hkpark@ust.hk
https://doi.org/10.3389/fnmol.2018.00478
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Chen et al.

Altered Vesicle Release in HD

neurons (MSNs) in the striatum and the pyramidal neurons in
the cortex are most vulnerable neurons in HD (Vonsattel and
DiFiglia, 1998).

It has been suggested that the selective loss of these neurons
in HD may be associated with altered synaptic transmission
(Klapstein et al., 2001; Cepeda et al., 2003; Li et al., 2003;
Smith et al., 2005; Raymond et al., 2011; Tyebji and Hannan,
2017; Virlogeux et al., 2018), reduced support of brain-derived
neurotrophic factor (BDNF; Zuccato and Cattaneo, 2009, 2014;
Park, 2018; Yu et al., 2018), mitochondrial dysfunction (Carmo
et al, 2018; Franco-Iborra et al, 2018), and altered Ca®*
regulation (Bezprozvanny, 2009; Miller and Bezprozvanny, 2010;
Raymond, 2017). In particular, altered synaptic transmission
has been investigated as a pathogenic mechanism and as a
possible therapeutic target in HD (Raymond, 2017; Tyebji and
Hannan, 2017). Some studies have focused on postsynaptic
terminals, which are generally related to neuronal death in
the striatum (Raymond, 2017). For example, increased activity
of extrasynaptic N-methyl-D-aspartate receptors (NMDARs)
was suggested to lead to the degeneration of striatal neurons
(Milnerwood et al., 2010; Botelho et al., 2014; Plotkin et al,,
2014). An increased intracellular Ca%* concentration due to
increased NMDAR activity and/or other Ca** sources, including
the InsP3R1 (inositol 1,4,5-trisphosphate receptor type 1) and
store-operated Ca’" entry, was also suggested to underlie the
striatal neurodegeneration in HD (Tang et al., 2003, 2004; Wu
et al,, 2016). Activation of the NMDAR can be induced by the
release of neurotransmitters from presynaptic terminals (Blanton
et al., 1990; Atasoy et al., 2008). In this respect, it is interesting
to note that mutant HTT protein has been reported to alter the
exocytosis of presynaptic vesicles (DiFiglia et al., 1995; Morton
et al., 2001; Romero et al., 2008; Joshi et al., 2009). Recently,
reconstituted corticostriatal synapses formed in microfluidics
devices showed that presynaptic terminals from cortical neurons
contribute to HD (Virlogeux et al., 2018). However, the release of
neurotransmitters at single presynaptic terminals as an input of
corticostriatal synapses in HD remains poorly understood.

Using real-time imaging of single presynaptic terminals
containing FM 1-43-labeled synaptic vesicles, we measured
synaptic vesicle release in real time at single presynaptic terminals
during electrical field stimulation. We found the increase in
synaptic vesicle release at presynaptic terminals in primary
cortical neurons in a knock-in mouse model of HD (zQ175). We
also found the increase in Ca** influx at presynaptic terminals
in HD neurons during the electrical stimulation. The increased
release and Ca?" influx in cortical neurons of heterozygous
zQ175 were reduced by loading the neurons with BAPTA-AM
(a Ca%* chelator) or treating neurons with w-conotoxin GVIA (a
selective N-type voltage-gated Ca®* channel blocker).

MATERIALS AND METHODS

Mice

The HD knock-in mice (zQ175) were obtained from Jackson
Laboratories and were maintained in the Animal and Plant Care
Facility at the Hong Kong University of Science and Technology

(HKUST). Heterozygous mice were used for breeding. All
procedures were approved by the Department of Health,
Government of Hong Kong.

Primary Cultures of Cortical Neurons

HD and wild-type (WT) cortical neurons were obtained from
primarily neocortical tissue of postnatal day 0 (P0) heterozygous
pups and littermates. Approximately 10° neurons were cultured
on each glass coverslip in 24-well plates as described previously
(Liu and Tsien, 1995). Three days after plating the neurons
(days in vitro 3, DIV3), 20 wM 5-Fluoro-2’-deoxyuridine (FUDR,
Sigma) was added to inhibit the proliferation of glia (Leow-Dyke
et al., 2012). The neurons were incubated at 37°C in humidified
air containing 5% CO; for at least 14 days, and imaging and
patch-clamp experiments were performed between DIV14 and
DIV21.

Immunofluorescence

Cultured cortical neurons were fixed in 4% paraformaldehyde in
phosphate-buffered saline (PBS) at room temperature for 10 min.
After washing three times with ice-cold 0.1 M PBS, the neurons
were permeabilized with PBS containing 0.1% Triton X-100
at room temperature for 10 min. After washing and blocking,
50 pl of primary antibody mixtures containing polyclonal anti-
microtubule-associated protein 2 [anti-MAP2; 1:500; Ab5392
(Abcam)] together with the monoclonal anti-vesicular glutamate
transporter 1 [anti-VGLUT1; 1:500; MAB5502 (Millipore)],
monoclonal anti-glutamic acid decarboxylase 67 [anti-GAD67;
1:500; MAB5406 (Millipore)], monoclonal anti-GFAP [1:500;
MAB360 (Millipore)], monoclonal anti-polyQ [1:500; MAB1574
(Millipore)], or monoclonal anti-ubiquitin [1:200; ab7780
(Abcam)] were added to each coverslip, and the neurons were
incubated in a cold room overnight. The following day, Alexa
546-conjugated (A11040, Abcam) and Alexa 647-conjugated
secondary antibodies (A31571, Abcam) were added. After
washing with PBS three times, 50 pl DAPI (300 nM) was
added to each coverslip, and the coverslips were mounted on
glass slides. Fluorescence images were obtained using a Zeiss
LSM 710 microscope. The percentage of VGLUT1 positive
neuron was calculated by 100 x [(the number of VGLUT1-
positive cells)/(the number of MAP2-positive cells)]. The
percentage of GADG67-positive neurons was calculated by
100 x [(the number of GAD67-positive cells)/(the number
of MAP2-positive cells)]. The percentage of GFAP-positive
cells was calculated by 100 x [(the number of GFAP-positive
cells)/(the number of MAP2-positive cells + the number
of GFAP-positive cells)]. The number of VGLUTI1-positive,
GADG67-positive, and GFAP-positive cells was calculated in a
blinded fashion.

Imaging of FM 1-43-Labeled Synaptic
Vesicles

FM 1-43 was loaded into synaptic vesicles in cultured cortical
neurons by applying 1-ms field stimuli at 10 Hz for 120 s in the
presence of 16 puM FM 1-43 (135356, Thermo Fisher Scientific)
at 37°C using a parallel platinum electrode connected to an
SD9 Grass Stimulator (Grass Technologies). The chamber was
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perfused for 10 min with ACSF solution containing (in mM):
120 NaCl, 4 KCl, 2 CaCl,, 2 MgCl,, 10 D-Glucose, and
10 HEPES (300-310 mOsm, pH 7.2-7.4 with NaOH). The
experiments were performed similarly as described previously
(Zhang et al., 2007; Park et al., 2012). Time-lapse images were
acquired for 200 s at 1 Hz with an exposure time of 0.1 s
using an iXon Ultra EMCCD camera (Andor camera). The
experimental setup was made up of several pieces of equipment
as described previously (Alsina et al., 2017). The stimulator,
beam shutter, and EMCCD camera were synchronized with
a trigger from the camera via a Digidata 1550 (Molecular
Devices). Clampex (Molecular Devices) was used to generate the
stimulation protocol. An inverted IX-73 microscope (Olympus)
was used with a 100x UPlanSApo oil-immersion objective
(Olympus). A 532-nm laser (CrystaLaser) was used to illuminate
FM 1-43 with a dichroic mirror (ZT532rdc) and emission filter
(ET595/50m). The normalized fluorescence of FM 1-43 was
calculated as the fluorescence intensity in a region of interest
(ROI) relative to the mean of resting fluorescence intensity in
that ROI during the first 20 s (F/Fy). The fluorescence intensity
in a ROI was analyzed using MetaMorph software (Molecular
Devices) and the normal fluorescence was calculated using
customer-made MATLAB (MathWorks, Inc.) program. Average
traces of normalized fluorescence were calculated using the
average signal from all analyzed individual boutons. Fluorescence
loss was calculated by subtracting the average normalized
intensity in the final 60 s after stimulation and is expressed as
a percentage. The time constant of FM 1-43 destaining was
calculated by fitting the data from 20 s through 140 s to an
exponential decay using a custom-written MATLAB program.
The fitting with R > 0.8 was included for comparison of time
constants of FM 1-43 destaining between WT and HD cortical
neurons.

Electrophysiology

The paired-pulse ratio (PPR) between two evoked excitatory
postsynaptic currents (eEPSCs) was measured in cultured
cortical neurons after DIV14. Neurons were voltage clamped in
the whole-cell configuration and recorded using a MultiClamp
700B amplifier (Molecular Devices) and a Digidata 1440a
digitizer (Molecular Devices). Recordings were performed
at room temperature under continuous perfusion of ACSF
solution. Glass pipettes with a resistance of 3-5 MSQ were
filled with an intracellular solution containing (in mM):
140 K-gluconate, 2 MgCl,, 0.5 EGTA, 10 HEPES, and
0.5 Mg-ATP (300-310 mOsm, pH 7.3 with NaOH). The recorded
neuron was held at —70 mV, and the stimulating electrode
was positioned 100-200 pm from the recorded neuron. Two
consecutive stimuli were applied at increasing intervals of
50, 100, 150, and 200 ms. PPR was calculated as the ratio
between the second eEPSC amplitude and the first eEPSC
amplitude.

Ca?* Imaging

We performed Ca’* imaging at single presynaptic terminals in
cultured neurons using Cal-520-AM (21130, AAT Bioquest). A
stock solution of 1 mM Cal-520-AM was prepared in dimethyl

sulfoxide (DMSO) and stored at —20°C. The stock solution
of Cal-520-AM was added to the culture medium at the
final concentration of 1 WM, and neurons were incubated for
30 min. During the incubation, neurons were also incubated
with FM 4-64 (T13320, Thermo Fisher Scientific) at a final
concentration of 10 WM to label presynaptic terminals (Gaffield
and Betz, 2006). Loaded neurons were then transferred to
the imaging chamber and perfused continuously with ACSF
for more than 20 min before imaging. FM 4-64 fluorescence
was imaged using the frame-transfer mode for 10 frames
with a 532-nm laser (CrystaLaser) with a dichroic mirror
(ZT532rdc) and emission filter (ET6651p). Cal-520 fluorescence
was acquired using a 488-nm laser (CrystaLaser) with a dichroic
mirror (ZT488rdc) and emission filter (ET525/50m). Time-lapse
imaging of Cal-520 was acquired similar to FM 1-43 imaging.
Continuous imaging of Cal-520 with high temporal resolution
was performed using a frame-transfer mode of 10 Hz (exposure
time of 0.1 s) during 0.1 Hz external stimulation. The
concentration of Ca?" was estimated by the relative changes in
fluorescence intensity relative to baseline fluorescence of Cal-520
(AF/Fy).

FM 1-43 Destaining in the Presence of
BAPTA-AM

FM 1-43 was loaded into synaptic vesicles as described above;
2 min after loading, the chamber was perfused with ACSF at
37°C containing 200 nM BAPTA-AM (B1205, Thermo Fisher
Scientific) for 10 min. FM 1-43 imaging was then performed as
described above. Data was analyzed as described above.

FM 1-43 Destaining in the Presence of
w-Conotoxin GVIA or w-Agatoxin IVA

FM 1-43 was loaded into synaptic vesicles as described above;
2 min after loading, the chamber was perfused with ACSF for
10 min. The perfusion solution was then switched to ACSF
containing 100 nM w-conotoxin GVIA (C-300, Alomone Labs)
or 200 nM w-agatoxin GVIA (STA-500, Alomone Labs); 2 min
later, FM 1-43 imaging was performed as described above. Data
was analyzed as described above.

Ca?* Imaging in the Presence of

w-Conotoxin GVIA

Neurons were loaded with Cal-520-AM and FM 4-64 as
described above. After perfusion with ACSF for more than
20 min, the perfusion solution was then switched to ACSF
containing 100 nM w-conotoxin GVIA; 2 min later, FM 4-64 and
Cal-520 imaging was performed as described above. Data was
analyzed as described above.

Ca?* Imaging in the Presence of
Calciseptine, AP5, and NBQX

Neurons were loaded with Cal-520-AM and FM 4-64 as
described above. After perfusion for >20 min with ACSF
containing 1 WM calciseptine, 50 wM AP5, and 10 pM NBQX,
FM 4-64 and Cal-520 imaging was performed as described above.
Data were analyzed as described above.
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Analysis

MetaMorph (Molecular Devices) was used to calculate
fluorescence of FM 1-43 and Cal-520 within the ROIs. All
data are presented as the mean + SEM. Differences between HD
and WT neurons were determined using the independent
two-tailed Student’s t-test or the Kolmogorov-Smirnov
(K-S) test (SPSS, IBM Corp.). The effect of the toxins of
voltage-gated Ca’?" channels on the release of FM 1-43 on
genotypes was analyzed using two-way ANOVA analysis
(SPSS, IBM Corp.). Differences with p < 0.05 were considered
significant.

RESULTS

Excitatory Neurons Are Predominant in

Primary Cortical Neurons

The loss of neurons in HD has been suggested to be associated
with altered synaptic transmission (Raymond, 2017; Tyebji and
Hannan, 2017). However, the release of neurotransmitters at
single presynaptic terminals in HD has not been investigated

in detail. To examine whether synaptic transmission is altered
at single presynaptic terminals in HD neurons, we measured
the release of synaptic vesicles at single presynaptic terminals
in dissociated cortical neurons cultured from zQ175 mice,
a recently developed knock-in mouse model of HD that is
more relevant to human HD than other models in terms of
genetic context and recapitulating the late onset, slow natural
progression, and neuropathology of HD patients. Previous
studies showed that the volume of the striatum and cortex
decreases beginning at 4 months of age in heterozygous mice, and
behavioral deficits appear at 4.5 months (Heikkinen et al., 2012;
Menalled et al., 2012).

First, we measured the relative proportion of excitatory
neurons in dissociated cortical neurons by plating low-density
WT and HD cortical neurons isolated from PO littermates; the
neurons were then cultured until mature, functional synapses
were formed. After DIV14, the cultured neurons were fixed
and immunostained for MAP2 (a neuron-specific marker) and
VGLUTI (a marker for excitatory synapses). Figure 1A shows
representative confocal images of WT and HD cortical neurons
co-stained for MAP2 and VGLUTI. Our analysis between
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FIGURE 1 | The majority of cultured cortical neurons are excitatory. (A) Representative confocal images of wild-type (WT) and Huntington’s disease (HD) cultured
cortical neurons isolated from WT and heterozygous zQ175 mice immunostained for microtubule-associated protein 2 (MAP2; green) and vesicular glutamate
transporter 1 (VGLUT1; an excitatory neuronal marker; red); the nuclei were counterstained with DAPI (blue). The scale bar represents 40 um. (B) The percent of
VGLUT1-positive neurons in WT and HD cortical neurons. The percentage of VGLUT1-positive neurons were higher than 90% regardless of genotype, indicating that
the vast majority of neurons are excitatory. The percentage between WT and HD showed no significant differences (p = 0.0225, from independent two-tailed
Student’s t-test). (C) Representative confocal images of cultured neurons WT and HD cortical neurons immunostained for MAP2 (green) and glutamic acid
decarboxylase 67 (GAD67; an inhibitory neuronal marker; red); the nuclei were counterstained with DAPI (blue). Scale bar represents 40 wm. (D) The percent of
GADG67-positive neurons in WT and HD neurons. The percentage of GAD67-positive neurons between WT and HD showed no significant differences (p = 0.136;
independent two-tailed Student’s t-test). In this and subsequent figures, data are presented as the mean + SEM. NS, not significant.
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MAP2 and VGLUT1 immunoreactivity (Figure 1B) revealed
that the vast majority of primary cultured cortical neurons
are excitatory (i.e, VGLUT1-positive), with no significant
difference between WT and HD neurons [93 + 1.5% (N = 14)
vs. 92 £ 15% (N = 15), p = 0.225 from independent
two-tailed Student’s t-test]. We also co-stained neurons for
MAP2 and GAD67 (a marker for inhibitory neurons) in
order to measure the proportion of inhibitory neurons in
our cultures (Figure 1C). Our analysis confirms that only a
minority of neurons are inhibitory, with no significant difference
between WT and HD neurons [20 + 22% (N = 17) vs.
16 + 1.7% (N = 20), p = 0.136 from independent two-tailed
Student’s t-test; Figure 1D]. We also measured the number
of glial cells in our primary cultures and found that glial
cells represent approximately 12% of the cells in both WT
and HD neurons (12 + 1.6% vs. 11 + 1.5%, respectively;
N = 10; p = 0.774, independent two-tailed Student’s f-test;
Supplementary Figure S1). We also looked for the presence of
inclusion bodies (a pathological hallmark of HD) in our culture
system using antibodies against polyQ and ubiquitin; however,
no such aggregates were observed (Supplementary Figure S2).
Taken together, our immunostaining results indicate that the
majority of cultured mouse cortical neurons are excitatory,
consistent with previous reports (Gabbott and Somogyi, 1986;
Hendry et al., 1987).

Synaptic Vesicle Release Is Increased in

HD Cortical Neurons

Next, we examined whether the mutant HTT protein affects
the release of synaptic vesicles at presynaptic terminals of
cortical neurons. We loaded presynaptic vesicles with FM
1-43 (a membrane-impermeable lipophilic styryl dye) using
electrical field stimulation. We then measured the decrease in
FM 1-43 fluorescence at single presynaptic terminals during
electrical field stimulation (Betz and Bewick, 1992; Ryan
et al,, 1993; Gaffield and Betz, 2006; Yu et al., 2016). The
loading protocol consisted of a train of 1,200 1-ms stimuli
delivered at 10 Hz for 120 s, which labels the total recycling
pool of synaptic vesicles (Zhang et al, 2007, 2009; Park
et al, 2012), followed by extensive washing with ACSF to
remove extracellular and plasma membrane-bound FM 1-43,
thereby enabling us to specifically monitor FM 1-43-loaded
vesicles.

Figure 2A shows typical fluorescence images of cultured WT
(Figure 2A1) and HD (Figure 2A2) neurons after extensive
washing, showing FM 1-43-loaded presynaptic vesicles (Ryan
et al., 1993; Henkel et al., 1996). Fluorescence intensity of the
FM 1-43 signal was calculated at fixed ROI (Harata et al., 2001;
Jordan et al., 2005), each of which encompasses a single isolated
FM 1-43-bright spot called a bouton, likely representing a single
presynaptic terminal. To exclude synapses that were labeled
by spontaneous neuronal activity and nonspecific labeling
with FM 1-43, isolated boutons that showed destaining upon
electrical field stimulation were used to measure synaptic vesicle
release.

The density of functional presynaptic terminals was
calculated by counting boutons labeled with FM 1-43 at

the presynaptic terminal. The average bouton density was
similar between cultured WT and HD cortical neurons
(0.59 + 0.008 boutons-wm ™! and 0.59 £ 0.014 boutons-pm™!,
respectively; N = 5 experiments/genotype; p = 0.803), suggesting
that the presence of the mutant HTT protein does not alter
the number of functional presynaptic terminals in cortical
neurons.

Next, we used electrical field stimulation to destain FM 1-43-
loaded synaptic vesicles and measured vesicle release using
real-time imaging of single presynaptic terminals. The release
of vesicular FM 1-43 was reflected as a decrease in FM
1-43 intensity in each ROI Figure 2B displays a time course
of normalized fluorescence intensity in WT (Figure 2B1)
and HD (Figure 2B2) cortical neurons at individual boutons
during electrical field stimulation with 1,200 electrical pulses,
which trigger the release of synaptic vesicles from the total
recycling pool at the level of single boutons (Zhang et al,
2007, 2009; Welzel et al, 2011; Park et al., 2012; Yu et al,
2016). The normalized fluorescence intensity was calculated
as the ratio of the intensity in the ROI with respect to the
average intensity before stimulation (i.e., baseline fluorescence).
As expected, our stimulation protocol induced the rapid release
of FM 1-43 in individual presynaptic terminals in both WT
and HD neurons. The degree of fluorescence loss at individual
presynaptic terminals in cortical neurons was highly variable;
consistent with previous reports (Murthy et al., 1997; Branco
and Staras, 2009; Daniel et al., 2009), the coefficient of
variation (CV) was 23% and 19% in WT and HD neurons,
respectively. Nevertheless, the total loss of fluorescence was
significantly higher in HD neurons compared to WT neurons
[59 £ 1.3% (n 62 boutons, N 8 experiments for
HD) vs. 42 £+ 1.4% (n 60 boutons, N 7 for WT),
p = 4.27E-15 from independent two-tailed Student’s t-test;
Figure 2C] during the electrical stimulation to trigger the
release of synaptic vesicles from the total recycling pool.
Given that relative release probability (P;) is proportional to
the relative release of lipophilic dyes (Murthy et al., 1997;
Branco et al., 2008; Branco and Staras, 2009; Daniel et al,
2009), our finding of increased fluorescence loss at presynaptic
terminals of HD neurons likely indicates that in HD, cortical
neurons have a higher release probability compared to WT
neurons.

In addition to measuring total fluorescence loss, we also
measured the kinetics of vesicle release by fitting the time
course of fluorescence loss with an exponential time constant
(Richards et al., 2005; Daniel et al., 2009). As shown in Figure 2D,
the time constant of FM 1-43 destaining was significantly
smaller in HD neurons compared to WT neurons [39.9 &+ 2.5 s
(n = 57 boutons) for HD vs. 53.8 &+ 6.5 s (n = 54 boutons)
for WT, p = 0.0448 from independent two-tailed Student’s
t-test], suggesting faster vesicle release at presynaptic terminals
of HD cortical neurons. Taken together, these results indicate
that cortical neurons expressing the mutant HTT protein have
increased neurotransmission compared to WT neurons under
similar stimulation conditions.

Next, we measured whether inhibitory neurotransmission
is altered in inhibitory synapses by measuring the release
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FIGURE 2 | HD cortical neurons have increased synaptic vesicle release. (A1,A2) Representative images of WT and HD cortical neurons loaded with FM 1-43. The
red circles indicate the regions of interest (ROls) representing presynaptic terminals that were analyzed for FM 1-43 release. The scale bars represent 10 pm.
(B1,B2) Traces of normalized fluorescence intensity showing FM 1-43 destaining during 1,200 1-ms field stimuli applied at 10 Hz for 120 s in WT (n = 60 boutons,
N =7 experiments) and HD cortical neuron (n = 62 boutons, N = 8 experiments). (C) The percent fluorescence loss of FM 1-43 staining in WT and HD cortical
neurons. (D) The time constant of FM 1-43 destaining in WT and HD cortical neurons. *p < 0.05 and ****p < 0.0001 (independent two-tailed Student’s t-test).
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of VGAT-cypHer5e, a fluorescent marker that selectively
labels inhibitory synaptic vesicles (Hua et al, 2011). In
contrast with our FM 1-43 results, WT and HD neurons
were similar with respect to VGAT-cypHer5e fluorescence
loss (Supplementary Figure S3), suggesting that inhibitory
neurotransmission is not altered in cortical neurons
expressing mutant HTT proteins. Given the relatively small
number of inhibitory neurons in our cortical cultures and
no alteration in the inhibitory neurotransmission in HD

cortical neurons, we conclude that the mutant HTT protein
primarily affects excitatory neurotransmission in cortical
neurons.

Synapses in HD Cortical Neurons Have
Paired-Pulsed Depression

Next, we investigated in further detail the release probability
in HD cortical neurons of zQ175 knock-in mice by recording
eEPSCs in a postsynaptic neuron (Figure 3A); eEPSCs were
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FIGURE 3 | Synapses in HD cortical neurons exhibit paired-pulse depression. (A) Example image of cultured cortical neurons, showing the stimulating electrode (S)
and recording electrode (R). (B) Representative traces of evoked excitatory postsynaptic currents (eEPSPs) recorded in WT and HD cortical neurons. From top to
bottom, the interval between the two stimuli was 50, 100, 150, and 200 ms. (C) The paired-pulse ratio (PPR) was measured as the amplitude of the second EPSP
divided by the first EPSP and is plotted against the interval between stimuli. *p < 0.05 and **p < 0.01 [Kolmogorov-Smirnov (K-S) test; n = 15 per genotype].

evoked using a monopolar silver wire electrode, and the
currents were then used to calculate the PPR. Figure 3B shows
example recordings of a WT and HD neuron with increasing
paired-pulse intervals. Given that the amplitude of an EPSC
is largely dependent upon the number of synaptic vesicles
released upon presynaptic stimulation, the ratio between the
second EPSC amplitude and the first EPSC is widely used as
a measure of release probability (Dobrunz and Stevens, 1997).
Specifically, neurons with low release probability tend to have
a larger available pool for the second stimulation, giving rise
to paired-pulse facilitation (Debanne et al., 1996; Murthy et al.,
1997). Therefore, the measured PPR is inversely correlated to
release probability (Dobrunz and Stevens, 1997; Murthy et al.,
1997).

Using the four pulse intervals shown in Figure 3B (i.e., 50,
100, 150, and 200 ms), we calculated the PPR for WT and HD
neurons (Figure 3C). Our analysis (n = 15 per genotype) revealed
that HD synapses have significantly smaller PPR values with a
100-ms (p = 0.005 from K-S test) and 150-ms (p = 0.017 from
K-S test) interval between the first and second pulses compared
with WT neurons. Moreover, the PPR in HD synapses was
smaller than 1.0 at all interval tests, consistent with paired-pulse
depression. Taken together, these data suggest that presynaptic
terminals in HD cortical neurons of heterozygous zQ175 mice
have increased release probability, consistent with our FM
1-43 results.

Presynaptic Ca2* Influx Is Increased in HD

Cortical Neurons

Ca** influx into the presynaptic terminal triggers the release of
neurotransmitter via the Ca?"-dependent fusion of synaptic
vesicles (Luebke et al, 1993; Sudhof, 2012). Moreover,
the cumulative increase in presynaptic Ca** influx during
high-frequency stimulation enhances the recruitment of synaptic
vesicles for fusion (Wang and Kaczmarek, 1998; Hosoi et al.,
2007). Thus, Ca?* influx at presynaptic terminals is a key factor
in determining the strength of neurotransmission (Murthy et al.,
1997; Ermolyuk et al., 2012; Korber and Kuner, 2016).

To investigate whether the increase in neurotransmission in
HD neurons is mediated by an increase in presynaptic Ca*"
influx, we measured presynaptic Ca?* transient during electrical
field stimulation of neurons loaded with Cal-520-AM, an
ultrasensitive fluorescence-based Ca?" indicator well-suited for
measuring Ca?* level in subcellular compartments (Tada et al.,
2014; Lock et al., 2015). Representative images of cultured WT
and HD neurons co-loaded with FM 4-64 (to label presynaptic
terminals) and Cal-520 are shown in Figure 4A. The fluorescence
signal of Cal-520 was used to measure Ca** transients specifically
at presynaptic terminals. Presynaptic Ca** was measured as the
fluorescence change relative to resting fluorescence (AF/Fy),
which normalizes various factors, including differences in dye
loading, in order to minimize possible artifacts associated
with measuring raw fluorescence intensity (Chen et al., 2013;
Lock et al, 2015). Average traces of AF/F; in Cal-520-
loaded WT and HD cortical neurons are shown in Figure 4B.
Applying 1,200 field stimuli caused a significantly larger peak
intensity in AF/F, in presynaptic terminals of HD neurons
compared to WT neurons [8.1 £ 0.17 (n 571 boutons,
N = 17 experiments for HD) vs. 6.7 = 0.21 (n = 474 boutons,
N = 16 experiments for WT), p = 1.51E-7, K-S test; Figure 4C],
which indicates a significantly larger increase of Ca?* influx in
the presynaptic terminals of HD neurons during electrical field
stimulation.

Next, we measured the entire increase in presynaptic Ca*"
during field stimulation by calculating the area under the
curve for AF/Fy (Atucha et al, 2003; Reznichenko et al.,
2012). The area under the curve for AF/F; in the presynaptic
terminals of HD neurons was significantly larger than that in
WT terminals (714 £ 14.8 for HD vs. 559 + 19.3 for WT,
p = 1.37E-10; Figure 4D), implying that significantly more Ca**
entered the presynaptic terminals in HD neurons compared with
WT neurons during field stimulation. Moreover, presynaptic
terminals of HD neurons had significantly more Ca?" following
field stimulation (170 + 5.2 for HD vs. 126 + 6.4 for WT,
p = 1.10E-7; Figure 4E). These results suggest that HD cortical
neurons of heterozygous zQ175 mice have increased Ca**
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(N =15 experiments). (C) The peak AF/Fq of Cal-520 during the electrical stimulation. (D) Area under the curve of fluorescence change (AF/Fo) during the
stimulation. (E) Area under the curve of fluorescence change (AF/Fy) after stimulation. (F) Average AF/Fg traces measured before, during, and after field stimulation
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stimulation. (J) Representative traces of AF/F traces measured at 10 Hz imaging frequency before, during, and after stimulation with 12 1-ms pulses delivered at
0.1 Hz for 120 s in WT (n = 86 boutons and N = 7 experiments; J1) and HD (n = 107 boutons and N = 6 experiments) neurons (J2). (K) Peak of AF/Fy measured
after a single stimulus, averaged for single boutons. (L) Decay constant of AF/Fg after a single stimulus averaged for single boutons in WT (n = 86 boutons and

N =7 experiments) and HD (n = 107 boutons and N = 6 experiments) neurons. *p < 0.05, **p < 0.01, ****p < 0.0001 and NS, not significant (K-S test).
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influx, which may suggest a possible mechanism underlying
the increased excitatory activity in HD. To confirm that the
measured AF/F, represents Ca?" influx in presynaptic terminals,
we repeated these experiments in the presence of 50 uM AP5
(an NMDA receptor antagonist), 10 pM NBQX (an AMPA
receptor antagonist), and 1 uM calciseptine (an L-type voltage-
gated Ca?" channels blocker). The peak response, the area under
the curve measured during 1,200 stimuli, and the area under
the curve measured after the 1,200 stimuli were unaffected by
the presence of these blockers (Figures 4F-I). Moreover, all
of these parameters differed significantly WT an HD neurons
(Figures 4F-I). These results confirm that we indeed measured
Ca®* in presynaptic terminals.

In order to examine the detailed mechanism underlying
the increased Ca?* influx in HD neurons, we also measured
Ca** influx with high temporal resolution imaging. Figure 4]
shows exemplar traces of AF/Fy measured using 10 Hz imaging
while stimulating at 0.1 Hz in WT (Figure 4J1) and HD
(Figure 4J2) neurons. The traces of AF/F, show that the
signal returned to baseline within 10 s of stimulation. We also
measured the peak intensity of AF/F, and the decay constant
in response to a single stimulus. We found that the average
peak AF/F, after a single stimulus was significantly higher
in HD neurons than in WT neurons [1.50 &+ 0.075 for HD
(n = 107 boutons, N = 6 experiments) vs. 0.85 £ 0.040 for WT
(n = 86 boutons, N = 7 experiments), respectively, p < 1.0E-17,
K-S test; Figure 4K], indicating that more Ca?" ions enter the
presynaptic terminals of HD neurons compared to WT neurons.
The addition of more Ca®* influx after each stimulus in the
HD neurons led to the significantly larger influx of Ca?* during
1,200 external stimuli shown in Figure 4C. Next, to investigate
whether the clearance of Ca?* is altered in HD neurons, we
calculated the decay constant of AF/F, by fitting the decay
phase of AF/Fy to an exponential function. We found that
the decay constant was similar between HD and WT neurons
[1.54 £ 0.049 s for HD (n = 102 boutons) vs. 1.68 = 0.064 s for
WT (n = 82 boutons), p = 0.11, K-S test; Figure 4L], suggesting
that Ca?* clearance is not altered in HD neurons. The increased
peak intensity in HD neurons, together with no change in Ca?*
clearance, suggests a possible association between the mutant
HTT protein and voltage-gated Ca®" channels during electrical
stimulation.

Loading HD Neurons With BAPTA-AM (a
Ca?* Chelator) Prevents Increased

Synaptic Vesicle Release

Next, we directly examined the role of presynaptic Ca** on
neurotransmission in HD cortical neurons by loading neurons
with the membrane-permeable Ca?* chelator BAPTA-AM
(Tsien, 1981) and measuring vesicle fusion in single FM
1-43-loaded presynaptic terminals. We used 200 nM BAPTA
for these experiments, as this chelator has been reported
to protect neurons against excitotoxicity (Tymianski et al,
1993, 1994; Abdel-Hamid and Tymianski, 1997). As shown
in Figure 5A, HD cortical neurons loaded with BAPTA-AM
had significantly reduced the release of vesicles compared
to control HD neurons (loaded with DMSO); this reduction

was reflected in both the significant average fluorescence loss
[37.9 £ 2.0% (n = 32 boutons, N = 6 experiments with BAPTA-
AM) vs. 57.8 £ 3.0% (n = 25 boutons, N = 5 experiments
with DMSO), p = 1.33E-7, independent two-tailed Student’s
t-test; Figure 5B] and the increased time constant of FM
1-43 destaining [80.6 = 12.4 s (n = 16 boutons) with BAPTA-AM
vs. 344 + 4.4 s (n = 21 boutons) with DMSO, p = 0.000428;
Figure 5C]. Interestingly, loading HD neurons with BAPTA
reduced fluorescence loss to WT levels [37.9 + 2.0% vs.
41.7 £ 1.4% (WT), respectively]. The application of BAPTA-AM
to WT neurons also decreased the fluorescence loss [23.1 &= 1.0%
(n = 40 boutons, N = 5 experiments with BAPTA-AM) vs.
42.2 + 1.5% (n = 32 boutons, N = 5 experiments with DMSO),
p = 8.29E-17; Figures 5D,E], but did not decrease the destaining
time constant [42.4 & 6.2 s (n = 25 boutons with BAPTA-
AM) vs. 39.9 £ 2.2% (n = 26 boutons with DMSO), p = 0.59,
independent two-tailed Student’s ¢-test; Figure 5F]. These results
indicate that restricting Ca?" influx at presynaptic terminals
prevents the increased neurotransmission in HD cortical neurons
of heterozygous zQ175 mice.

Blocking N-type Voltage-Gated Ca?*
Channels Prevents Increased Synaptic
Vesicle Release and Presynaptic Ca%*

Influx in HD Neurons
Evoked vesicle fusion requires presynaptic Ca** influx through
voltage-gated Ca?" channels, which are coupled to the fusion
machinery at presynaptic terminals (Vazquez and Sanchez-
Prieto, 1997; Simms and Zamponi, 2014). In the central nervous
system, presynaptic Ca>" influx is mediated primarily by N-type
(Cay2.2) and P/Q-type (Cay2.1) voltage-gated Ca?* channels
(Zamponi, 2003; Catterall, 2011). However, several reports
have suggested that N-type voltage-gated Ca?* channels can
be affected by mutant HTT protein. That is, mutant HTT
proteins were reported to modulate N-type voltage-gated Ca®*
channels by their interaction with N-type voltage-gated Ca®*
channels and binding proteins (Miller et al., 2003; Swayne et al,,
2005; Silva et al., 2017), or the expression level of N-type
voltage-gated Ca’* channels in the plasma membrane (Silva
et al, 2017). To test the role of N-type voltage-gated Ca®*
channels in the increased Ca?" influx and neurotransmission
measured in HD cortical neurons, we treated HD neurons with
100 nM w-conotoxin GVIA (a highly selective blocker of N-type
voltage-gated Ca®* channels). We found that w-conotoxin GVIA
decreased the release of FM 1-43 during field stimulation
(Figure 6A), reflected by a significant decrease in fluorescence
loss [53.6 &= 1.9% (n = 36 boutons, N 4 experiments
without w-conotoxin GVIA) vs. 34.8 + 1.5% (n = 31 boutons,
N = 5 experiments with w-conotoxin GVIA), p = 7.18E-10,
independent two-tailed Student’s t-test; Figure 6B]. Treatment
with w-conotoxin GVIA also significantly increased the time
constant of FM 1-43 destaining [24.5 £ 2.0 s (n = 35 boutons
without w-conotoxin GVIA) vs. 43.3 &£ 4.4 s (n = 22 boutons with
w-conotoxin GVIA), p = 0.000063; Figure 6C].

We also treated WT neurons with w-conotoxin GVIA and
measured the release of FM 1-43 during field stimulation
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(Figure 6A). We found a significant decrease in fluorescence
loss of FM 1-43 with w-conotoxin GVIA [45.0 £+ 1.3%
(n =49 boutons, N = 5 experiments without w-conotoxin GVIA)
vs. 34.5 & 2.0% (n = 29 boutons, N = 4 experiments with w-
conotoxin GVIA), p = 0.000019; Figures 6A,B]. However, the
effect of application of w-conotoxin GVIA on fluorescence loss
of HD neurons was significantly different compared with WT
neurons (p = 0.0339, two-way ANOVA analysis). In addition,
application of w-conotoxin GVIA in WT cortical neurons did
not significantly affect the time constant of FM 1-43 destaining
in WT cortical neurons [52.1 & 4.5 s (n = 45 boutons without
w-conotoxin GVIA) vs. 38.4 £+ 6.2 s (n = 23 boutons with
w-conotoxin GVIA), p = 0.0814; Figure 6C], suggesting that
blocking N-type voltage-gated Ca®* channels does not affect
vesicle release kinetics in WT cortical neurons. The effect of
application of w-conotoxin GVIA on vesicle release kinetics
of HD neurons was significantly different compared with WT
neurons (p = 0.0006, two-way ANOVA analysis).

In addition, treating HD neurons with w-conotoxin GVIA
reduced the increase in presynaptic Ca?* influx (Figure 7A);

treating HD neurons with -conotoxin GVIA significantly
reduced both the peak increase in AF/Fy [49 + 0.17
(n = 254 boutons, N = 6 experiments without w-conotoxin
GVIA) vs. 4.1 £ 0.21 (n = 162 boutons, N = 6 experiments
with w-conotoxin GVIA), p = 0.00232, K-S test; Figure 7B]
and the area under the curve during the field stimulation
[435 £ 15.6 without w-conotoxin GVIA vs. 383 + 21.6 with
w-conotoxin GVIA, p = 0.047; Figure 7C].

Next, we tested whether the decreased Ca®" influx during
1,200 external stimuli in HD neurons in the presence of
w-conotoxin GVIA is caused by decreased Ca?' influx by a
single stimulus, we used high temporal resolution imaging to
measure the average peak AF/F in response to a single stimulus.
The application of w-conotoxin GVIA to HD neurons decreased
the average peak AF/F, significantly [1.50 £ 0.075 for HD
without w-conotoxin GVIA (Figure 7E1; n = 107 boutons,
N = 6 experiments) vs. 0.80 £ 0.042 for HD with w-conotoxin
GVIA (Figure 7E2; n = 86 boutons, N = 5 experiments), p = 2.1E-
13, independent two-tailed Student’s t-test; Figures 7E,F]. The
application of w-conotoxin GVIA to WT neurons also decreased
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the average peak AF/F, significantly [0.85 % 0.040 for WT
without w-conotoxin GVIA (Figure 7D1; n = 86 boutons,
N = 7 experiments) vs. 0.73 £ 0.032 for WT with w-conotoxin
GVIA (Figure 7D2; n 84 boutons, N = 5 experiments),
p =0.028, independent two-tailed Student’s ¢-test; Figures 7D,F],
but the effect was significantly smaller in WT neurons than
in HD neurons (p = 4.2E-8, two-way ANOVA). We also
calculated the decay constant of AF/F, by fitting the of AF/F,
traces to an exponential function. The decay constants in
HD and WT neurons were unaffected by the presence of w-
conotoxin GVIA [1.54 =+ 0.049 s without w-conotoxin GVIA
(n 102 boutons, N = 6 experiments) vs. 1.56 £+ 0.066 s
with w-conotoxin GVIA (n = 81 boutons, N = 5 experiments)
for HD, p = 0.89; 1.68 £ 0.064 s without w-conotoxin GVIA
(n 82 boutons, N 7 experiments) vs. 1.53 £ 0.077 s
with w-conotoxin GVIA (n = 82 boutons, N = 5 experiments)
for WT, p = 0.12, independent two-tailed Student’s t-test;
Figure 7G], suggesting that the clearance of Ca?* in neurons
is not affected by the presence of w-conotoxin GVIA in either
HD or WT neurons. These results indicate that N-type voltage-
gated Ca’* channels likely play an important role in the
increased Ca?* influx in HD cortical neurons of heterozygous
2Q175.

Given that P/Q-type voltage-gated Ca®" channels are also a
major source of Ca®* influx at presynaptic terminals, driving
synaptic transmission (Wheeler et al., 1994), we also examined
the role of P/Q-type voltage-gated Ca®* channels in the increased
synaptic vesicle release in HD cortical neurons by measuring
FM 1-43 destaining in the absence and presence of 200 nM
w-agatoxin IVA (a selective blocker of P/Q-type voltage-
gated Ca®* channels). Application of w-agatoxin IVA decreased
fluorescence loss in WT (Figure 8A1) and HD (Figure 8A2)

cortical neurons significantly compared with untreated ones
(Figures 8A,B). However, the decrease of FM 1-43 in the
presence of w-agatoxin IVA was similar regardless of genotype
[18.8% (WT) vs. 20.3% (HD), Figure 8B] and the effect
of w-agatoxin on fluorescence loss of HD neurons was not
significantly different compared with WT neurons (p = 0.669,
two-way ANOVA analysis). Moreover, w-agatoxin IVA did not
affect the time constant of FM 1-43 destaining in both WT
and HD neurons significantly (Figure 8C) and the effect of w-
agatoxin IVA on vesicle release kinetics of HD neurons was
not significantly different compared WT neurons (p = 0.741,
two-way ANOV A analysis). Taken together, these results suggest
that N-type voltage-gated Ca** channels—and not P/Q-type
voltage-gated Ca?* channels—play an important role in the
increased release of synaptic vesicles at presynaptic terminals of
HD cortical neurons in heterozygous zQ175 mice.

DISCUSSION

It has been suggested that synaptic dysfunction
(i.e., “synaptopathy”) is involved in many neurodegenerative
diseases, including Alzheimer’s disease and HD (Li et al., 2003;
Bae and Kim, 2017; Tyebji and Hannan, 2017). Recent work in
the field of HD suggests that altered synaptic transmission may
play an important role in the pathogenesis of HD (Li et al., 2003;
Sepers and Raymond, 2014; Raymond, 2017; Tyebji and Hannan,
2017). The altered synaptic function in corticostriatal synapses
is a prodromal symptom and can trigger the death of vulnerable
striatal neurons in HD. The mechanism that underlies altered
synaptic transmission at presynaptic terminals in HD neurons
remains elusive. In particular, the release of synaptic vesicles
at single presynaptic terminals is poorly understood. Here, we
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performed real-time measurements of synaptic vesicles release
at single presynaptic terminals in primary cultured HD cortical
neurons obtained from a knock-in mouse model of HD (zQ175).
We found that compared to WT neurons, HD cortical neurons

of heterozygous zQ175 mice have increased release of synaptic
vesicles and presynaptic Ca®" influx. We also found that the
increased neurotransmission and presynaptic Ca?* influx were
significantly reduced by loading the neurons with BAPTA-AM
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neurons. (A) Average traces of normalized FM 1-43 fluorescence intensity in untreated (n = 36 boutons, N = 4 experiments) and 200 NnM w-agatoxin
IVA(ATX-IVA)-treated WT neurons (n = 31 boutons, N = 5 experiments; A1), and untreated (n = 36 boutons, N = 4 experiments) and 200 nM w-agatoxin
IVA(ATX-IVA)-treated HD neurons (n = 31 boutons, N = 5 experiments; A2). Where indicated, a train of 1,200 1-ms field stimuli was applied at 10 Hz for 120 s.
(B) The percent loss of FM 1-43 fluorescence measured in WT and HD neurons in the presence or absence of ATX-IVA. Note that w-agatoxin IVA caused a similar
change in percent fluorescence loss in WT and HD neurons (18.7% and 20.3%, respectively). (C) The time constant of FM1-43 destaining measured in WT and HD
neurons in the presence or absence of ATX-IVA. ****p < 0.0001 and NS, not significant (independent two-tailed Student’s t-test).

(a Ca** chelator) or treating neurons with w-conotoxin GVIA (a
highly selective N-type voltage-gated Ca>* channel blocker).

Our finding of increased neurotransmission in primary
cultured cortical neurons of a knock-in model of HD (zQ175) is
consistent with previous reports of increased neurotransmission
in acute cortical slices from presymptomatic YAC128 mice (Joshi
et al,, 2009) and at the neuromuscular junction in R6/1 mice
(Rozas et al., 2011), two mouse models of HD. Our results
are also consistent with increased neurotransmitter release in a
Drosophila model of HD (Romero et al., 2008) and the recent
report of increased glutamate release in striatal synaptosomes
isolated from 6-month-old 140Q knock-in mice (Valencia et al.,
2013).

Intracellular Ca®" regulates a wide range of signaling
pathways (Brini et al, 2014). Altered Ca®' regulation in
neurons has been reported in many neurodegenerative diseases,
including Alzheimer’s disease, Parkinson’s disease, and HD
(Bezprozvanny, 2009). With respect to HD, increased somatic
Ca®* transients were reported in striatal neurons in several
HD mouse models (Tang et al.,, 2005; Fernandes et al., 2007;
Rosenstock et al, 2010). Here, we report that Ca** influx
at single presynaptic terminals is increased in HD cortical
neurons of heterozygous zQ175 mice, and this increased Ca?*
influx is associated with increased neurotransmission. Together
with other reports suggesting that mutant HTT proteins
modulate N-type voltage-gated Ca®" channels through their

Frontiers in Molecular Neuroscience | www.frontiersin.org

33 December 2018 | Volume 11 | Article 478


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Chen et al.

Altered Vesicle Release in HD

interaction with N-type voltage-gated Ca?* channels and their
binding proteins (Miller et al, 2003; Swayne et al, 2005;
Silva et al, 2017), our results suggest that N-type voltage-
gated Ca?* channels, play an important role in the increased
presynaptic Ca®* influx and synaptic vesicle release in cortical
neurons from HD mice. However, it is possible that other
Ca** channels may contribute to the increased Ca®" influx in
HD neurons (Silva et al.,, 2017). Several other mechanisms,
including InsP3R1 and store-operated Ca?* entry (SOCE), may
increase the level of Ca?* inside HD neurons (Miller and
Bezprozvanny, 2010; Raymond, 2017). Therefore, additional
experiments are needed to better understand the mechanism
underlying increased presynaptic Ca** influx in cortical neurons
in HD. In particular, investigating the effects of increased
presynaptic Ca?* influx, including one from N-type voltage-
gated Ca®* channels, on the neurodegeneration of HD neurons
will contribute to identifying potential therapeutic targets
for HD.

Although our data suggest that increased presynaptic
Ca** influx contributes to the increased neurotransmission
in zQ175 mice, we cannot exclude the possibility that other
mechanisms might play a role, including the binding of
mutant HTT protein to regulatory proteins that control vesicle
fusion. For example, the mutant HTT protein can bind
vesicular proteins (DiFiglia et al., 1995; Liévens et al., 2002),
thereby increasing neurotransmitter release (Valencia et al,
2013).

Based on our findings, we propose a model in which
increased excitatory neurotransmission in cortical neurons due
to increased presynaptic Ca?* influx via the interaction of
N-type voltage Ca?* channels with mutant HTT proteins
can increase the activation of NMDARs, thereby inducing
excitotoxicity in cortical and striatal neurons, ultimately leading
to the progressive loss of these neurons in HD. Importantly,
this model may explain the vulnerability of MSNs in the
indirect pathway; these MSNs would be particularly susceptible
to increased excitatory neurotransmission, as they are more
depolarized than MSNs in the direct pathway from the cortex
(Gertler et al., 2008) and are therefore more excitable. Thus,
our model may explain the increased firing (Kreitzer and
Malenka, 2007; Cepeda et al., 2008) and increased vulnerability
(Cepeda et al, 2008) of MSNs in the indirect pathway in
HD. Our model also suggests that the increase in excitatory
neurotransmission causes the hyperactivity of MSNs that
proceeds neural degeneration and death (Raymond et al.,, 2011).
In addition, our model provides a possible explanation for the
recent report about the contribution of presynaptic terminals
from cortical neurons to HD at reconstituted corticostriatal
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Glial Control of Synapse Number in
Healthy and Diseased Brain

Eunbeol Lee and Won-Suk Chung*

Department of Biological Sciences, Korea Advanced Institute of Science and Technology (KAIST), Daejeon, South Korea

Glial cells are emerging as crucial players that mediate development and homeostasis of
the central nervous system (CNS). In particular, glial cells are closely associated with
synapses, and control synapse formation, function, plasticity, and elimination during
the stages of development and adulthood. Importantly, it is now increasingly evident
that abnormal glial function can be an active inducer of the initiation and progression
of various neurodegenerative diseases. Here, we discuss recent developments on the
physiological roles of glial cells in the brain, and propose that synapse loss, which is
a common characteristic of several neurodegenerative diseases, can be initiated by
mis-regulation of normal glial function.

Keywords: astrocytes, microglia, synapse loss, Alzheimer’s disease, neurodegenerative diseases

INTRODUCTION

Glial cells, non-neuronal central nervous system (CNS) cells, are not simply passive support cells
for neurons, but active players in neuronal network formation and information processing. The fine
processes of astrocytes and microglia closely associate with synapses and affect synapse formation
and elimination during development. Even after initial establishment of a neural circuit, glial cells
continue to participate in regulation of synapse number and modulation of synaptic function and
plasticity. Due to their crucial roles in synapses, it is not surprising that mis-regulation of glial
function has recently been revealed to be one of the initiating factors for onset and progression of
various neurodegenerative diseases (Phatnani and Maniatis, 2015; Liddelow and Barres, 2017; Li
and Barres, 2018).

Synapse loss is one of the most common, and earliest, pathophysiological features of
neurodegenerative disease progression. In Alzheimer’s disease (AD), where amyloid f (Af) plaques
accumulate in the brain, surrounded by reactive glial cells, synapses are weakened and undergo
specific loss long before neuronal cell death (Perry and Holmes, 2014; Phatnani and Maniatis, 2015;
Ransohoff, 2016). Previously, it was thought that this early synapse loss was mainly due to the direct
effects of AP oligomers and fibrils on neuronal A receptors or secondary neuroinflammation.
However, recent studies have revealed that it is reactive glial cells that actually drive the initial
synapse loss in AD (Hong et al., 2016; Shi Q. et al., 2017; Dejanovic et al., 2018; Litvinchuk et al.,
2018).

In this review, we summarize the roles of astrocytes and microglia in synapse formation and
elimination, and review/propose how mis-regulation of glial function leads to synapse loss in
various neurodegenerative diseases (Figure 1).
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FIGURE 1 | Mis-regulation of glial function can lead to synapse loss in neurodegenerative diseases. (A) Astrocytes and microglia release a number of synaptogenic
factors [for example, thrombospondins (TSPs), Hevin/SPARC, Glypican 4/6, Chrdl1 from astrocytes, and brain-derived neurotrophic factor (BDNF) and

interleukin 10 (IL10) from microglia], regulating synapse formation. Astrocytes can mediate synapse pruning through MEGF10, MERTK phagocytic pathways
whereas microglia contribute to synapse elimination through complement cascades [C1q, C3, and complement receptor 3 (CR3)]. Astrocytes also can regulate
microglia-mediated synapse elimination by secreting transforming growth factor beta (TGFB) and IL33. (B) In neurodegenerative diseases, reactive astrocytes and
microglia are found around protein aggregates [such as amyloid B (AB) plaques, a-synuclein aggregates] and mediate synapse loss through various mechanisms.
Reactive astrocytes may be induced by cytokines (IL-1a, TNF, and C1q) secreted from reactive microglia in pathological conditions, and produce neurotoxic factors
that kill synapses and neurons. In addition, reactive astrocytes in Alzheimer’s disease (AD) show increased expression of glutamate transporter-1 (GLT-1), increased
activity of transient receptor potential A1 (TRPA1) channels, and increased release of y-aminobutyric acid (GABA), leading to aberrant neuronal excitability and
synaptic function. Similar to astrocytes, reactive microglia can participate in neuronal damage and synapse loss through inflammatory signaling [such as TNF, IL-18,
and reactive oxygen species (ROS)]. Microglia mediate aberrant synapse loss in AD brains through complement mediators (especially C1g and C3) and triggering

THE ROLE OF GLIA IN SYNAPSE
FORMATION

During CNS development, glial cells participate in regulating
synapse number by inducing proper formation and elimination
(Ullian et al., 2001). Over the past decades, the molecular
mechanisms of glia-mediated synapse formation and elimination
have been revealed.

Through in vitro culture of neurons, with or without
astrocytes, it was initially found that astrocytes induced synapse
formation by secreting several distinct molecules. When retinal
ganglion cells (RGCs) were cultured in astrocyte-conditioned
media (ACM), the number of synapses were increased both
structurally and functionally. Later, thrombospondins (TSPs),
especially TSP1 and TSP2, were found to be one of the
synaptogenic proteins in the ACM. Despite effects on the
formation of structural synapses, TSP1/2-induced synapses are
postsynaptically silent due to their lack of functional a-amino-
3-hydroxy-5-methyl-4-isoxazole propionic acid receptors
(AMPARs; Christopherson et al., 2005; Eroglu et al., 2009).
Along with TSPs, astrocytes express a number of matricellular
proteins, such as hevin and SPARC, which modulate cell-cell
and cell-matrix interactions (Eroglu, 2009). Hevin induces

structurally normal and postsynaptically silent excitatory
synapses, similar to TSP-induced synapses. In contrast, SPARC,
a hevin homolog, antagonizes hevin and blocks synapse
formation (Kucukdereli et al., 2011). Recently, it was discovered
that hevin plays a role in bridging synaptic adhesion molecules
neurexin la (NRX1a) and neuroligins (NL; Singh et al., 2016),
which are localized in pre- and post-synaptic compartments,
respectively (Graf et al,, 2004). NLs and NRX1a, which alone
are interaction-incompatible partners, can associate when
transcellularly-linked by hevin. This complex can then recruit
more NL1 and NMDAR to synapses (Singh et al., 2016).

So, how do astrocytes increase functional synapses?
Through biochemical fractionation of ACM, glypican 4
(Gpc4) and glypican 6 (Gpc6) have been identified as functional
synaptogenic molecules that strengthen glutamatergic synapses
by recruiting GluAl-containing AMPARs (Allen et al., 2012).
Astrocyte-secreted Gpc4 appears to upregulate release of
neuronal pentraxins 1 (NP1) through interactions with
presynaptic type 2a receptor protein tyrosine phosphatases 3
(RPTPS). Subsequently, NP1 binds postsynaptic AMPARs to
recruit GluA1l and induce functional synapse formation (Farhy-
Tselnicker et al., 2017). Astrocyte-expressed pentraxin 3 (PTX3)
has been also reported to promote functionally-active CNS
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synapses (Fossati et al., 2019). PTX3, whose activity is regulated
by TSPI, increases the surface levels and synaptic clustering
of AMPARs through remodeling the perineuronal network,
and a Bl-integrin/ERK pathway. Chordin-like 1 (Chrdll) has
recently been shown to be another synaptogenic molecule, from
astrocytes, that can induce maturation of functional synapses by
increasing synaptic GluA2 AMPA receptors. Chrdll expression
is limited to cortical astrocytes in vivo, and is necessary and
sufficient to increase GluA2 clustering, resulting in formation of
active synapses in vitro and in vivo (Blanco-Suarez et al., 2018).
In addition, astrocyte-derived apolipoprotein E (APOE), which
forms lipoprotein particles, with cholesterol and other lipids, has
been reported to enhance presynaptic glutamatergic function
(Mauch et al., 2001).

Several recent studies have suggested that microglia may
also participate in inducing structural synapses. Microglia,
the resident macrophages of the CNS, constantly survey and
make contacts with synapses in the normal adult brain.
Interestingly, when microglia were depleted by diphtheria toxin,
synapse formation was disrupted, but synapse elimination
rate was unchanged. Removal of brain-derived neurotrophic
factor (BDNF), specifically from microglia, recapitulated this
phenotype, suggesting that synapse formation is mediated
by microglial BDNF (Parkhurst et al, 2013). Additionally,
microglial cytokines, such as interleukin 10 (IL-10), have been
shown to induce synapse formation (Lim et al.,, 2013). Using
in vivo multiphoton imaging, a recent report found that
microglial contact induces neuronal Ca?™ transients and actin
accumulation, inducing filopodia formation from the dendritic
branches (Miyamoto et al., 2016).

Thus, astrocytes and microglia regulate synapse formation
through various mechanisms. How these different molecules
engage in crosstalk, and whether neural activity/injury
response controls their expression, are important questions
for understanding how synapse dynamics are regulated by
glial cells in healthy and diseased brains. Aberrant increases
in synapse formation during development or after injury
may cause hyperactive neural circuits and increased chances
of epilepsy (Liuzzi and Lasek, 1987). In contrast, defective
glia-mediated synapse formation could impair synaptic
turnover and homeostasis, contributing to synapse loss in
neurodegenerative diseases, as well as defective synaptic
plasticity.

THE ROLE OF GLIA IN SYNAPSE
ELIMINATION THROUGH PHAGOCYTOSIS

To maintain proper synapse numbers, unnecessary synapses
need to be eliminated during development and adulthood. Many
studies have suggested that excess synapses are eliminated by
neuronal activity-dependent competition (Ramiro-Cortés and
Israely, 2013; Bian et al., 2015). Surprisingly, glial cells, especially
astrocytes and microglia, have been shown to mediate this
elimination. Astrocytes express several phagocytic receptors,
such as MEGF10 (an ortholog of Drosophila Draper and
C. elegans CED-1) and MERTK [a member of the Tyro-
Axl-MerTK (TAM) family of receptor tyrosine kinase], and

participate in eliminating synapses in the developing brain.
RGCs in developing mice deficient in both Megfl0 and Mertk
pathways show a failure of the normal refinement of connections
and retain excess functional synapses with neurons in the
dorsal lateral geniculate nucleus (Chung et al, 2013). This
finding suggests that astrocytes actively participate in eliminating
live synapses rather than simply cleaning up dead synaptic
debris. Although microglia have traditionally been thought
to be the major glial cells mediating synapse elimination in
development, this study shows astrocytes also play a critical role.
Astrocytes appear to continuously engulf both excitatory and
inhibitory synapses throughout the brain during adulthood as
well, suggesting that the synaptic architecture of our brains is
constantly being remodeled by astrocytes in response to our
experiences.

In addition to synapse elimination via direct phagocytosis,
astrocytes also contribute to synapse elimination via inositol
1,4,5-triphosphate receptor type 2 (IP3R2) and P2ryl dependent
signaling (Yang et al., 2016), as well as via microglia-mediated
phagocytosis. Microglia mediate synapse pruning through the
classical complement cascade (Schafer et al, 2012). Clq, the
cascade initiating protein, is expressed by microglia and subsets
of neurons (Stephan et al., 2013), and localizes to unwanted
synapses for opsonization (Stevens et al., 2007). Synapse-
associated Clq, then activates a downstream complement
cascade and mediates microglia-dependent synapse elimination
through complement receptor 3 (CR3)-mediated phagocytosis
(Schafer et al., 2012). Interestingly, Clq expression in neurons
is regulated by transforming growth factor (TGF)-B secreted
from astrocytes (Bialas and Stevens, 2013). Additionally, it has
recently been shown that microglial synapse engulfment during
development is regulated by interleukin-33 (IL-33) secreted
from astrocytes (Vainchtein et al., 2018), further suggesting a
close interplay between astrocytes and microglia in eliminating
synapses.

CX3CR1s (fractalkine receptors), expressed by microglia,
also play important roles in synapse elimination. Microglia
respond to neuronal fractalkine by increasing intracellular
calcium transients in vitro and in vivo (Harrison et al., 1998). In
Cx3cr1-knockout mice, migration and recruitment of microglia
to the brain were impaired, resulting in an increased immature
synapse population, which appeared to be responsible for weak
functional synaptic connectivity and impaired social interaction
in the knockout mice (Fuhrmann et al., 2010; Paolicelli et al.,
2011; Hoshiko et al., 2012; Zhan et al., 2014).

REACTIVE GLIOSIS IN RESPONSE TO THE
INJURED AND DISEASED BRAIN

Reactive gliosis is observed under various conditions, such
as infection, ischemia, trauma, and neurodegeneration,
and wusually involves hypertrophy and proliferation of
glial cells and changes in gene expression. Reactive glial
cells release various molecules, including chemokines,
cytokines, and neurotrophic factors, that can exhibit either
neuroprotective or neurotoxic effects (Sofroniew and Vinters,
2010). Although reactive gliosis was previously believed to be
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a secondary response to neuroinflammation, recent studies
suggest that glial cells react differently depending on injury
stimulus, and that gliosis can initiate neurodegeneration
(Jonsson et al, 2013; Hong et al, 2016; Sekar et al,
2016).

In general, it is believed that reactive microglia can exhibit
more than two polarization states, such as M1 and M2.
MIl-like microglia upregulate inflammatory signaling, such
as TNF, IL-1B, and reactive oxygen species (ROS) signaling.
In contrast, M2-like microglia express anti-inflammatory
molecules, such as TGF-p1, IL-4, and IL-10. By converting
their gene expression status, reactive microglia participate
not only in neuronal damage and synapse loss, but also
regeneration and tissue remodeling through phagocytosis
(Block et al., 2007; Boche et al., 2013; Simon et al., 2017).
For example, M1-like microglia led to decrease in dendritic
spine density in hippocampal neurons in vivo and in vitro
by producing extracellular vesicles (EVs) containing a set of
miRNAs that regulate the expression of synaptic proteins.
Among them, miR-146a-5p controls the expression of
synaptotagminl and neuroliginl in EV-receiving neurons.
In contrast, M2-like microglia appear to have opposite effects
by producing EVs depleted of miR-146a-5p (Prada et al,
2018).

Similar to microglia, reactive astrocytes isolated from mice
with transient ischemia induced by occlusion of the middle
cerebral artery (MCAO) or treated with lipopolysaccharide
(LPS) differentially expressed certain genes categories depending
on injury type. Genes related to metabolic activity, cell-
cycle, and transcription factors (e.g., Klf5 and KIf6) were
selectively increased in middle cerebral artery (MCAO)-induced
reactive astrocytes (A2 astrocytes), whereas genes related
to immune response, antigen processing/presentation, and
complement pathway were upregulated in lipopolysaccharide
(LPS)-induced reactive astrocytes (Al astrocytes; Zamanian
et al., 2012). Subsequent work has revealed that Al astrocytes
can be induced by a combination of cytokines (IL-la, TNF,
and Clq) released by reactive microglia. This study also
showed that Al astrocytes not only lose their ability to
induce synapse formation and elimination, but also produce
neurotoxic factors that kill neurons and oligodendrocytes
(Liddelow et al, 2017). In comparison to signals inducing
Al astrocytes, little is known about the upstream inductive
signals that drives A2 astrocytes. Reactive astrocytes after
transient ischemic injury can transform into efficient
phagocytes, clearing neuronal and synaptic debris through
ATP-binding cassette transporter Al (ABCA1)-dependent
mechanisms (Morizawa et al., 2017). Furthermore, astrocytes
perform neuroprotective functions through downregulating
the P2Y; purinergic receptor after traumatic brain injury.
Downregulation of P2Y; enhances extension of astrocytic
processes and accelerates reactive astrogliosis accompanied
by upregulation of glial fibrillary acidic protein (GFAP) and
phosphorylation of STAT3. Accelerated activation of astrocytes
helps diminish scar formation following injury (Shinozaki
et al, 2017). Thus, these astrocytes, which presumably
associated with the A2 type, may promote CNS recovery

and repair (Bush et al., 1999; Gao et al.,, 2005; Hayakawa et al,,
2014).

GLIA-SYNAPSE INTERACTIONS IN
NEURODEGENERATIVE DISEASE

In many neurodegenerative diseases, synapse loss is a
common, early sign of disease progression. As we discussed
in the previous section, glia play central roles in normal
synapse formation and elimination. In this section, we
discuss how glial cells also participate in synapse loss in
neurodegenerative diseases, especially AD and Parkinson’s
disease (PD).

AD is the most common cause of dementia. Its pathology
includes extracellular accumulation of AP plaques and
intracellular, neurofibrillary tangles of hyperphosphorylated
tau protein. AP, produced by proteolytic cleavage of amyloid
precursor protein (APP), self-aggregates to form oligomers,
protofibrils, or other fibrils. Soluble AB oligomers have been
shown to induce synapse loss, tau phosphorylation, and reactive
gliosis of astrocytes and microglia (Tomiyama et al, 2010;
Mitew et al., 2013; Forny-Germano et al., 2014). Oligomeric Ap
surrounding senile plaques contributes to significant synapse
loss in AD mouse models (Koffie et al., 2009). Although the
mechanism is not fully understood, it is thought that AP
oligomers induce overstimulation of NMDA receptors, leading
to abnormal redox events and Ca?t upregulation (Tu et al,
2014). Additionally, AP oligomers reduce synaptic adhesion by
disrupting neural cell adhesion molecule 2 (NCAM?2), leading
to synapse loss in the AD hippocampus (Leshchyns'ka et al.,
2015).

In AD brains, reactive astrocytes and microglia are found
around AP plaques and can play beneficial or harmful roles
in disease progression (Nagele et al., 2003; Olabarria et al,
2010; Simpson et al., 2010). Reactive astrocytes can internalize
AB in vitro and in vivo (Wyss-Coray et al., 2003; Pihlaja
et al., 2008), although the molecular mechanism and biological
impact of this clearance are unclear. In contrast, evidence from
aged AD mouse brains shows that astrocytic processes are
tightly associated with AP plaques, but do not engulf them.
Interestingly, reactive astrocytes found in AD brains seem
to follow an Al astrocyte fate, with neuroinflammatory gene
expression patterns (Liddelow et al., 2017; Shi Y. et al., 2017).
Since A1 astrocytes are less capable of phagocytosing neuronal
material, it is possible that reactive astrocytes in AD brains
become less able to engulf AB plaque during disease progression.
Therefore, boosting the phagocytic capacity of astrocytes for Ap
plaques could lower AB burden in the CNS. Consistent with
this hypothesis, transplantation of wild-type (WT) astrocytes
into AD mouse brain results in more efficient removal of
AB plaques compared to non-transplanted controls (Pihlaja
et al., 2011). Moreover, since reactive astrocytes in AD show
characteristics of Al astrocytes, they may produce synaptic and
neurotoxic factors, similar to cases of neuroinflammation and
brain injury. Identifying such factors may be an important
step in preventing reactive astrocyte-induced synapse loss
in AD.
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In AD, reactive astrocytes also directly affect synaptic
function and dynamics. These astrocytes exhibit reduced
expression of glutamine synthetase and glutamate transporter-1
(GLT-1; Robinson, 2001; Zumkehr et al, 2015), directly
inducing aberrant neuronal excitability and synaptic function,
which can lead to synapse loss. It has been suggested that
reactive astrocytes can affect synaptic dysfunction through
hyper-production and release of inhibitory gliotransmitter
y-aminobutyric acid (GABA). Impaired presynaptic release
and spike probability, synaptic plasticity, and learning and
memory were rescued by inhibiting the GABA-producing
enzyme, MaoB, in AD astrocytes (Jo et al, 2014). Soluble
AP oligomers also induce astrocytic calcium hyperactivity by
activating transient receptor potential A1 (TRPA1) channels,
leading to neuronal hyperactivity (Lee et al., 2014; Bosson et al,,
2017). Since astrocytic calcium transients may control astrocyte-
synapse interaction (Henneberger et al., 2010; Shigetomi et al.,
2013; Bazargani and Attwell, 2016), dysregulation of calcium
transients in AD astrocytes could be an initiating factor for
synapse loss.

Similar to astrocytes, microglia are located around A plaques
in both human and mouse AD brains (Perlmutter et al.,
1990; Bolmont et al., 2008; Grathwohl et al., 2009). It was
recently found that the complement cascade that microglia use
for pruning unnecessary synapses in the developing brains is
responsible for synapse loss in AD brains. In AR overproducing
AD mouse models, expression of complement mediators,
especially C1q and C3, is highly upregulated, mediating aberrant
synapse phagocytosis by microglia (Hong et al., 2016; Shi Q. et al,,
2017). Blocking complement activation by an antibody blocking
Clq function or introduction of C3X© and C3RK® to this
AD model mouse background were sufficient to prevent early
synapse loss, establishing a direct role of microglial phagocytosis
in AD-associated synapse loss. A recent report also showed that
in Tau-P301S transgenic mice, a Clq-blocking antibody can
also prevent aberrant microglial synapse removal and rescue
synaptic density (Dejanovic et al, 2018; Litvinchuk et al,
2018).

Recent studies have shown that triggering receptor expressed
on myeloid cells 2 (TREM2) also plays an important role in
microglia-mediated synapse elimination. Several phospholipids,
including  phosphatidylinositol, phosphatidylcholine, and
lipoproteins (APOE, LDL, CLU/apoj), as well as AP, have
been suggested as potential TREM2 ligands. Activation of
TREM2 receptors changes microglial gene expression related
to inflammatory signals and phagocytosis (Colonna, 2003).
In developing brains, TREM2 maintains the phagocytic
capacity of microglia and mediates normal synapse pruning
(Filipello et al., 2018). Interestingly, TREM2 also mediates AP-
induced, microglial cytokine expression and AP clearance
through phagocytosis (Zhao et al, 2018). Determining
exact functions of TREM2 in AD would be necessary in
understanding the role of microglia in mediating synapse loss in
AD.

PD is another common neurodegenerative disease with loss
of nigrostriatal dopaminergic neurons. Abnormal intraneuronal
and intraneuritic deposits of fibrillary, a-synuclein aggregates

are thought to be the main cause of PD. Aggregates of a-
synuclein have been found at presynaptic terminals in PD,
resulting in synaptic degeneration (Schulz-Schaeffer, 2010).
Previous studies demonstrated that a-synuclein induces
microglial activation (Austin et al., 2006; Lee E.-J. et al,
2010) and influences microglial phagocytic activity. Park et al.
(2008) showed that microglial phagocytosis was enhanced
by monomeric a-synuclein, but inhibited by aggregated «-
synuclein. It has been also suggested that microglia clear
a-synuclein through a Clq-dependent pathway (Depboylu et al.,
2011).

In PD brains, a-synuclein also stimulates reactive astrogliosis,
and a-synuclein inclusions have been found in astrocytes
(Wakabayashi et al, 2000; Lee H.-J. et al., 2010; Braidy
et al,, 2013). These studies suggest that astrocytes can uptake
a-synuclein, although the physiological role of this process is
unclear. Recently, it has been shown that inhibiting microglia-
mediated conversion of astrocytes into A1 astrocytes significantly
alleviate synaptic/neuronal loss in PD mouse models (Yun
et al., 2018). Furthermore, microglia in PD show changes in
expression of innate immunity genes, such as progranulin,
NF-kB, and TDP-43, which may further impact microglial
phagocytosis and synapse elimination (Kao et al., 2011; Frakes
et al,, 2014; Lui et al., 2016; Spiller et al., 2018). Therefore,
similar to AD, synapse and neuronal loss in PD may be
triggered by reactive microglia and astrocytes. Further studies
are necessary to determine whether modulating glial function
can prevent a-synuclein accumulation and synapse/neuronal
loss in PD.

CONCLUSIONS AND PERSPECTIVES

We here describe recent findings that glial cells, especially
astrocytes and microglia, regulate synapse dynamics in normal
and neurodegenerative diseases. In the past, neurodegeneration
studies have focused mainly on neurons; however, recent
studies suggest that abnormal interactions between glia and
synapses can initiate many pathophysiological aspects of
synapse loss. In diseased brains, glial cells lose their normal
functions for proper synapse formation, function, plasticity, and
elimination. Furthermore, these cells acquire new, deleterious
functions to drive synapse and neuronal loss. In both cases,
understanding the exact molecular mechanisms responsible
for glia-mediated synapse loss is an important step in
developing therapeutic strategies for neurodegenerative diseases.
In addition, determining what initiates reactive gliosis in each
disease, and whether we can prevent these processes are equally
important questions. Astrocytes and microglia may participate
in synapse formation and elimination with different degrees
in various development and disease conditions. In normal
physiological conditions, since major portion of synapses are in
direct contact with astrocytic processes, astrocytes may respond
more efficiently than microglia in regulating neuronal activity-
dependent changes in synaptic density. In contrast, microglia
may play dominant roles in eliminating synapses in the diseased
conditions due to the significant upregulation of phagocytic
machineries after reactive gliosis. How astrocytes and microglia
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differentially and cooperatively control synapse number in the
healthy and diseased brain would be additional fascinating
subjects to investigate. Current advances in establishing gene
expression databases of disease-affected human brains, as well as
in understanding normal glial function in synapse regulation will
aid this discovery.
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Synapse loss is an early feature shared by many neurodegenerative diseases, and
it represents the major correlate of cognitive impairment. Recent studies reveal that
microglia and astrocytes play a major role in synapse elimination, contributing to network
dysfunction associated with neurodegeneration. Excitatory and inhibitory activity can be
affected by glia-mediated synapse loss, resulting in imbalanced synaptic transmission
and subsequent synaptic dysfunction. Here, we review the recent literature on the
contribution of glia to excitatory/inhibitory imbalance, in the context of the most
common neurodegenerative disorders. A better understanding of the mechanisms
underlying pathological synapse loss will be instrumental to design targeted therapeutic
interventions, taking in account the emerging roles of microglia and astrocytes in
synapse remodeling.

Keywords: microglia, astrocytes, neurodegeneration, synapse loss, E/l imbalance

INTRODUCTION

The prevalence of neurodegenerative disorders has been rapidly increasing over the past decades.
These untreatable and often lethal conditions including Alzheimer’s disease (AD), Parkinson’s
disease (PD), amyotrophic lateral sclerosis (ALS) and multiple sclerosis (MS), affect over
100 million people worldwide (Prince et al., 2013; Browne et al,, 2014; Baxter et al, 2015).
Despite differences in age of onset and genetic risk factors associated with the disease, common
pathophysiological features can be identified, including synaptic and glial dysfunction, as well as
cognitive impairments. Synapse loss is an early occurring hallmark in many neurodegenerative
disorders, which correlates best with the appearance and progression of cognitive decline
(DeKosky and Scheff, 1990; Terry et al., 1991; Koffie et al,, 2011; Spires-Jones and Hyman,
2014). Abnormal glial function is also recognized as an early pathological feature commonly
observed in neurodegenerative disease (Verkhratsky et al., 2014). However, for a long time, the
prevailing neuro-centric view of pathogenesis has led to the underestimation of key roles for
non-neuronal cells in the brain, primarily glia, which were instead considered as mere bystanders
or secondary responders in the pathological process. Only in the last decade, with the advent
of new genetic, molecular and pharmacological tools, have significant steps forward been made
towards our understanding of glial function, revealing a central role for these cells in disease
(Verkhratsky et al., 2014).

From the Greek word “glue,” glia in the central nervous system (CNS) include three major cell
subsets: astrocytes, microglia and oligodendrocytes. While the latter are mainly responsible for the
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formation of myelin and for providing metabolic support to
axons (Baumann and Pham-Dinh, 2001; Simons and Nave,
2015), microglia and astrocytes cover a variety of functions,
ranging from trophic support to refinement and coordination
of neural networks (Reemst et al, 2016; Allen and Lyons,
2018). Microglia are the resident macrophages of the CNS and
constitute about 10%-15% of all the brain cells. Historically,
they have been regarded exclusively as innate immune cells,
considered to be “activated” only during infection or injury.
In the last decade, however, several new physiological roles
for microglia have been described, revealing a much broader
scenario for the multifaceted tasks performed by these cells
(Tremblay et al., 2011; Sierra et al., 2014; Paolicelli and
Ferretti, 2017). Astrocytes are the more abundant glial cell in
the CNS; their processes closely enwrap synapses, and their
role in regulating synaptogenesis, neurotransmitter recycling
and synaptic transmission is well established (Parpura et al.,
1994; Vesce et al,, 1999; Panatier et al., 2011; Chever et al,
2016). In addition, they play key roles in maintaining the
blood-brain barrier, providing trophic and metabolic support
to neurons (Pellerin et al., 2007; Sofroniew and Vinters, 2010).
Since the recent recognition of a role for glia in refining
synaptic connections, intense investigations have been devoted
to elucidate the molecular mechanisms of glia-meditated synapse
elimination, particularly in the context of neurodegeneration.
The majority of neurodegenerative disorders fall into the
category of “proteinopathies,” because of the characteristic
accumulation of toxic protein aggregates (Ross and Poirier,
2004; Soto and Pritzkow, 2018). In such diseases, pathological
proteins often accumulate at the synapse (Koffie et al., 2009,
2012; Henstridge et al., 2018), thus causing synaptic dysfunction
and likely rendering the synapses vulnerable and primed for
removal (Walsh et al., 2002; Geracitano et al., 2003; Pieri
et al., 2003; Shankar et al, 2007; Crimins et al., 2012).
In the case of AD, for instance, amyloid B (AP) peptide
accumulates at the synaptic site long before its extracellular
aggregation in plaques, and it is associated with alterations
in synaptic structures, both in mouse and in human studies
(Gylys et al., 2004; Almeida et al., 2005; Sokolow et al., 2012;
Takahashi et al., 2013).

Synapse elimination could occur via autonomous pathways
within the damaged neuron, due to localized caspases or necrotic
signals (Wishart et al.,, 2006; Ertiirk et al.,, 2014) or via active
non-cell-autonomous removal of synapses by surrounding glial
cells (Hong et al., 2016; Vasek et al., 2016; Paolicelli et al., 2017).
Evidence for either scenario or even a combination of both
exists. In this review article, we will primarily focus on glial-
dependent synapse loss and revise the recent literature providing
evidence for glial contribution to excitatory-inhibitory network
dysfunction in pathological states.

SYNAPSE REMODELING IN
DEVELOPMENT AND DISEASE

The term synapse, from the Greek ocvudyig, meaning
“conjunction,” refers to the physical point of contact between
two neurons, and thus defines the anatomical site of information

exchange between an axonal input and the recipient dendritic
spine (Harris and Weinberg, 2012). Synapses are highly dynamic
sub-cellular structures, as they can be rapidly formed or
eliminated during plasticity-mediated processes (Engert and
Bonhoeffer, 1999; Matsuzaki et al., 2001). They represent the
structural basis of long-term potentiation (LTP), essential for
memory formation (Matsuzaki et al., 2004). Evidence of the
highly dynamic nature of synapses has been provided by
advances in live imaging techniques, showing that dendritic
spines rapidly appear and disappear as a result of experience-
dependent plasticity upon sensory experience, and learning
processes (Toni et al., 1999; Lendvai et al., 2000; Holtmaat
and Svoboda, 2009; Fu et al., 2012). During early development,
immature neural circuits undergo synaptic refinement, in which
activity-dependent competition between synapses ultimately
results in the elimination of inappropriate connections and
brain plasticity, while strong synapses are reinforced (Penn
et al, 1998; Lichtman and Colman, 2000; Hua and Smith,
2004; Torborg and Feller, 2005; Mikuni et al., 2013; Fields
et al., 2014; Robin et al, 2018). Importantly, the proposed
mechanism of the strongest “winning inputs” (Personius and
Balice-Gordon, 2000) is consistent across a number of models,
namely the neuromuscular junction (NMJ; Wang et al., 2014),
the Purkinje fibers in the cerebellum (Mason and Gregory,
1984; Hashimoto and Kano, 2003; Kakegawa et al., 2015) and
the retino-thalamic system (Hong and Chen, 2011), suggesting
that activity-dependent remodeling of synapses is a conserved
process across the central and peripheral nervous system. In vivo
imaging studies recently showed that monocular deprivation
(MD) increases dendritic spine elimination in the developing
mouse visual cortex, with no effects on synapse formation (Zhou
et al.,, 2017). Interestingly, binocular deprivation (BD), which
entirely suppresses competition between the two eyes, failed to
induce synapse elimination, and resulted by contrast in enlarged
dendritic spine size (Zhou et al., 2017).

The high dynamic remodeling of synapses not only occurs
during early developmental stages, but also persists across the
entire lifespan (Peretti et al., 2015). Live imaging of cortical
regions largely supports the experience-dependent plasticity of
dendritic spines in the adult mouse brain (Xu et al., 2009; Yang
and Zhou, 2009). In vivo imaging of the hippocampus, a highly
plastic structure, has been made possible only recently, upon
novel methods of cortical tissue resection (Pilz et al., 2016). Such
studies have provided evidence for network plasticity with new
spines formed and eliminated in the CA1 stratum radiatum, with
an impressive-previously underscored- spine turnover of ~40%
within 4 days (Gu et al., 2014; Pfeiffer et al., 2018).

While synapse elimination in the context of brain
development and experience-dependent plasticity is a
physiological process (Wolff and Missler, 1993; Kamiyama
et al., 2006), its later and dysregulated occurrence is recognized
as an early pathological feature of neurodegenerative diseases
(DeKosky and Scheff, 1990; Henstridge et al., 2018). Indeed,
one of the earliest hallmarks of neurodegeneration is the
loss of presynaptic terminals and dendritic spines, which
represents the major correlate of cognitive impairment
(Terry et al., 1991; Scheff et al., 2006, 2014). Structural and
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functional alterations of synapses, culminating in synapse CONTRIBUTION OF GLIA TO SYNAPSE
loss, are associated with sensory, motor, and cognitive ELIMINATION

impairments observed in a variety of neurodegenerative
disorders, ranging from AD to motor neuron diseases (MND),
and often precede clinical manifestations (Selkoe, 2002;
Henstridge et al., 2018). Yet, the causes and the molecular

mechanisms le.ading to p athplogical synapse loss have not directly pruning redundant synapses during early development,
been fully elucidated (Henstridge et al, 2016). On one hand, ;14 thys shaping brain connectivity (Paolicelli et al, 2011;

the regenerative capacity of synapses seems to be significantly Chung et al, 2013; Hakim et al, 2014; Zhan et al, 2014;
reduced in the disease state, as shown in prion-infected and Risher et al) 201;1, Filipello et, al ’2018) In a (i dition,

AD mouse models (Peretti et al., 2015); on the other hand,
aberrant synaptic pruning or lack of trophic support by
surrounding glia cells can contribute to the drastic reduction in
synapse number.

Recent literature highlights glial cells as active participants in
the process of neural circuits refinement (Figure 1). Microglia
and astrocytes contribute to accurate network formation by

glia can also act indirectly to induce effects on synaptic
function, via the release of soluble modulators (Chung et al.,
2015). Compelling evidence shows that synapse elimination
by glia is important in the activity-dependent wiring of
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FIGURE 1 | Glial control of synaptic homoeostasis. Synapses exists as tri- or even quad-partite structures with glial processes in direct contact with neuronal
components. Glia play important roles in regulating efficient neurotransmitter release and clearance, as well as providing trophic factors to ensure healthy function.
Furthermore, during development glia prune away excess synapses and by doing so, fine-tune the excitatory/inhibitory balance within developing neuronal networks.
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the brain, with microglia and astrocytes selectively removing
the weaker synapses upon input competition (Schafer et al.,
2012; Chung et al, 2013; Sipe et al, 2016; Yang et al,
2016). For example, the visual system is a well-characterized
model for experience-dependent synaptic refinement (Wiesel
and Hubel, 1963), and thus, the developing retino-thalamic
system has been frequently used for studying competition of
synaptic inputs, which project from the retinal ganglion cells
(RGCs) to the relay neurons in the dorsal later geniculate
nucleus (dLGN), and then to the primary visual cortex.
This model has been influential in revealing that microglia
are active players in experience-dependent remodeling of
neural circuits (Tremblay et al, 2010; Schafer et al., 2012;
Sipe et al., 2016). Sensory deprivation, by closure of one
eye, during the visual critical period results in enhanced
engulfment of synaptic terminals by microglia and astrocytes
(Chung et al., 2013; Sipe et al., 2016), whereas BD, achieved
by pharmacological blockade, drastically reduces astrocyte-
mediated synaptic pruning, further confirming that active
competition of synaptic inputs is required for glial-dependent
synapse remodeling (Chung et al, 2013). Several pathways
have been implicated in this process, including fractalkine
signaling (Cx3cr1/Cx3cll), DAP12/triggering receptor expressed
on myeloid cells 2 (TREM2) signaling and the complement
pathway for synapse elimination by microglia (Paolicelli et al.,
2011; Schafer et al., 2012; Filipello et al., 2018), and MEGF10 and
MERTK for astrocyte-mediated synapse engulfment (Chung
et al., 2013). Dysfunctional regulation of such pathways or
intrinsic defects in glia are possible causes for the pathological
synaptic pruning observed in neurodegeneration. Indeed, a
growing body of evidence indicates that glia-mediated synapse
removal becomes dysregulated in aging and disease. A prominent
hypothesis is that an increased activation of the complement
cascade, associated with neurodegenerative disorders, enhances
complement deposition on synaptic terminals, priming the
synapses for removal and thus mediating aberrant synapse
elimination. In support of this, distinct animal models of
neurodegeneration (discussed below) exhibit upregulated levels
of complement C3 and Clq, and subsequent synapse loss
(Fonseca et al., 2004; Michailidou et al, 2015, 2017; Shi
et al, 2015, 2017; Lui et al, 2016). Also, injection of AP
peptide in wild-type mice was shown to increase the levels
of complement molecules, and in turn to promote synapse
engulfment by microglia (Hong et al., 2016). A consistent role
for complement in opsonizing synapses for removal has been
shown in ageing models, with complement C3-deficient mice
protected from age-related hippocampal decline (Shi et al,
2015). Complement upregulation was also reported upon viral
infection. However, while such increase is critical for mediating
microglial removal of presynaptic terminals in the hippocampus
of West Nile Virus (WNV) infected mice (Vasek et al., 2016),
it appears dispensable in IFN-y mediated microglial synaptic
stripping upon lymphocytic choriomeningitis viral infection (Di
Liberto et al., 2018). Type I IEN signaling instead mediates
synapse elimination by microglia in a mouse model of systemic
lupus erythematosous (SLE), an incurable autoimmune disease
(Bialas et al., 2017).

Purinergic signaling also plays crucial roles in microglia-
mediated synapse refinement. ATP is a major signaling molecule,
that acts as a danger signal once released extracellularly
and profoundly affects microglial function (George et al,
2015; Rodrigues et al., 2015). Microglial processes are rapidly
directed towards sources of ATP through the activation of
P2Y12 receptors (Davalos et al, 2005). Activity-dependent
synapse remodeling in the developing mouse visual cortex
has been shown to strongly rely on such purinergic pathways
in microglia, as knockout mice exhibited defective ocular
dominance plasticity (Sipe et al., 2016). In addition, calcium-
mediated purinergic receptors regulate microglial phagocytoses
during postnatal brain development (Sunkaria et al., 2016).

Microglia not only sense and respond to ATP, but they
can also serve as a source of purines, which modulate synaptic
plasticity, thus representing an alternative mechanism for
microglia-induced synaptic refinement (George et al., 2016).

Also, intrinsic glia dysfunction caused by genetic mutations
can lead to aberrant synapse elimination. Loss of progranulin
was shown to promote synaptic pruning by microglia,
in a Clq-dependent manner (Lui et al, 2016). We have
reported evidence for enhanced synapse engulfment, in
the motor/somatosensory cortex of mice selectively lacking
microglial TDP-43 (Paolicelli et al., 2017).

Other immune-related molecules such as CD47, have been
recently described to work as “spare me” signals, and to
protect synapses from excessive microglia-mediated pruning
(Lehrman et al., 2018).

An interesting aspect that warrants further investigation is the
cross-talk between microglia and astrocytes. Collecting evidence
indicates that microglia can modulate astrocytic function,
and conversely astrocytes can regulate microglial phenotypes
(Jha et al, 2018). Microglial derived ATP, for instance, acts
through the astrocytic receptor P2Y1, thus modulating excitatory
neurotransmission and providing neuroprotection (Pascual
et al.,, 2012; Shinozaki et al., 2014). Microglia can also induce
neurotoxic astrocytes through the release of Clq, tumor necrosis
factor-a (TNF-a), and interleukin-1a (IL-1a) (Liddelow et al.,
2017). Recent findings show that astrocytic NF-kB activation
induce a Wnt-dependent microglial proliferation, identifying
astrocytes as important regulator of microglial expansion (Ouali
Alami et al, 2018). Astrocyte-mediated synapse elimination
has been shown to occur soon after acute sleep deprivation,
before microglia-mediated remodeling, which is engaged only
subsequently, if sleep deprivation is prolonged for several hours
(Bellesi et al., 2017). It is thus tempting to speculate that
astrocytes and microglia can act together in coordination, to
ensure efficient synapse remodeling. Fine-tuned communication
between microglia and astrocytes is crucial for proper brain
functioning. Thus, a better understanding of the cellular
processes involved in this cross-talk will be essential to elucidate
the role of glia in the diseased brain.

Lifestyle factors related to dementia, such as nutrition,
sleep quality and stress, are heavily implicated in glia-mediated
synapse loss and cognitive decline (Cope et al., 2018; Rajendran
and Paolicelli, 2018). On the other hand, large-scale human
genetic studies have identified glia-specific genes as genetic
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risk factor in a range of neurological conditions from autism
(Voineagu et al., 2011) to AD (Karch and Goate, 2015;
Gosselin et al., 2017). Taken together, all this evidence reveals
glia as a common link between many of the world’s most
impenetrable diseases.

IMBALANCE BETWEEN EXCITATION AND
INHIBITION IN PATHOLOGICAL STATES

The balance between the excitatory and inhibitory control
of synaptic activity needs to be tightly maintained to ensure
proper functioning and plasticity of neural circuits (Hensch
and Fagiolini, 2005; Harauzov et al., 2010). Pre-synaptic
terminals of excitatory synapses release glutamate as their major
neurotransmitter, and are thus defined glutamatergic. Glutamate
is received at the post-synapse by the ionotropic [N-methyl-
D-aspartate receptors (NMDARs) and 2-amino-3-3-hydroxy-5-
methyl-isoxazol-4-yl propanoic acid receptors (AMPARs)] and
metabotropic (mGluR) glutamate receptors. On the other hand,
pre-synaptic terminals at inhibitory synapses primarily release y-
aminobutyric acid (GABA), and are thus defined GABAergic.
GABA is post-synaptically received by ionotropic (GABAAR)
and metabotropic (GABAgR) GABA receptors. In terms of
spatial organization, glutamatergic synapses are located almost
exclusively on dendritic spines, whereas GABAergic synapses
can be spread along the dendritic shaft, somata, and axon initial
segments (Fritschy and Briinig, 2003; Penzes et al., 2011).

Excitatory neurons increase or decrease the accumulation
of glutamate receptors at synaptic sites in response to changes
in their own firing rates, through what has been defined as
homeostatic synaptic scaling (Turrigiano et al., 1998; Turrigiano
and Nelson, 2004; Turrigiano, 2008). The aim is to stabilize
neuronal firing by adjusting its own synaptic strength to
compensate for perturbations in surrounding neural activity
(Ibata et al., 2008).

Network synchrony and oscillatory brain rhythms are
promoted and controlled by the activity of inhibitory GABAergic
interneurons across the entire lifespan, with important cross-
talks with astrocytes modulating synaptic efficacy (Buzsdki et al.,
2004; Klausberger and Somogyi, 2008; Perea et al., 2016; Sardinha
et al,, 2017; Mederos et al., 2018). Indeed, in the early stages of
several brain disorders, impairment in inhibitory transmission
combined with possible defects in homeostatic synaptic scaling at
excitatory synapses might drastically compromise the excitation/
inhibition (E/I) balance (Palop and Mucke, 2016). Defective
inhibition or aberrant excitation in brain development has been
associated with severe alteration in the E/I ratio (observed in
ASD for example) and considered to be causally linked to
behavioral abnormalities (Rubenstein and Merzenich, 2003; Gao
and Penzes, 2015; Nelson and Valakh, 2015). In support of
this, modulation of prefrontal cortex E/I by optogenetics has
recently been shown to rescue deficits in social behavior, in a
mouse model of autism (Selimbeyoglu et al., 2017). Nevertheless,
in other cases with memory alterations, selective changes of
glutamatergic synaptic markers, have been reported without
evident changes of GABAergic synaptic markers, in models of
childhood epilepsy, diabetic encephalopathy and repeated stress,

supporting the complexity of this topic (Cognato et al., 2010;
Duarte et al., 2012; Canas et al., 2014; Kaster et al., 2015).

In neurodegeneration, such as in AD, network activities
are altered even decades before clinical disease onset and are
associated with diverse cognitive manifestations (Palop and
Mucke, 2016). To date, the mechanisms and pathophysiological
consequences of these alterations, which include activation and
deactivation deficits of neural circuits, are poorly understood.
Importantly, recent findings suggest that network activities
can be experimentally or behaviorally manipulated to improve
cognitive function in AD mouse models (Sanchez et al., 2012;
Busche et al., 2015), and even in patients at risk of AD
(Bakker et al., 2012, 2015). Overall, impairments in inhibitory
connections, with consequent hyperexcitation, are emerging
as potential mechanisms underlying cognitive dysfunction
in several neurodegenerative diseases. On the other hand,
selective increase in inhibition, via pharmacogenetic activation
of parvalbumin interneurons, was recently shown to have
beneficial effects, preventing stress-induced synapse loss in vivo
(Chen etal., 2018).

Considering the complexity of our brain, it is easy to
imagine that the fine-tuned balance between excitation and
inhibition is not simply the net output of neuronal firing, but
is rather the result of a highly regulated cross-talk amongst
numerous cell types that are able to sense synaptic activity
and to assist neurons to dynamically and appropriately adjust
synapse strength and number. In this scenario, glial cells, such
as astrocytes and microglia, which are known to closely interact
with neural networks, can directly contribute to homeostatic
synaptic scaling. Indeed, it has been proposed that glia participate
directly in the homeostatic, activity-dependent regulation of
synaptic connectivity through the release of TNF-a, a cytokine
known to increase the cell surface expression of AMPA
receptors (Stellwagen and Malenka, 2006). Similarly, several
other molecules released by microglia and astrocytes might exert
a direct regulation of plasticity by affecting receptor composition
at the synapse, such as BDNF and IL1p (Parkhurst et al., 2013;
Rizzo et al.,, 2018).

In addition to mechanisms mediated by release of soluble
factors, it would be important to investigate whether refinement
of synaptic connections by glial synaptic pruning also occurs
to reinforce synaptic scaling. Growing evidence indicates that
microglia are capable of sensing synaptic activity and act
as key players in homeostatic regulation of neural firing
(Li et al., 2012; Béchade et al, 2013; Ji et al, 2013).
Lipopolysaccharide (LPS) injection in mice promotes transient
but selective microglia-mediated removal of inhibitory synapses,
which ultimately results in neuroprotection by suppressing
inhibition and increasing synchronic neural firing (Chen et al,,
2014). LPS-driven inflammation has profound effects on synaptic
transmission (Pickering and O’Connor, 2007). Recent studies
show that short-term LPS stimulation of microglia in spinal
cord specifically decreases inhibitory glycinergic post-synaptic
currents (Cantaut-Belarif et al., 2017). It is thus plausible to
speculate that loss of excitatory synapses could be counteracted
by microglia through removal of inhibitory inputs. On the
other hand, astrocytes are much less motile, but their processes
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are more stably associated with synapses, and even considered
a constant synaptic element, forming the so-called “tripartite
synapse” (Araque et al.,, 1999). Interestingly, perturbations in
astrocytic function lead to selective reduction in inhibitory,
but not excitatory currents, as a consequence of rapid
GABA depletion induced by downregulation of the glutamine
synthetase enzyme (Ortinski et al., 2010).

Astrocytes also play critical roles in activity-dependent
synapse elimination, as previously discussed. In the light of
such observations, glia cells represent the perfect candidates
for monitoring and eventually restoring E/I networks balance,
through selective remodeling of excitatory or inhibitory inputs.

Overall, a dysregulated ratio between excitation and
inhibition has significant implications in behavioral outputs
associated with neurodevelopmental and neurodegenerative
disorders, however the exact molecular and cellular processes
at the origin of such dysfunction are yet to be elucidated. In
the following paragraphs we will review the recent literature,
highlighting possible links between glia-mediated synaptic
remodeling and dysregulation of the E/I network balance
in neurodegeneration.

ALZHEIMER’S DISEASE

AD is the most common cause of dementia in the elderly, and
despite its increasing prevalence there are no effective treatments
available. The rare familial form of AD involves mutations
of the amyloid precursor protein gene (APP) and Presenilins
1 and 2 (PSEN1 and PSEN2), which cleave APP to form AP
species (Hardy and Higgins, 1992; Chavez-Gutiérrez et al., 2012).
Late-onset (LOAD), or sporadic AD accounts for more than 95%
of the Alzheimer’s cases, but has no clear etiology. With ageing
being the strongest risk factor, several genetic polymorphisms
in various gene loci have been associated with increased AD
risk, such the Apolipoprotein E4 (ApoE4) allele or the R47H
mutation in Trem2 (Roses, 1996; Guerreiro et al., 2013; Jonsson
et al., 2013). AD is characterized by deposition of extracellular
AP plaques, intracellular neurofibrillary tau tangles (NFTs),
and progressive neurodegeneration accompanied by cognitive
decline (Spires-Jones and Hyman, 2014). Several studies have
focused on the pathological role of AP oligomeric species
as a major player in neuronal and network dysfunction at
early stages of the disease progression, thus providing a broad
range of causative mechanisms (Cleary et al,, 2005; Shankar
et al, 2008; Li et al, 2011). For instance, AP can cause
E/I imbalance through disruption of fast-spiking GABAergic
inputs (Ren et al, 2018). Mutations in the APP leading
to increase in AP oligomerization (E693 Osaka mutation;
Tomiyama et al., 2010) have also been shown to cause selective
GABAergic depletion in recessive familial AD (Umeda et al,
2017). Many of the LOAD risk genes, including APOE and
TREM2, involve the brain’s immune system and the majority
of them are highly enriched in microglia (Gosselin et al,
2017), suggesting glial cells are causally implicated in the
pathogenesis of AD, and thus might be important players
in the E/I imbalance observed already in the early stages
(Henstridge et al., 2019).

The microglial and astrocyte reactivity in AD and their
physiological role in synaptic pruning has inspired a new wave
of research into glial-mediated synapse loss in AD as a driver of
network dysfunction (Serrano-Pozo et al., 2013; Rodriguez et al.,
2014). Figure 2 summarizes the role of glia in mediating synaptic
refinement in AD.

Other immune cells, such as lymphocytes and neutrophils
may play important roles in the onset and progression of AD,
also interacting with resident glia cells (Town et al., 2005; Xie and
Yang, 2015; Ferretti et al., 2016).

Microglia and Astrocytes in Synapse Loss
in AD

It is well established that excitatory synapses are vulnerable
in AD. Specifically, oligomeric AB (0AP) not only induces
synaptotoxicity but also synaptic weakening through prolonged
long-term depression (LTD) and impaired LTP (Shankar et al.,
2008; Li et al., 2009; Wu et al, 2010). In turn, glutamatergic
signaling deficits in AD can range from NMDA and AMPAR
internalization causing synaptic weakening (Zhang et al., 2003;
Snyder et al., 2005) to NMDA-mediated glutamate excitotoxicity
(Esposito et al., 2013). Recent reports suggest that other
mechanisms of synapse dysfunction, such as the upregulation
of adenosine A2A receptor might even occur before and
independent of defective glutamate receptors, in a mouse model
of AD (Viana da Silva et al., 2016).

Most studies demonstrating synapse loss by microglia have
focused on the engulfment of pre- and post-synaptic markers,
by co-localization approaches, with a preferential focus on
excitatory synapses. The role of complement, in virtue of
its role in mediating synaptic pruning during development,
has been extensively investigated in the context of synapse
elimination in AD. Indeed, in two amyloidopathy models
of AD (Tg2576 and APP/PS1) crossed with Clq knockout
mice, lack of Clq protected against synaptophysin loss in the
hippocampus of aged mice (Fonseca et al, 2004). Similarly,
more recent work has shown increased co-localization of Clq
with excitatory post-synaptic densities-95 (PSD-95) in the J20
APP-overexpressing mouse model, as well as in transgenic
APPsw/PSENIDE9 mice, and also following injections of
0oAB (Hong et al, 2016; Bie et al, 2019). Synaptotoxicity
and LTP impairments induced by oAB were also prevented
in Clq knockout mice or upon administration of Clq
neutralizing antibodies, suggesting Clq is critical for synaptic
elimination (Hong et al., 2016; Bie et al, 2019). A proposed
mechanism for Clq upregulation in hippocampal synapses
is via metabotropic glutamate receptor signaling (mGluRl;
Bie et al,, 2019), which has been shown to be involved in
synaptic LTD upon amyloid challenge (Chen et al., 2013).
Overall, upregulation in complement molecules is associated
with higher internalization of synaptic markers by microglia and
with overall synaptic loss. In agreement with these outcomes,
APP/PS1 mice lacking C3 showed a milder pro-inflammatory
biochemical and morphological profile, reduced AB-associated
microgliosis and astrogliosis, and greater levels of pre-synaptic
(synaptophysin, VGLUT1) and excitatory post-synaptic (homer,
PSD-95) markers compared to APP/PS1 mice expressing
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C3 normally (Shi et al,, 2017). Importantly, C3 absence in 16-
month-old APP/PSI mice, spared cognitive deficits as shown
by enhanced spatial memory. This suggests that in AD,
healthy synapses that would not normally require physiological
elimination may be aberrantly targeted by the complement
system for elimination, partly eliciting the cognitive decline
seen in AD.

Secretion of pro-inflammatory mediators by microglia is
likely to occur concomitantly to phagocytosis, contributing to
the AD-related synapse loss. Prolonged exposure to TNF-a in
a triple transgenic AD-like model (3xTg) induced neuronal
loss, microgliosis and upregulated C3 as well as intracellular
AR levels (Janelsins et al., 2008). In the TgCRND8 AD mouse
model, C3 was also upregulated in response to another potent
pro-inflammatory cytokine, IFN-y (Chakrabarty et al., 2010).
Additionally, in culture assays, microglial IL-6 and nitric oxide

(NO) have direct synaptotoxic effects on neurons (Azevedo et al.,
2013). Therefore, microglia not only can directly mediate synapse
elimination, but can also prime synapses for removal through
released soluble factors.

The presence of the allele E4 for APOE (a major cholesterol
carrier) is the strongest genetic risk factor influencing
susceptibility to LOAD and it is associated with increased
synapse loss (Koffie et al., 2009, 2012; Liu et al., 2013; Tzioras
et al., 2018) as well as complement activation (McGeer et al.,
1997). Transcriptomic studies have heavily implicated microglial
APOE as a common facilitator of many AD-associated
conditions, including amyloidosis, tauopathy, ageing and
inflammation (Kang et al., 2018; Lin et al., 2018; Ulrich et al,,
2018). Specifically, microglia close to AP plaques develop a
disease associated phenotype and upregulate Apoe expression
in a TREM2 dependent pathway (Keren-Shaul et al, 2017;
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Krasemann et al.,, 2017). APOE4 expressing mice also exhibit
increased hippocampal gliosis and decreased levels of both
synaptophysin and excitatory postsynaptic proteins (Zhu et al.,
2012). Crossing APOE4 mice to the 5xFAD AD-like mouse
model resulted in exacerbated AP-associated gliosis, presence of
dystrophic neurites and IL-1f neuroinflammation (Rodriguez
etal., 2014). Moreover, in human post mortem brains, the APOE4
genotype is associated with an increase in microglial markers of
activation including CD68, MSR-A and CD64 and decrease in
homeostatic Ibal (Minett et al., 2016). It is, therefore, compelling
to hypothesize that, in carriers of the APOE4 allele, microglia
might be more prone to mediate pathological synapse loss.

Astrocytes and their many functions have been extensively
studied in the context of AD (Gonzélez-Reyes et al, 2017;
Liddelow and Barres, 2017; Perez-Nievas and Serrano-Pozo,
2018), albeit their role in synapse loss is less clear. Both
human and mouse studies have reported upregulation of reactive
astrocyte signatures (GFAP) in the presence of an APOE4
allele (Overmyer et al, 1999; Ophir et al., 2003; Belinson
and Michaelson, 2009; Shi et al., 2017). In a recent study,
induced pluripotent stem cells from APOE4 AD patients were
differentiated into astrocytes and were then genetically modified
using CRISPR-Cas9 to generate an APOE3 genotype (Lin et al,,
2018). This approach revealed that APOE4 to APOE3 conversion
is sufficient to rescue the impaired phagocytic ability of astrocytes
towards A (Lin et al., 2018). Interestingly, and unexpectedly,
an allele-dependent role for APOE was also shown in respect
to mediating synapse elimination, with APOE2 enhancing and
APOE4 decreasing the rate of synaptic pruning by astrocytes
(Chung et al., 2016). This apparent controversy might be
explained if we assume that homeostatic elimination of damaged
synapses occurs constantly in the healthy brain. Thus, one
could speculate that ApoE4 carrier would be impaired in such
glia-mediated “homeostatic synapse remodeling.”

Only recently there was evidence of reactive astrocytes
engulfing synapses in AD, with electron microscopy showing
dystrophic VGLUT1-positive terminals being cleared by
astrocytic endfeet in the hippocampus of APP/PS1 mice and
in late stages of AD (Gomez-Arboledas et al., 2018). Whether
this clearing mechanism is exacerbated in AD and contributes
to excessive synaptic elimination is still under debate. The
decreased phagocytic ability of reactive and APOE4-expressing
astrocytes in development introduces new questions as to how
these cells change in the context of AD and thus contribute
to neurodegeneration.

Glia Implications in E/lI Imbalance in AD

Mounting evidence from mouse model studies suggest that,
in the amyloid-depositing brain, functional impairments of
local neuronal circuits lead to disruption in the E/I balance,
which then result in large-scale networks defects (Busche et al.,
2008; Busche and Konnerth, 2016; Palop and Mucke, 2016).
Loss of inhibitory interneurons results in impaired oscillatory
rhythm (Ramos et al., 2006; Baglietto-Vargas et al., 2010; Verret
et al, 2012) leading to epileptiform activity (Vossel et al,
2016) and network hyperexcitability (Brown et al., 2018) in a
subset of AD patients. Some studies have reported reduction of

inhibitory pre-synaptic VGAT and GAT1 peri-somatic terminals
on pyramidal neurons close to plaques, both in AD post mortem
cases and aged APP/PS1 mice (Garcia-Marin et al., 2009). Others
have found no such loss of inhibitory synapses in neither the
same APP/PS1 model nor AD cases at comparable pathological
stages; conversely, excitatory VGLUT1 boutons were found to
be significantly reduced (Mitew et al., 2013; Canas et al., 2014).
In the same study, AP was also suggested to increase astrocyte
GABA synthesis, highlighting a possible implication of astrocytes
as a source of E/I imbalance in AD (Mitew et al., 2013).
Microglia, too, may play an active role in compromising the
equilibrium of excitatory vs. inhibitory synaptic transmission in
AD, by promoting loss of selective synapses (i.e., glutamatergic
vs. GABAergic). Evidence for microglia engulfing excitatory
inputs in AD mouse models have been provided (Hong
et al.,, 2016; Paolicelli et al., 2017), however, evidence for the
engulfment of inhibitory connections is still lacking. Whether
microglia can directly contribute to E/I imbalance in AD is
currently under debate, and further studies are required to
investigate this possibility. A clear implication of microglia in
the AD brain has been recently underscored by the use of PET
tracers in vivo, which are capable of specifically revealing the
microglial component of neuroinflammation (Edison et al., 2018;
Horti et al., 2019).

PARKINSON'’S DISEASE

PD is a neurodegenerative disorder characterized by massive
degeneration of nigro-striatal dopaminergic neurons, which
leads to progressive motor and cognitive symptoms. It is
the second most common neurodegenerative disease and
affects 2%-3% of the population over the age of 65 years
(Poewe et al., 2017). The general term “parkinsonism” refers to
the ensemble of movement disorders defined by the appearance
of bradykinesia, rigidity or tremor. Cognitive impairment, in
addition, is an important non-motor symptom of PD, with a
mean duration from clinical disease onset to dementia of about
10 years (Aarsland et al., 2011; Selnes et al, 2017). A key
neuropathological hallmark of the PD brain is the abnormal
deposition of intraneuronal (Lewy bodies) and intraneuritic
(Lewy neurites) fibrillary aggregates, mainly composed of
a-synuclein (a-syn) and referred to as Lewy pathology. a-syn
inclusions, initially thought to be limited to the substantia nigra
pars compacta of the striatum, have been associated with the
primary cause of neuronal loss in PD (Desplats et al., 2009).
However, post mortem brain examinations of patients affected
by PD revealed that Lewy pathology is not only confined to
the striatum, but also affects other well-defined brain regions,
possibly following a progressive spreading pattern (Del Tredici
etal,, 2002; Beach et al., 2009; Colom-Cadena et al., 2017). Staging
of Lewy pathology in PD was first proposed by Braak et al. (2003),
based on histological examinations showing the anatomical
caudo-rostral progression of disease over time. Accumulating
in vitro and in vivo evidence indicates that a-syn can undergo
toxic conformational changes, spread from cell to cell, and
initiate the formation of pathological aggregates, in a prion-like
manner (Kordower et al., 2008; Li et al., 2008; Luk et al., 2012;
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Masuda-Suzukake et al., 2013). Together with the progressive
stages of the disease, these data are in support of the spreading
hypothesis, according to which Lewy pathology arises in specific
brain nuclei and spreads to other structures through synaptic
connections (Recasens and Dehay, 2014).

Transgenic animal models with a-syn overexpression exhibit
neuronal dysfunction in the absence of cell loss, indicating that
disruptions of synaptic transmission occur as an initial event,
preceding a-syn-induced neuronal cell death (Janezic et al., 2013;
Phan et al, 2017). Experimental evidence in fact shows that
synaptic dysfunction is caused by presynaptic accumulation of
a-syn aggregates, which impair axonal transport by affecting key
proteins governing synaptic vesicle release (Kramer and Schulz-
Schaeffer, 2007; Bellucci et al., 2012; Anichtchik et al., 2013).

Early synaptic dysfunction in PD has been supported by
genetic evidence, with recently identified mutations in genes
involved in clathrin-dependent synaptic vesicle endocytosis
(SVE), such as DNAJC6 (auxilin) and SYNJ-1 (synaptojanin 1),
in patients with juvenile and early-onset atypical parkinsonism
(Nguyen and Krainc, 2018). In these models, a central
role for glia cell have been also proposed, although
causative mechanisms still await further supportive evidence
(Teismann et al., 2003).

Microglia and Astrocyte-Mediated

Synapse Impairment in PD

Synapse loss in PD correlates with the pathological deposition
of a-syn at the pre-synaptic site. Indeed, prolonged exposure
to a-syn oligomers in hippocampal slices was shown to
regulate synaptic transmission and impair LTP by activating
NMDARs (Diogenes et al., 2012). Most of the studies aimed
at elucidating the cellular basis of PD, have focused so far
on mechanisms of neuronal dysfunction; however, PD-related
genes are also expressed in astrocytes and microglia. Thus,
it is likely that dysregulation of such genes may contribute
to disease onset and progression via glia-mediated processes.
Astrocytic roles in glucose metabolism are well described, and
mutations in Parkin, PINK1, DJ-1 and LRKK2, associated
with PD, have been shown to affect astrocytes function
(Choi et al., 2013).

Parkin is a ubiquitin ligase largely implicated in PD,
however its role in modulating glial specific function has just
started to be unraveled. Recent studies show that parkin loss
exacerbates inflammation and promotes survival of activated
microglia by inhibiting necroptosis, thus contributing to
chronic neuroinflammation (Dionisio et al., 2018), whereas in
astrocytes it induces endoplasmic reticulum stress. Whether
such effects can negatively impact on synaptic function and
mediate synapse loss, however, remains to be elucidated.
Similarly, novel evidence for DJ-1 modulation of glial
function are emerging. DJ-1, encoded by PARK” gene, is a
ubiquitously-expressed multifunctional protein which regulates
anti-oxidant and anti-apoptotic gene expression (Canet-
Avilés et al., 2004). DJ-1 knockdown in astrocytes was shown
to impair astrocyte-mediated neuroprotection in primary
neurons (Mullett and Hinkle, 2009; Kim et al., 2016), whereas
astrocytic over-expression of DJ-1 prevented oxidative stress

and mitochondrial dysfunction, leading to enhanced neuronal
survival in vitro and in vivo (De Miranda et al.,, 2018; Froyset
et al., 2018). On the other hand, DJ-1 has been also shown to
modulate microglial function, with its deficiency impairing
autophagy, reducing a-syn phagocytosis and inducing a
constitutive pro-inflammatory activation (Meiser et al., 2016;
Nash et al., 2017). Mutations in LRKK2, another multifunctional
protein associated with late-onset familial PD, has been shown
to affect basic glial function. For instance, pathogenic mutations
impair lysosomal function in astrocytes (Henry et al., 2015), and
attenuate motility in microglia, preventing efficient response
to brain damage (Choi et al,, 2015). Altogether, these findings
support the implication of glial dysfunction in the synaptic
impairment occurring in PD.

Glial Contribution to E/I Imbalance in PD
The pathophysiology of PD is characterized, among other
features, by a prominent imbalance within striatal activity.
Dopamine (DA) has excitatory effects on the projections from
the striatum to the internal segment of globus pallidus (GP),
defined as the direct pathway, acting through D1 receptors
(D1Rs). The same neurotransmitter, however, exerts inhibitory
effects on the projection from the striatum to the external
segment of GP through D2Rs, or indirect pathway (Surmeier
et al., 2007). Loss of DA, therefore, has complex consequences
on multiple levels. Several studies in rodents, using both
pathogenic 6-hydroxydopamine (6-OHDA) and 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) models, have shown
that the progressive loss of striatal DA leads to a significant loss
of glutamatergic synapses on medium spiny neurons (MSNs)
of the dorsal striatum (Ingham et al, 1989; Zaja-Milatovic
et al., 2005; Day et al., 2006), and that dendritic spines are
decreased and enlarged specifically in the direct pathway neurons
(Nishijima et al., 2014). Overall, the loss of dopaminergic
input from the substantia nigra alters the equilibrium between
excitatory and inhibitory control from the basal ganglia to the
motor cortex.

Recent studies have highlighted the existence of
subpopulations of astrocytes, with circuit-specific roles in
the basal ganglia (Martin et al., 2015). Considering that both the
direct and indirect pathways are fundamental for motor control,
and are associated with motor deficits in PD and Huntington’s
diseases, the selective regulation of specific synapses by astrocytes
may be involved in the coordinated activity of these networks in
the striatal function, therefore, pointing to astrocytes as central
players in these disorders (Martin et al., 2015).

However, whether and how glia cells contribute to the E/I
imbalance in PD remains elusive.

It has recently been proposed that microglia may compensate
for dopaminergic neuron loss through selective elimination of
glutamatergic synapses from the subthalamic nucleus (Aono
et al, 2017). By using the 6-OHDA-induced experimental
Parkinsonism rat model, the authors showed a specific increase
of activated microglia in the substantia nigra pars reticulata
(SNr), engulfing excitatory pre- and post-synaptic elements.
These findings suggest that microglia may be involved in a
negative feedback in the indirect pathway of the basal ganglia

Frontiers in Cellular Neuroscience | www.frontiersin.org

54

February 2019 | Volume 13 | Article 63


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Henstridge et al.

Glia-Mediated Synapse Loss in Neurodegeneration

to compensate for the loss of dopaminergic neurons in PD
pathology (Aono et al, 2017). A central role for astrocytes
has also been proposed in the PD brain, based on the
observation that loss of DA neurons in the substantia nigra
is associated with increased density of activated astrocytes
(Hirsch et al.,, 2006; Gomide and Chadi, 2005; McGeer and
McGeer, 2008). Only recently, however, it has been shown
that striatal astrocytes engulf dopaminergic debris in the
6-OHDA model (Morales et al., 2017). Interestingly, a-syn was
observed within astrocytic processes already 4 h after 6-OHDA
administration, whereas the amyloid precursor protein (APP),
found at synapses and accumulated in bulb-like structures of
degenerating axons, was never found inside astrocytes. These
findings suggest a selective engulfment of synaptic terminals
by astrocytes, rather than a non-specific clearance of cellular
debris (Morales et al., 2017). The contribution of microglia and
astrocytes to synapse loss observed in PD is summarized
in Figure 3.

AMYOTROPHIC LATERAL SCLEROSIS
(ALS)

ALS is caused by the breakdown of upper and lower motor
neurons leading to the progressive weakness and atrophy
of muscle, often resulting in respiratory failure and death
within a few years of diagnosis. It is the most common
form of MND, yet we still do not have a unifying theory of
disease pathogenesis. Most cases (90%) are sporadic, with the
remaining 10% due to known mutations in a growing number
of disease-associated genes, such as c9orf72, SODI1, FUS and
TDP-43 (Renton et al, 2014). Mounting evidence suggests
that disconnection of the neuromuscular synapse occurs very
early in the disease, with an initial toxic insult at the synapse,
leading to disconnection of axons from their target cell, axonal
breakdown and ultimately neuron death. This model led to
the popular “dying back” hypothesis of disease progression
(Frey et al., 2000; Fischer et al., 2004; Pun et al, 2006).
This process has been described at both peripheral synapses
at the NMJ and synapses in the CNS, however the toxic
insult at either site has yet to be identified. An alternative
theory is the “dying forward” hypothesis, which posits that
breakdown of primary motor neurons in the brain leads to
subsequent loss of secondary motor neurons in the periphery,
and thus muscular denervation. Cortical hyperexcitability has
been observed early in ALS brains using a number of imaging
techniques and it is known that chronic hyperexcitability results
in excitotoxicity, leading to motor neuron loss (Bae et al,
2013). In strong support of hyperexcitability as an important
feature, the most widely prescribed drug for ALS, Riluzole,
acts by dampening excitatory synaptic activity in the brain
(Doble, 1996). Given the complex heterogeneity of ALS, it is
likely that both dying forward and dying back processes occur
in disease, however, regardless the nature of the predominant
process, they ultimately converge on synaptic dysfunction. Cell
autonomous and non-autonomous pathways have been studied
in both pathogenic pathways, with glia strongly implicated in
ALS progression.

Synaptic Alterations in ALS

ALS has historically been considered exclusively a motor neuron
disease, with much of the early research focused on the central
and peripheral components of the motor system. Recent studies,
however, have revealed that ALS is a multi-system disorder,
displaying striking genetic, pathological and clinical overlap with
frontotemporal dementia (FTD; Ling et al., 2013). Approximately
15% of ALS cases receive a co-morbid diagnosis of FTD and
another 30%-40% present with milder cognitive and behavioral
changes, reminiscent of symptoms (Strong et al., 2017). Given
that synapse loss is the strongest correlate with cognitive decline
in AD (Terry et al., 1991), it is interesting to note that synapse
loss also associates with cognitive decline in ALS (Henstridge
et al., 2018), suggesting that synapse loss may be a common
feature of cognitive change in diverse neurodegenerative diseases
(Henstridge et al., 2016).

Betz cells are giant pyramidal neurons located in layer V of
the primary motor cortex where they project mono-synaptically
onto lower motor neurons within the spinal cord. They receive
synaptic input primarily from the premotor cortex, which is
important for the planning and execution of complex movement.
Research has shown that synapses onto anatomically-normal
Betz cells are dysmorphic in the brains of ALS patients (Sasaki
and Iwata, 1999). Furthermore, diverse animal models of ALS
have revealed a common feature of pre-symptomatic loss
of cortical synapses (Qiu et al, 2014; Fogarty et al, 2015,
2016). Lower motor neurons within the spinal cord exhibit
a lower density of axo-somatic synapses in ALS (Sasaki and
Maruyama, 1994a,b), suggesting a disconnection between upper
and lower motor neurons. At the periphery, loss of NMJ synapses
represent one of the first anatomical changes in ALS models,
occurring long before disease symptoms (Frey et al., 2000; Fischer
et al., 2004; Pun et al,, 2006). Collectively, these studies show
that synaptic connections throughout the motor system are
vulnerable early in disease.

Microglia-Dependent Loss of Central Synapses

in ALS

Mutations in superoxide dismutase 1 (SOD1), an antioxidizing
enzyme, are associated with ALS.

Animal models overexpressing human mutated SODI,
display pre-symptomatic changes to cortical motor neurons,
resulting in intrinsic hyperexcitability (Saba et al., 2016) and
an early loss of inhibitory interneurons (Clark et al,, 2017).
Thus, it appears in SOD1 animal models of ALS, both
intrinsic hyperexcitability and decreased inhibitory control
play a role in cortical pathophysiology. Recent human studies
using novel neurophysiological techniques have also suggested
that imbalance between intracortical excitatory and inhibitory
systems leads to hyperexcitability (Van den Bos et al., 2018).
Many diverse ALS models exhibit pre-symptomatic synapse
loss. SOD1 models present with early spine loss in the motor
cortex, which worsens with disease progression (Fogarty et al.,
2015; Saba et al., 2016). Mice overexpressing mutated forms
of two RNA-DNA binding proteins commonly associated with
ALS display overt synaptic defects: TDP-43 A315T mice have
progressive loss of spines from P60-P90 compared to wild
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shown to engulf a-syn-containing synaptic material.

type mice (Handley et al, 2017) and FUS R521G mice have and thalamus (Turner et al., 2004). Interestingly, microgliosis
a significantly lower density of mature spines in the cortex appears to associate with disease severity (Turner et al., 2004;
at P18 (Sephton et al.,, 2014). While cell autonomous changes  Brettschneider et al., 2012; Ziircher et al., 2015), with a recent
can influence neuronal morphology, glial cells also have the  study suggesting microgliosis is specifically associated with rapid
ability to significantly influence both excitatory and inhibitory  disease progression (Gorter et al.,, 2018). Taking a data-driven
synaptic systems via the release of toxic mediators or by direct  approach, another recent work uncovered networks of genes
phagocytosis of neuronal compartments, as described above. The  that associate with motor neuron pathology in human ALS
study of microgliosis in human ALS tissue has mostly been  brain. The study found that most genes within the top scoring
confined to post mortem studies, which tend to show an increase  network, are expressed in microglia (Cooper-Knock et al., 2017).
in microglia number (Kawamata et al,, 1992; Brettschneider =~ Furthermore, TREM2 levels in the cerebrospinal fluid (CSF)
et al., 2012). However, some studies have shown increased  of ALS patients was higher than controls and TREM2 levels
microglial activity in live human ALS brain, using PET imaging  positively correlated with disease duration in late stage ALS
(Turner et al., 2004; Ziircher et al.,, 2015). Microglial activation ~ (Cooper-Knock et al., 2017). This supports previous work which
is consistently detected in the motor cortex however one study  found an increased expression of TREM2 mRNA in human and
also detected an increase in the dorsolateral prefrontal cortex =~ SOD1 mouse spinal cord, and also implicated a rare variant in
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TREM2 (p.R47H) as a risk factor for developing ALS (Cady
et al,, 2014). Therefore, it is clear that microglia have an
important role to play in ALS pathogenesis (Geloso et al., 2017),
but what effect are microglia having on surrounding neurons?
An intricate mouse study utilizing cell-type specific expression
of mutant SOD1 G93A, placed microglia in a central role
for mediating ALS progression. Removing mutant SOD1 from
microglia, thus returning them to a wild-type state, had no
effect on disease onset, but significantly slowed late stage
progression (Boillée et al., 2006). This is supported by recent
work (Frakes et al., 2014) showing that a toxic microglial gain
of function exerts a pathological effect on neurons in ALS. Our
recent work has uncovered a potential mechanism by which
activated, inflammatory microglia may exert degenerative effects
on neurons. TDP-43 is the main pathological hallmark of ALS,
with protein aggregates found in almost 100% of ALS cases
(Neumann et al, 2006; Ling et al., 2013). Debate surrounds
whether this leads to a pathological loss of normal function or
a toxic gain of function, however, when TDP-43 is specifically
knocked-out of microglial cells in mice, we found that they
convert to a hyper-phagocytic phenotype and ingest surrounding
synapses (Paolicelli et al., 2017). This links TDP-43 pathology to
microglial activation and synapse loss. In human ALS brain, the
presence of TDP-43 pathology in the frontal cortex is associated
with a higher burden of microglial activity as evidenced by
increased CD68 expression (Brettschneider et al., 2012; Paolicelli
et al., 2017). Furthermore, the presence of TDP-43 in the frontal
cortex was associated with lower synapse number in one study
(Henstridge et al., 2018) and cognitive impairment in another
(Brettschneider et al., 2012). Taken together, these studies place
TDP-43 pathology and activated microglia at the sites of synapse
loss in the ALS brain, resulting in a breakdown of neuronal
function and clinical manifestation of ALS.

The evidence above clearly states that synapse loss is a
prominent feature in human ALS brain and in diverse ALS
models. However, does a similar synaptic breakdown occur
around lower motor neurons within the spinal cord? A number
of early studies assessing synaptic coverage of spinal motor
neurons in human post mortem tissue described synapse loss and
altered morphology in remaining synapses (Matsumoto et al.,
1994; Sasaki and Maruyama, 1994a,b; Ince et al., 1995). Similar
findings are evident in the SOD1 G93A mouse model, with
decreased synapses onto motor neurons in the spinal cord and
decreased spine density of spinal motor neurons (Zang et al.,
2005; Fogarty et al., 2017). In the same mouse model, another
study found a decrease in total synapse number onto brainstem
motor neurons that manifested as a small increase in excitatory
synapses and a larger decrease of inhibitory terminals (Sunico
etal., 2011). Taken together it is clear that synapses are lost in the
brainstem and spinal cord in ALS. At approximately the same
time as spines are being lost in the SOD1 G93A mouse model,
microglia are proliferating in the rat SOD1 G93A model (Graber
etal., 2010). However, to the best of our knowledge no studies to
date have assessed whether microglia may be stripping synapses
in the spinal cord.

A recent study has found that microglia in the spinal
cord may play a neuroprotective role. When human TDP-43

was over-expressed exclusively in neurons, microgliosis in the
spinal cord was mild, but when the TDP-43 was switched
off with doxycycline treatment, microglia became inflamed,
proliferated and selectively engulfed neuronally-derived TDP-43
(Spiller et al., 2018). This has been recently confirmed in a
zebrafish model of human TDP-43 over-expression, in which
microglia actively phagocytose degenerating spinal cord neurons
expressing TDP-43 (Svahn et al., 2018). Taken together, these
studies suggest that TDP-43 in stressed neurons may act as a
signal to attract phagocytic microglia to clear away aggregated
TDP-43. With this in mind, it is interesting to note that TDP-43
aggregates have been observed in human synapses (Henstridge
et al., 2018) and may act as a microglial “eat me” signal in the
same way complement appears to in AD.

Microglia can also exert indirect effects on neuronal and
synaptic function by the release of numerous signaling molecules.
There is a wealth of literature describing the increased expression
of proinflammatory mediators in ALS models and patients,
ranging from elevated blood levels of TNF-a in human blood
to increased chemokine MCP-1 expression in SOD1 mouse
models (reviewed in Philips and Robberecht, 2011). Many of
these excreted molecules can directly affect neuronal physiology,
such as NO, reactive oxygen species (ROS) and cytokines (Henkel
et al., 2009), further supporting a role for microglia ALS-related
synapse dysfunction.

Astrocyte-Dependent Loss of Central

Synapses in ALS

Glutamate is the major excitatory neurotransmitter in the
brain and its levels need to be tightly controlled at the
synapse to prevent excitotoxicity. Astrocytes play a major
role by actively taking up excess glutamate using glutamate
transporters, EEAT1 and EEAT2 (also known as GLAST and
GLT-1, respectively). In SOD1 models, GLT-1 levels decrease
as disease progresses (Bruijn et al., 1997) and this finding is
consistent in human ALS spinal cord and brain (Rothstein et al.,
1995). These early studies suggest that a failure in astrocytic
control of synaptic glutamate may result in excitotoxicity and
network imbalance, supported by a study that knocked out
glial GLT-1 using oligonucleotides and discovered that animals
developed a progressive motor paralysis (Rothstein et al., 1996).
Interestingly, crossing the SOD G93A mouse with an EAAT2
over-expressing mouse delayed axonal dystrophy and motor
neuron loss but did not affect onset of paralysis or life span
(Guo et al,, 2003). Despite this less than positive outcome, a
pharmacological approach (beta-lactam antibiotic, ceftriaxone)
to stimulate GLT-1 expression in SOD1 G93A mice at symptom
onset, led to delayed loss of muscle strength and body weight and
prolonged life by 10 days (Rothstein et al., 2005). Ceftriaxone was
tested in a recent clinical trial and provided some excitement after
a successful Phase 2, however it failed to show clinical efficacy in
Phase 3 (Cudkowicz et al., 2014). It was not determined if the
drug affected EAAT?2 expression or function in the participants,
so further work is required to assess the value in targeting glial
glutamate transporters in ALS. Astrocytes also play an important
trophic role through the uptake of glucose from the blood stream,
which they convert into lactate and pass to neurons for the
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generation of glutamate (Pellerin and Magistretti, 1994; Pellerin
et al., 1998). Lactate is shuttled from the astrocyte to the neuron
in a pathway requiring the glutamate transporters mentioned
above, however pre-symptomatic SOD1 G93A mice have a
significantly lower amount of lactate in spinal cord homogenates
and a decreased expression of GLAST (Ferraiuolo et al., 2011).
This suggests a disruption in the astrocyte-neuron lactate shuttle,
potentially rendering the neurons hypometabolic.

Small heat shock proteins (HSPBs) are important chaperones
that reduce protein misfolding and aid in misfolded protein
degradation. A recent study has found that in human ALS
spinal cord, rapidly progressing disease was associated with
increased HSPB5 and HSPB8 in astrocytes (Gorter et al,
2018). Furthermore, a recent rat model with restricted mutant
human TDP-43 (M337V) expression in astrocytes, displayed a
progressive paralysis due to loss of motor neurons in the spinal
cord (Tong et al., 2013). This strongly supports an important
role for glia-derived toxicity in ALS. These studies suggest that
astrocytes may become overwhelmed with misfolded protein
stressors in ALS, which could affect their trophic support of
neurons and synapses. While it is clear that astrocytes have
an important role to play in the synaptic pathology of ALS,
there are currently no studies that we are aware of showing
astrocytic ingestion of synaptic terminals. It will be important to
discover if astrocytes are restricted to indirect effects on synaptic
dysfunction or whether they can physically strip synapses and
dystrophic dendrites as observed in other diseases.

Cross-talk between astrocytes and microglia also appear to
play a critical role in ALS pathogenesis. In the SOD1 G93A
mouse, specific knock out of SOD1 G93A from astrocytes, thus
reverting them back to wild-type, had no effect on ALS onset but
significantly delayed microglial activation and slowed late-stage
disease (Yamanaka et al., 2008). This suggests that in ALS not
only do microglia and astrocytes affect neuronal physiology
alone, they also regulate the function of one another. Figure 4
shows a schematic representation of microglial and astrocytic
roles in synapse loss in ALS.

Glia-Dependent Loss of Peripheral
Synapses in ALS

The NM]J exists as a tripartite structure, consisting of the motor
nerve ending, the postsynaptic muscle cell and non-myelinating
perisynaptic Schwann cells (PSCs; Ko and Robitaille, 2015).
These specialized glial cells are critical for the maintenance
and remodeling of adult NM]Js, actively phagocytosing damaged
nerve terminals and guiding regenerating nerves to their correct
target (Ko and Robitaille, 2015). Active uptake of degenerating
axonal components by Schwann cells involves the initial
formation of “axosomes,” aggregates of synaptic proteins and
membrane fragments that are released by the axonal tip (Bishop
et al., 2004). Phagocytic behavior of PSCs is induced by signals
released from degenerating motor neuron axons, resulting in
engulfment of synaptic terminals at the NMJ (Duregotti et al.,
2015). Interestingly, in a toxin-induced neuropathy model, the
toxic signals (H,O,, mitochondrial DNA and cytochrome C)
are released from mitochondria within the degenerating motor
nerves, supporting the role of mitochondrial dysfunction in

ALS (Duregotti et al., 2015; Smith et al., 2017). Furthermore,
the expression of numerous receptors and signaling molecules
involved in regulating PSC activity is under the control of
the RNA-binding protein TDP-43 (Narayanan et al, 2013),
suggesting that TDP-43 dysfunction can significantly impact the
activity of Schwann cells at the NM]J.

Given the important role of the complement system in
synapse loss in AD, it is interesting to note that components of
the complement system are found at the NMJ in SOD1 mouse
models and human tissue (Heurich et al., 2011; Bahia El
Idrissi et al., 2016). It will be interesting to discover if
these proteins tag the synaptic terminals for engulfment,
in a similar glial-dependent process as described in AD
above. Paradoxically, a recent study has shown that Clq
deletion exacerbates disease progression and synapse loss in a
SOD1 mouse model, revealing that further study is required
to understand the role of complement at peripheral synaptic
function (Lobsiger et al., 2013).

While these intriguing studies provide a glimpse of the normal
function of PSCs, little is known about their role in disease. For
example, it would be important to know if disease-associated
changes in PSC activity resulted in aberrant synapse loss or
whether their trophic role is disrupted in disease, leading to
pathogenic processes.

MULTIPLE SCLEROSIS

MS is an autoimmune disease characterized by oligodendroglial
dysfunction (Kotter et al., 2006; Miron et al., 2013) and T-cell
driven inflammation (Korn et al., 2007; Aggelakopoulou et al.,
2016), resulting in demyelination of gray and white matter
tracts. Loss of the myelin sheath makes axons less capable of
propagating electrical signals to the synapse and renders them
more vulnerable to degeneration. Typically, affected individuals
present with motor deficits but signs of cognitive decline are
also evident in some patients (Rao et al, 1991; Chiaravalloti
and DeLuca, 2008). Due to the demyelinating nature of MS and
because the white matter is myelin-rich, changes in the gray
matter have been largely over-looked, particularly in respect to
synapses. Dendritic cortical spine loss, independent of cortical
demyelination and axon loss, has emerged as a pathological
feature of some MS patients (Nistico et al., 2014; Jurgens et al.,
2016), which may explain the cognitive deficits (Di Filippo et al.,
2018). The role of microglia and astrocytes as active players in
MS-associated synaptic stripping (Figure 5) has been implied by
multiple post-mortem studies but quantitative and mechanistic
evidence is still elusive.

Microglial and Astrocyte Contribution to
Synapse Loss in MS

Hippocampal microgliosis is a common feature in MS models as
well as in human post-mortem samples, highlighting microglia
yet again as a potential driver of synaptic loss in disease.
Primarily, there are fewer pre-synaptic terminals in demyelinated
MS cases (MS-D) compared to myelinated (MS-M) and control
cases in various regions of the hippocampus, including CA3 and
CA1 (Michailidou et al., 2015). Moreover, the researchers found
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FIGURE 4 | Pathophysiology of amyotrophic lateral sclerosis (ALS). ALS is characterized by the breakdown of motor neurons in the motor cortex and spinal cord.
Gliosis and cortical hyperexcitability are early features of the ALS brain and aggregates of TDP-43 are found in almost all patients. TDP-43 has been found at human
synapses in ALS and the removal of TDP-43 from microglia leads to hyperphagocytic cells that engulf synapses. Microglia have been shown to engulf
neuronally-derived TDP43. Interestingly, synapse loss is an early feature of ALS and observed in both the central and peripheral nervous systems.

that the levels of Clq and C3 are increased in the MS-D  classical complement cascade need to be considered. Specifically,
cases, and have shown, but not quantified, activated microglia  administration of oligonucleotides against C6 partially rescued
containing pre-synaptic elements, suggesting that complement  the synaptophysin depletion found in experimental autoimmune
molecules—once again—may act as a synapse removal tag.  encephalomyelitis (EAE) mouse model for MS. Reduction in
C3d-expressing microglial clusters are seen in chronic MSlesions ~ C6 also led to decreases in the levels of IL-1fB, microgliosis,
rather than the acute phases of demyelination, indicating C3d  myelin damage, and C9 of the membrane attack complex (MAC;
may not play a role in the initial synaptic degeneration seen  Michailidou et al,, 2018). Interestingly, C9 showed a strong
in MS-D. Moreover, in the gray matter of MS post-mortem  negative correlation to synaptophysin, meaning high levels of
cases, Clg-positive neurons show dysmorphic nuclei, typical —C9 correlate with lower levels of pre-synaptic terminals. Given
of cell stress, when adjacent to activated microglia clusters  that the MAC can activate subsequent pathological mediators
(Watkins et al., 2016). Together, these studies suggest a model  like the NLRP3 inflammasome in microglia (Laudisi et al., 2013),
in which Clq may act as a tag for early synaptic engulfment  which allows maturation and release of IL-18 (Jo et al., 2016),
in MS, while neuronal C3d is internalized by microglia during it makes sense that there are lowers levels of inflammation and
phagocytosis of degenerating neuronal and synaptic debris in  gliosis when C6 is inhibited. Furthermore, it has been previously
later phases of the disease. In addition, other members of the  discussed in the context of AD that other pro-inflammatory
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FIGURE 5 | Pathophysiology of multiple sclerosis (MS). While myelin loss is a central feature of MS pathology, it is accompanied by neurodegeneration, gliosis and
immune cell (B-cells and T-cells) infiltration. Release of pro-inflammatory mediators and disrupted glutamate handling by glial cells leads to a toxic neuronal milieu.
Furthermore, there is evidence that microglia are involved in complement-dependent synapse engulfment.

cytokines secreted by microglia have synaptotoxic effects, Di Filippo et al, 2013). This functional impairment may
providing an alternative pathway to non-contact dependent arise due to the downregulation of GIuN2B NMDAR
synapse loss. Astrocytes can also contribute to glutamate  subunits in EAE mice. In contrast, there is evidence for
excitotoxicity in MS as they reduce the levels of their glutamate  inflammation-associated increase of LTP and reduction of
transporters, EAAT1 and EAAT2, in MS-D lesions (Dutta et al, ~ LTD in EAE mice, displaying overall circuit hyperexcitation

2011), allowing excess levels of glutamate to surround synapses. (Nistico et al., 2014). In favor of this, a magnetic resonance

. . spectroscopy study found increased levels of glutamate in
E/l Imbalance in MS and Possible demyelinated brain areas of MS patients (Srinivasan et al,
Implication of Glia 2005), implicating excitatory imbalance as a pathological

Evidence of E/I imbalance has been reported in MS animal  substrate for myelin damage, preceding synapse loss (Dutta
models, particularly the EAE model. Electrophysiological et al, 2011). Specifically, oligodendroglia are vulnerable to
experiments have shown decreased excitatory post-synaptic — glutamate excitotoxicity as they express NMDARs (Pérez-
potentials (EPSPs) in the CAl of the hippocampus and  Otafo et al, 2016) which are required for activity-dependent
impaired LTP in EAE mice, leading to cognitive impairments  myelination and plasticity (Lundgaard et al., 2013). Therefore,
mediated by IL-1f driven inflammation (Kim et al, 2012; initial hyperexcitability could result in oligodendroglial
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dysfunction and demyelination, ultimately rendering synapses
weaker and more vulnerable to elimination, leading to later
LTP impairments.

However, other studies have reported synapse reduction
occurring independently of demyelination (Jiirgens et al., 2016;
Albert et al., 2017).

Researchers also found increased, rather than decreased, spine
density in the somatosensory cortex of EAE mice, associated
with increased VGLUT]1 levels and disrupted PV+ interneuron
connectivity (Potter et al., 2016). The altered excitatory-
inhibitory balance in the cortex of these mice was associated with
increased density of Ibal+ microglia, however no evidence of
cause-effect was reported (Potter et al., 2016).

The synaptic terminals assessed in the above MS and EAE
studies are exclusively pre-synaptic with no distinction of
excitatory or inhibitory nature. Loss of inhibitory signaling
causes E/I imbalance, which has already been described here
in the context of dementias but applies to MS as well. Indeed,
GABA levels are reduced in the CSF of patients with MS,
indicating decreased inhibition (Manyam et al., 1980). More
recently, RNA sequencing from gray matter of motor cortices
in MS patients showed downregulation of multiple genes
that are critical to interneuron function (Dutta et al., 2006).
Namely, there was downregulation of GAD67, an enzyme
required for GABA synthesis pre-synaptically, and of the GABA
receptor subunits al and B3 which are essential for GABA
function post-synaptically. Furthermore, parvalbumin (PV) and
cholecystokinin (CCK) levels were found to be lower in MS than
controls, with PV-positive interneurons reduced by 30% in MS
gray matter (Dutta et al., 2006).

Reduction of axosomatic synaptic terminals was recently
reported in the cerebellum of MS patients, associated
with increased levels of reactive astrocytes and microglia,
specifically in the dentate nucleus (Albert et al., 2017). In this
study, ultrastructural examination by electron microscopy
revealed evidence for astrocyte-mediated synaptic stripping
(Albert et al., 2017).

Altogether, these findings point toward a consistent alteration
in the E/I balance in MS and encourage further investigation to
better elucidating the role of glia mediated-synapse loss.

CONCLUSION

Here, we have summarized the contributions of glial cells
in some of the most common neurodegenerative diseases,
highlighting evidence for their role in synapse remodeling. In
disease, glia-mediated synaptic refinement likely represents an
attempt to counteract network dysfunction occurring in the
early stages of the disease. In this scenario, glia selectively
remove excitatory or inhibitory connections in specific brain
regions, to compensate for disease-associated changes in synaptic
input. On the other hand, intrinsic dysfunction of glia cells,
due for instance to genetic mutations, could also play a
critical causative role in the pathogenesis of the diseases,
acting as a primary trigger for E/I imbalance, by inducing
excessive synaptic pruning (Figure 6). It is tempting to speculate
that similar mechanisms could occur in response to shifts
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FIGURE 6 | Glial Influence on excitatory/inhibitory balance. Under
physiological conditions, glial cells play important roles in the control of
neuronal physiology, resulting in a well-controlled balance of
excitatory/inhibitory neuronal networks. However, under pathological
conditions as described in some of the diseases here, dlial cells become
hyperactive and damage surrounding neurons. This results in a dramatic tip
of the balance depending on whether excitatory or inhibitory cells are
disproportionally affected in the network.
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in E/I balance in the developing brain, where glia-mediated
synaptic alterations may lead to long lasting structural and
functional defects, thus promoting the risk of developing
psychiatric disorders and depression later in life (Durieux
et al., 2015; Rial et al., 2015). Thus, deeper insight into the
process of synapse remodeling mediated by glia cells, both
in physiological and pathological conditions, will be essential
for designing effective therapeutics to prevent, or at least halt
synapse elimination. Such therapeutic interventions include an
attenuation of the microglial response in AD pathology. For
example, in two separate models of AD, the APPswe/PS1 and
the 5xFAD, inhibiting the colony stimulating factor-1 receptor
(CSF1R) markedly reduced microglial proliferation, rescuing
synapse loss and cognitive deficits (Olmos-Alonso et al., 2016;
Spangenberg et al., 2016). Importantly, in neither of these
studies did pharmacological inhibition of microglia influence
AB-plaque load, suggesting that microglial activation in AD can
be synaptotoxic, via non-Af mediated mechanisms. However,
whether this synaptic and cognitive rescue was due to attenuating
microglial driven inflammation is unclear. Microglial neurotoxic
and synaptotoxic cytokine release in prodromal stages of the
disease is likely to coincide with complement deposition and
aberrant phagocytosis. Complement molecules deposited at
synapses have been reported to be work as a powerful “eat me”
signal in several distinct neurodegenerative disorders. However,
synapse elimination in pathological contexts could also be seen
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Spinal muscular atrophy (SMA) is a neurodegenerative disorder that affects motor
neurons, primarily in young children. SMA is caused by mutations in the Survival Motor
Neuron 1 (SMN17) gene. SMN functions in the assembly of spliceosomal RNPs and is
well conserved in many model systems including mouse, zebrafish, fruit fly, nematode,
and fission yeast. Work in Drosophila has focused on the loss of SMN function during
larval stages, primarily using null alleles or strong hypomorphs. A systematic analysis
of SMA-related phenotypes in the context of moderate alleles that more closely mimic
the genetics of SMA has not been performed in the fly, leading to debate over the
validity and translational value of this model. We, therefore, examined 14 Drosophila
lines expressing SMA patient-derived missense mutations in Smn, with a focus on
neuromuscular phenotypes in the adult stage. Animals were evaluated on the basis of
organismal viability and longevity, locomotor function, neuromuscular junction structure,
and muscle health. In all cases, we observed phenotypes similar to those of SMA
patients, including progressive loss of adult motor function. The severity of these defects
is variable and forms a broad spectrum across the 14 lines examined, recapitulating
the full range of phenotypic severity observed in human SMA. This includes late-onset
models of SMA, which have been difficult to produce in other model systems. The results
provide direct evidence that SMA-related locomotor decline can be reproduced in the fly
and support the use of patient-derived SMN missense mutations as a comprehensive
system for modeling SMA.

Keywords: SMN1, SMN2, spinal muscular atrophy, SMA, invertebrate models, neuromuscular disease

INTRODUCTION

Spinal Muscular Atrophy (SMA) is a neurodegenerative disease that primarily affects motor
neurons in the anterior horn of the spinal cord and is a leading genetic cause of death among
infants (Pearn, 1980). Symptoms involve muscle weakness that progressively worsens to the
point of paralysis. The diaphragm becomes involved in later stages, leading to difficulty
breathing and persistent respiratory infection that is a typical cause of death (Crawford,
2017). SMA has a broad range of severity; symptomatic onset can occur in utero in the most severe
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cases or in adulthood in the least severe. This spectrum has been
subdivided into different “types” of SMA (Darras and Finkel,
2017; Talbot and Tizzano, 2017) based on age of onset: Type 0
(in utero), Type I (first 6 months), Type II (7-18 months), Type
III (childhood onset after 18 months), and Type IV (adult onset).
Although motor neurons are the most dramatically impacted
cell-type in SMA, other tissues including the musculature,
cardiovascular system, liver, pancreas, gastrointestinal tract, and
immune system are also affected (Perez-Garcia et al., 2017).

SMA is most commonly caused by reduced levels of the
Survival Motor Neuron (SMN) protein which is encoded in
humans by two genes (SMNI) and SMN2 (Lefebvre et al,
1995). SMN protein is ubiquitously expressed and canonically
functions in the assembly of spliceosomal snRNPs (Matera et al.,
2007; Matera and Wang, 2014; Gruss et al., 2017). SMN is
also reported to have functions related to RNA trafficking,
translation, endocytosis, cytoskeletal maintenance, and cellular
signaling (Raimer et al., 2017; Singh et al., 2017; Chaytow et al.,
2018; Price et al., 2018). There is currently one FDA-approved
SMA treatment: an antisense oligonucleotide (ASO) called
nusinersen that increases SMN protein production from SMN2
(Shorrock et al., 2018). This therapeutic strategy prevents motor
neuron dysfunction if treatment begins before or soon after
symptomatic onset (Finkel et al., 2017; Mendell et al., 2017). In
later-stage patients, ASO therapy halts degeneration but does
not restore lost function (Mercuri et al., 2018). Thus, these
patients remain at high risk of complication and death despite
receiving treatment.

The approved method of ASO delivery (intrathecal injection)
treats only the central nervous system. While this is sufficient to
prevent motor neuron dysfunction and early death, it appears
likely that secondary symptoms will arise with age in peripheral
systems of ASO treated patients (Hua et al., 2015; Bowerman
et al., 2017). Therefore, there is an emerging need for SMA
models that can be rapidly adapted to new research challenges.
In this vein, Drosophila melanogaster is a highly useful model.
In addition to the general advantages of the fly (low cost, rapid
generation time, high-quality genetic tools), this model system
also has well-characterized organ systems and cellular pathways
that are highly relevant to the study of classical and emerging
peripheral phenotypes in SMA.

Drosophila has a single Smn gene that is conserved, both in
terms of protein sequence (Chan et al., 2003) and molecular
function (Rajendra et al, 2007). To date, work in the fly
has focused primarily on assessing the effects of strong Smn
depletion on organismal development (Rajendra et al., 2007;
Shpargel et al, 2009) or larval synapses and musculature
(Chan et al, 2003; Chang et al., 2008), reviewed in (Grice
et al, 2013; Aquilina and Cauchi, 2018). Despite this body
of work, the validity and translational value of the fly as
a model for SMA continues to be called into question
(Bowerman et al., 2017; Iyer et al, 2018). This appears to
be due, at least in part, to the lack of a systematic and
comprehensive analysis of SMA-related phenotypes at the
organismal level. Here, we aim to fill this gap and more firmly
establish the fly as a comprehensive system for the study
of SMA by complementing the large body of existing work

on the impact of Smn mutations on molecular, cellular, and
neuromuscular phenotypes.

In addition, this work also fills a more general need in
the field, namely, the modeling of intermediate forms of
SMA. In many model systems, there are few effective models
of SMA Types II and III (Burghes et al, 2017; O’Hern
et al, 2017). In mouse, the many attempts to generate such
models have almost invariably produced animals that are
either severely affected, or completely unaffected in terms of
neuromuscular phenotype (Le et al, 2005; Osborne et al,
2012). This is problematic not only for assessing intermediate
forms of SMA but also because nearly all severe SMA
models exhibit developmental delays or arrest. This fact makes
dissection of specific SMA-related phenotypes from general
stress and death responses in an organism difficult and has
complicated analysis of transcriptomic profiling of pre-mRNA
splicing and neuromuscular development and function (Winkler
et al., 2005; McWhorter et al., 2008; Hammond et al.,, 2010;
Garcia et al.,, 2013, 2016).

Here, we present a set of 14 SMA models that cover the
full spectrum of SMA severity and, in many cases, circumvent
problems of developmental delay. In these models, symptomatic
onset occurs anywhere from early development to adulthood,
suggesting that the platform effectively models the full spectrum
of SMA Types. The larval stages appear particularly useful for
examining pre- and early-onset SMA, as we observe reduced
locomotor function in the absence of overt synaptic or muscular
defects. Conversely, the adult stage is well suited for modeling
onset and progression of SMA phenotypes, as we observed
reduced lifespan and locomotor deficits at different times post-
eclosion. Similar to human patients, loss of motor function
in adult flies is progressive and displays early involvement of
posterior limbs relative to anterior ones. These results provide
evidence that this system is a valuable and effective tool for
studying the full range of SMA pathogenesis.

MATERIALS AND METHODS
Fly Lines and Husbandry

Fly lines used: Smn*’, SmnP, da-Gal4, “C15” driver line:
elav(C155)-Gal4; sca-Gal4; BG57-Gal4. From Bloomington:
TRiP.JF02057 (Smn-RNAi #1, Stock #26288), TRiP.HMC03832
(Smn-RNAi #2, Stock #55158). With the exception of the Y208C
mutant, generation of the transgenic Flag-tagged Smn lines used
in this study has previously been described (Praveen et al,
2012, 2014). In brief, a 3 kB genomic DNA sequence including
the entire Smn coding region along with 3’ and 5’ regulatory
sequences was cloned into the pAttB transgenic vector (Bischof
etal., 2007). A 3x Flag epitope tag was inserted at the N-terminus
immediately following the start codon. Expression is driven by
the native Smn promotor present in the 3 kB genomic fragment.
Constructs for each Smn mutation, including Y208C, were
inserted into the same chromosomal location (86Fb), located
at band position 86F8 on chromosome 3 (Bischof et al., 2007).
All of the constructs have been recombined with an Smn*” null
mutation, located at the endogenous locus (band 73A9) using
standard methods (Praveen et al., 2012, 2014).
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To generate lines expressing Smn missense mutations in
the absence of endogenous Smn, virgin females from the
Smn*7/TM6B-GFP line were crossed to Smn*’, SmnT®/TM6B-
GFP males at 25°C. To reduce stress from overpopulation and/or
competition from heterozygous siblings, crosses were performed
on molasses plates with yeast paste and GFP negative (Smn*’,
SmnT¢/Smn*7) larvae were sorted into vials containing standard
molasses fly food during the second instar larval stage. Sorted
larvae were raised at 25°C until the desired developmental stage
was reached.

Experiments involving UAS-Smn-RNAi were carried out at
29°C to maximize expression from the Gal4/UAS system and,
therefore, the degree of Smn knockdown. The one exception to
this is the adult locomotion assay performed on da-Gal4/Smn-
RNAi #2. Raising these animals at 29°C dramatically reduces
viability and is incompatible with survival to the adult stage. To
circumvent this and produce viable adults we instead raised all
animals for this experiment at 25°C. To maintain consistency
across experiments, we also use molasses plates with yeast paste
and subsequent sorting for all Smn-RNAi experiments.

Viability Assays
To assess viability, we sorted 35-50 late second/early third instar
larvae into vials containing standard molasses fly food and waited
for them to complete development. After sufficient time had
passed to allow for animals to complete development, we counted
the total number of pupal cases in each vial and the number of
empty pupal cases, which corresponds to the number of eclosed
adults. We calculated % viability at both the pupal and adult
stages by dividing these values by the number of initial larvae
and then multiplying by 100 [pupal viability = (# total pupae/#
initial larvae)*100, adult viability = (# empty pupal cases/#
initial larvae)*100]. Each vial is considered a biological replicate
with respect to calculating averages and standard error. n-value
represents the total number of larvae collected and assayed.
Determining the stage of pupal arrest involves an identical
procedure for assessing pupal and adult viability with the
exception of scoring the pupae. In this assay, we examined pupae
under white light at 2x magnification and score them based on
morphology as having arrested early in pupal development, in
mid pupal development, late in pupal development, or as empty
pupal cases (viable adults). These values were normalized to the
total number of pupae.

Locomotion Assays

Larval Locomotion: the locomotion assay used here was adapted
from a previously published protocol (Brooks et al, 2016).
One to five larvae at either the early third or wandering third
instar stage were placed onto the center of the locomotion stage
(alarge molasses plate) at room temperature. The stage was then
placed in a recording chamber to control light and reflection
and provide support for video recording. Once all larvae were
actively crawling, movement was recorded as video for at least
1 min and 10 s on an iPhone 6S at minimum zoom. Two video
recordings were taken for each set of larvae. Locomotion videos
were transferred to a PC and converted to raw video.avi files in
ffmpeg. Video length was trimmed to exactly 60 s by removing

the first 2 s and final additional second to: (1) create videos of
standard duration; and (2) eliminate from the analyzed frames
small movements caused by starting and stopping the recording.
Videos were opened and converted into binary images series in
Fiji/Image]. The wrMTrck plugin for Image] (Husson et al., 2013)
was used to assess larvae size, larval body length, average speed of
movement in mm/s, and average speed normalized to larval size
(body lengths/s).

Adult Locomotion: adult flies of various ages were placed
in individual locomotion chambers consisting of 35 x 10 mm
round tissue culture plates filled with 7.5 ml of clear agar to
prevent movement in the Z-direction. Flies were given 5-6 h to
adjust to the new environment and then free moving walking
behavior was recorded and analyzed in the same manner
described for the larval locomotion assay.

Western Blotting

Wandering third instar larval lysates were prepared by
mechanically lysing whole animals in RIPA (50 mM Tris-HCL,
pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% NP-40) buffer with 10x
protease inhibitor complex (Invitrogen). PAGE was carried out
using a standard equipment system and Mini-Protean TGX Stain
Free Precast Gels, which allow for imaging of total protein after
transfer to a low fluorescence PVDF membrane. Transfer from
gel to membrane was carried out using a standard Invitrogen
system. Blots were blocked in 5% milk in 1x TBST for 2 h
at room temperature, incubated in primary rabbit anti-SMN
antibody (Praveen et al, 2012), diluted to 1:10,000 in 5%
milk blocking solution) overnight at 4°C, and incubated in
HRP-conjugated goat anti-rabbit secondary antibody (diluted
to 1:5,000 in 1x TBST) for 2 h at room temperature. Blots
were developed using the Amersham ECL Prime Western
Blotting Detection Reagent and imaged in an Amersham Imager
600 using the chemiluminescence function. The intensities of
total protein and SMN and were quantified using ImageQuant
TL software.

Immunostaining

Third instar larvae were dissected in HL3 saline with the
following components (and concentrations): NaCl (70 mM),
KCI (5 mM), MgCl, (10 mM), NaHCO3 (10 mM), sucrose
(115 mM 3.9%), trehalose (4.2 mM 0.16%), HEPES
(5.0 mM 0.12%), and CaCl, (0.5 mM, unless otherwise
indicated). Dissected samples were subsequently fixed with
Bouin’s fixative (Ricca Chemical Company, Arlington, TX,
USA) for 3 min. Fixed samples were washed in 1x PBST using
standard procedures, and incubated in primary antibodies at
4°C for overnight. This was followed by additional washes and
a 2-h incubation in secondary antibody at room temperature.
Staining was performed using the following primary antibodies:
mouse anti-Synapsin (3C11) 1:1,000 (concentrated antibody,
Developmental Studies Hybridoma Bank, University of
Iowa—DSHB); rabbit anti-Dlg 1:30,000 (Budnik et al., 1996).
The following fluorophore-conjugated antibodies were also
used: Alexa-488 goat anti-rabbit 1:5,000 and Alexa-546 donkey
anti-mouse 1:5,000 (both from ThermoFisher/Invitrogen Life
Technologies, Eugene OR, USA), and Alexa-647 goat anti-HRP
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(Jackson ImmunoResearch Laboratoreis Inc., West Grove, PA,
USA). Larval preparations were mounted in Antifade media and
imaged on a Leica TCS SP5 AOBS UV/spectral confocal laser-
scanning system mounted on an inverted DM IRE2 microscope.
Boutons were counted manually in Fiji/Image] in z-stacks
and were examined to ensure that any boutons overlapping
in the z-direction were accounted for. Muscle surface area
was determined by outlining muscle 6 and 7 manually in
Fiji/Image]. Muscle surface area is a rough measure, as
rearing conditions and differences in muscle stretching can
cause variability in the phenotype. Rearing conditions (both
temperature and larval population within a vial) were carefully
controlled and variability in stretching during dissection was
minimized as much as possible.

Longevity Assay

To assess longevity, newly eclosed adult flies were collected daily
into vials containing molasses agar food. Animals were kept with
no greater than 10 animals total to avoid stress from crowding
and transferred to fresh vials every 2-3 days to avoid death
due to non-optimal food conditions. The number of adults was
recorded at the time of collection and once each week following
collection until all animals had expired. Animals that escaped or
were injured/killed during transfer were excluded from analysis.

Collecting Partially Eclosed Adults

Animals were crossed and larvae collected as described above.
As animals entered the pupal stage and began to either arrest
and die or proceed through development. Two to three days
after pupal formation, viable pupae were transferred to an empty
tissue culture dish for easy observation. Animals nearing the
end of pupal development were observed for partial eclosion.
Wild type flies eclose rapidly (within 1-10 s) under normal
conditions. To be sure that Smn missense mutants were truly
stuck in the partially eclosed state, we waited for 10 min following
identification of potential partially-eclosed animals to see if they
would complete eclosion. If they did not, we used fine forceps
and microdissection scissors to remove partially eclosed animals
from their pupal cases without damaging them. To control for the
effects of possible stress during this assisted eclosion approach,
we performed the same dissections/eclosion assist procedure on
animals expressing wild type transgenic SMN that had completed
pupal development but not yet eclosed.

Statistical Analysis

All statistical analyses were performed using GraphPad Prism 7.
For all data except longevity curves, p-values are from one-way
ANOVA with a Dunnet correction for multiple comparisons.
Statistical significance for longevity curves was determined by the
Logrank/Mantel-Cox test. Details for the statistical analysis used
in each figure panel are described in figure legends and/or shown
in Supplementary Table S1.

RESULTS

To maximize the range of phenotypic severity examined in
this study, Drosophila lines carrying transgenic insertions of

14 different Smn alleles were examined, in addition to the
Oregon R (OR) wild type lab strain. The inserted transgenes
encode a wild type Smn allele (WT) along with 13 alleles
for non-synonymous Smn point mutations. Each mutation in
this allelic series produces SMN protein with a single residue
change homologous to those of human SMA patients bearing
small SMNI mutations (Supplementary Table S2). In this
work, we will refer to these transgenic lines by the amino
acid substitution produced in the fly SMN protein (D20V,
for example). A single copy of each missense mutation allele
is expressed in an Smn null background (see “Materials and
Methods” for full genotype). Thus, the transgenic product is the
sole form of SMN present in the animals after the maternal SMN
contribution is fully depleted at the end of the second instar larval
stage. For some Smn mutations, we have also generated stable,
self-replicating lines with animals carrying the Smn transgene
and two transheterozygous null mutations of the endogenous
Smn gene. These flies lack maternally contributed wild type SMN
at all stages of development.

It should be noted that expression of each of these transgenic
Smn alleles is driven by the native 5" and 3’ Smn flanking regions
and inserted at an identical attP site on the third chromosome to
standardize potential position effects. This genomic arrangement
is reported to drive transgenic Smn expression at lower levels
than the endogenous Smn gene (Praveen et al, 2012). The
Smn™T transgenic line serves both as a control for this lower
level of SMN expression and, in some assays described here,
displays mild phenotypic changes relative to the wild type lab
strain Oregon R (OR). All but one of these Smn missense
lines has been previously reported (Praveen et al., 2014). This
work reports that these Smn alleles cause variable degrees of
developmental arrest and reduced viability, suggesting that they
could be useful in recapitulating the spectrum of SMA severity
seen in human patients. Beyond this observation, the authors
take a molecular approach and focus their analysis on the
impact of these Smn point mutations on protein interactions
within the SMN complex. Only the most severe alleles in the
series (G206S, Y203C, and M194R) were assayed for reduced
locomotor behavior as early third instar larvae. Beyond this, no
phenotypic analysis of SMA-related phenotypes has previously
been assessed in this allelic series.

Here, we fully characterize these Smn alleles in the context
of organismal SMA-related phenotypes. We also report on an
additional Smn allele based on a recently reported SMA mutation
that produces a tyrosine to cysteine change at Y277 in the human
(Y208 in Drosophila) SMN protein (Supplementary Table S2).

Smn Missense Mutations Reduce Viability

Across Development

We first replicated the previously reported viability defects for
each of these 14 lines, measured at the pupal and adult stages
(Figure 1A). Consistent with previously published observations,
our experiments produced a broad range of viability phenotypes.
The most severe phenotype is full developmental arrest at
the 2nd to 3rd instar transition, which was observed for
the G206S, M194R, and Y203C alleles. Animals carrying any
of the other 11 Smn alleles reach pupation at moderate to
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FIGURE 1 | Survival Motor Neuron (Smn) missense mutations produce a
spectrum of viability defects. (A,B) Developmental viability of animals
expressing Smn missense mutations at the pupal stage (A) and the adult
stage (B). % Viability is the proportion of animals that survive to the
pupal/adult stage relative to the number of larvae initially collected. (C)
Viability of animals carrying Smn missense mutations through pupal
development. In the case, ns indicates a p-value of 0.99 and *** indicates a
p-value of exactly 0.0001. (D) Representative images of the pupal stages
assessed in (C). Data: bars show average. Error bars show standard error.
Data points represent biological replicates of 35-50 animals each, n-values
(shown as numbers in parentheses next to genotypes) reflect the number of
individual animals counted. n-values are the same for panels (A-C). Statistical
analysis: values above the data indicate significance vs. WT from one-way
ANOVA using the Dunnet correction for multiple comparisons. ns: not
significant (p > 0.05), *p < 0.05, **p < 0.01, **p < 0.001.

normal levels, and all but one of them (V72G) produce viable
adults to some degree (Figure 1A). The adult viability defects
form a continuum that encompasses phenotypes from complete
lethality (V72G) to nearly normal levels of viability (D20V
and WT). This continuum is reminiscent of the spectrum of
disease severity seen in SMA patients, indicating that this set of
missense mutations has the potential to model a broad range of
SMA Types.

A majority of these Smn alleles arrest during the pupal
stage of development. To further explore this phenotype, we
examined the timing of death during pupariation for each allele

(Figures 1B,C). The pupal cases of developing Drosophila are
transparent, so approximate staging can be performed visually
using intact animals (Figure 1C). We observed arrest and death
both early and late during pupal development for animals
carrying all alleles except V72G, which causes arrest very shortly
after pupariation (Figures 1B,C). Very few animals of any
line arrested during the middle stages of pupation. Higher
frequencies of arrest early in pupal development were observed
for alleles that produce fewer viable adults.

Given the large number of individual genotypes described
here, we organized these Smn alleles into four phenotypic classes
based on gross viability phenotypes. Class I is the most severe,
causing larval-stage arrest, and is comprised of G206S, M194R,
and Y203C. Class II is comprised of the five most severe alleles
that reach pupation: V72G, F70S, Y107C, G210V, and Y208C.
A small fraction (2%-11%) of animals carrying Class II alleles
eclose as adults. Class III alleles are more moderately affected,
with ecolsion frequencies ranging from 20% to 45%. This class
includes the T205I, G210C, I93F, and G73R alleles. Class IV
includes the WT and D20V alleles, which are the least affected,
displaying a moderate 20%-30% decrease in adult viability
relative to the Oregon R strain. Throughout this manuscript, data
for the Smn alleles are arranged in order of severity, and the color
scheme for each Class is maintained for ease of reference.

Smn Missense Mutations Support Viability
When Wild Type SMN Protein Is
Completely Absent

In combination with previous observations, the range of
severities observed in our viability assays suggests that most
Smn missense mutations retain at least partial function. This
conclusion is complicated by the presence of maternally
contributed SMN that is present during embryonic and early
larval development. We, therefore, attempted to generate stable
fly lines expressing only Smn missense mutations. To do this, we
sought to generate flies carrying two different Smn null alleles
(Smn*” and SmnP) as well as one copy of each transgenic Smn
allele (Smn'G) for Class III and Class IV alleles. In all cases,
adults of the desired genotype (Smn’®, Smn*”/SmnP) were viable
and sufficiently fertile to produce self-sustaining stocks. In later
generations, animals in these stocks can carry either one or two
copies of the Smn transgene and completely lack wild type SMN
in all stages of life and development.

Having created these stocks, we assessed the functionality
of Smn missense mutations by measuring developmental
viability (Supplementary Figure S1). We found that, in all
cases, expression of Class III and Class IV mutations is
sufficient for robust pupal viability (Supplementary Figure S1A)
and adult viability ranging from the moderate to wild type
levels (Supplementary Figure S1B). This result definitively
demonstrates that Smn missense mutations are functional in the
absence of any wild type SMN protein.

Smn Missense Mutations Cause Defects in

Larval Locomotion but Not NMJ Structure
Manipulations that strongly reduce SMN levels are known to
cause larval locomotion defects. It is not clear, however, if the
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moderate reduction of SMN function modeled by Smn missense
alleles has the same functional impact as a strong reduction of
wild type SMN. To address this, we performed larval locomotion
assays on all lines at the early third instar stage (72 h post-egg lay)
and in wandering third instar larvae for the 11 lines that reach
this stage (Figure 2).

Larvae from all lines display reduced locomotion relative to
Oregon R at the early third instar stage with the exception of
G73R (Figures 2A,B). All three Class I alleles show a further
decrease in crawling speed relative to the wild type transgenic
line, as do the G210C, G210V, F70S, and Y107C lines. The
rest of the mutant lines display no significant difference from
the wild type transgenic control, suggesting that the mildly
hypomorphic nature of these alleles is driving their locomotor
defects (Figures 2A,B).

By the wandering third instar stage, all surviving lines exhibit
locomotion defects. The Class IV alleles show a mild but
statistically significant reduction in crawling speed relative to
the Oregon R wild type train (Figure 2D). These two Class
IV Smn alleles (WT and D20V) are not significantly different
from one another, whereas all Class II and three alleles show
a significant reduction in locomotion relative to both OR and
the WT transgenic lines (Figures 2D,E). These differences are
not due to overall changes in larval size, as this measure
is unchanged in the wandering third instar larvae carrying
transgenic Smn alleles (Figure 2F) and is controlled for within
the analysis, by measuring locomotion in terms of body lengths
per second (BLPS).

Given these locomotor deficits and previous reports of
reduced NMJ size in the case of strong loss of SMN, we
next immunostained and counted boutons at the muscle
6/7 NM]J in abdominal segment A2 for all lines that reach the
wandering third instar stage. Surprisingly, we did not observe
a dramatic change in bouton number for any of these alleles.
All lines showed a slight but non-significant decrease in bouton
number relative to Oregon R, with the exception of the I193F
allele, which does reach statistical significance (Supplementary
Figures S2A,B). These findings suggest that the locomotion
defects observed in these larvae are likely due to functional
changes in motor neurons or in other upstream central neurons
such as interneurons. We also assessed the combined surface
area of muscle 6/7 in segment A2 to look for signs of muscle
degeneration. At the wandering third instar, we observed no
changes in muscle area for any Smmn allele (Supplementary
Figure S2C). This indicates that the body wall muscles are not
actively experiencing atrophy and that these larvae are in the
early stages of symptomatic onset.

RNAi-Mediated Smn Knockdown

Phenocopies Smn Missense Alleles

We next assessed potential tissue-specific roles of SMN in
the observed phenotypes. To address this question, we used
the Gal4/UAS system to drive two different constructs that
produce shRNAs targeting RNAi-based knockdown of Smn
under control of a UAS enhancer element (Perkins et al,
2015). These lines are Smn-RNA#T92957 and Smn-RNAjHMC03832
and are referred to here as Smn-RNAi #1 and Smn-RNAi #2,

respectively. Expression of these UAS-RNAi constructs is driven
either ubiquitously with da-Gal4 (Daughterless) or concurrently
in both neurons and muscles using the “C15” driver line
(Brusich et al., 2015), which contains three Gal4 constructs: two
pan-neuronal drivers, elav(C155)-Gal4 and scabrous-Gal4, and
one muscle specific driver, BG57-Gal4. Crossing the C15 driver
with the Smn-RNAi lines allows us to simultaneously deplete
SMN in both muscles and neurons, the two cell types most
closely linked to SMA pathology. Both Smn-RNAi lines have
been used in previous publications, but have not been validated
for their ability to reduce SMN protein expression (Atkinson
etal., 2017; Mirra et al., 2017). To determine the strength of Smn
knockdown, we measured SMN levels in wandering third instar
larvae in which the two Smn-RNAIi constructs were expressed
using the da-Gal4 driver. This analysis reveals that both Smn-
RNAI lines are capable of inducing significant knockdown of
SMN (Figures 3A,B).

We first used these RNAi lines to assess pupal and
adult viability (Figures 3C,D). Similar to the findings with
the Smn allelic series, both ubiquitous and neuromuscular
Smn knockdown caused a significant reduction in viability
(Figure 3C). Ubiquitous knockdown causes an effect comparable
to that of the V72G lines, strongly reducing pupal lethality
and displaying complete lethality at the adult stage. In contrast,
neuromuscular knockdown of Smn phenocopies the moderate
Class III alleles, displaying fairly normal pupal viability and
a moderate decline in adult viability (Figure 3C). These data
suggest that neuronal and muscle tissues contribute to the
viability defects observed following ubiquitous Smn knockdown
and in animals ubiquitously expressing mutant Smn alleles.

We also examined locomotion in the context of Smn
knockdown. Both ubiquitous and neuromuscular knockdown
of Smn negatively impacted larval locomotion (Figure 3E). In
the context of ubiquitous knockdown, the presence of the Gal4
element alone did not impact the baseline locomotor phenotype.
In contrast, Gal4 expression in neuromuscular tissues from the
C15 line caused a significant increase in crawling speed relative to
the OR control (Figure 3E). Relative to this increase, expressing
Smn-RNAi using the C15 driver line caused a significant decrease
in locomotor speed (Figure 3E). A similar decrease in larval
velocity was also observed in the context of ubiquitous Smn
knockdown. Specifically, ubiquitous knockdown with Smn-RNA
#1 causes a significant reduction in crawling speed (Figure 3E).
Unlike the lines expressing Smn missense alleles, ubiquitous
knockdown also caused a significant reduction in the size of the
muscle 6/7 neuromuscular junction relative to the Oregon R wild
type strain (Supplementary Figure S2A).

Overall, examination of SMA-related phenotypes in larvae
reveals a spectrum of severities in the context of developmental
viability and reveals a moderate reduction in locomotor behavior.
However, we did not observe changes to larval NM]J structure
or muscle size (Supplementary Figure S2). This is likely due to
the relatively mild to intermediate nature of the Smn mutations
examined here, the effects of maternally contributed SMN, and
the short duration of the larval stages. In the context of our
SMA models, there is likely not enough time for degenerative
phenotypes to manifest in the larval stages. Therefore, to examine
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FIGURE 2 | Smn missense mutations or knockdown reduce larval locomotion. (A) Larval crawling speed, measured in body lengths/s, in early third instar larvae. (B)
Representative traces for the data shown in (A). (C) Larval size for the same animals measured in the locomotion assay in (A). (D) Larval crawling speed, measured
in body lengths per second, in wandering third instar larvae. (E) Representative traces for the data shown in (D). (F) Larval size for the same animals measured in the
locomotion assay in (D). Data: bars show averages, points represent individual larvae, error bars represent standard error, n-values (# individual larvae) are shown in
parentheses adjacent to genotype on x-axis. Statistical significance was determined by ANOVA (ns = not significant, *p < 0.05, **p < 0.01, **p < 0.001).

potential progressive degenerative phenotypes, we turned to the
adult stages.

Smn Missense Mutations and
Neuromuscular Knockdown Reduce Adult
Longevity

Ten lines expressing transgenic Smn alleles produce viable adults
to varying degrees (Figure 1A). We first used these adults
to assess longevity, with the expectation that Smn mutations
would shorten lifespan. Animals of the control Oregon R
strain lived as long as 12 weeks, with 90% of individuals
dying by 11 weeks of age (Figures 4A-D, gray line). The line
expressing transgenic Smn (WT) is moderately hypomorphic
and shows a significant decrease in longevity as compared to
OR, with increased death occurring by week 4 in the case of
WT (Figures 4A-C).

All other lines expressing missense Smn alleles show a further,
statistically significant reduction in longevity relative to WT
(Figures 4A-D). The Class IV mutation, D20V, begins to display
impaired longevity relative to WT beginning at week 7 and 90%
of animals carrying this mutation are decreased by 7.6 weeks
of age (Figures 4A,D). The decrease in longevity is more

pronounced for the Class III mutations G73R (Figure 4A), 193F,
T2051, and G210C (Figure 4B), which begin to deviate from WT
between 3 and 6 weeks of age (Figures 4B,C) and reach 90%
death by 6-7 weeks (Figure 4D). The Class II mutations (G210V,
Y208C, Y107C, and F70S) are the most severely impacted,
with significant death occurring as early as the first week of
life (Figures 4C,D).

We next sought to assess the possibility that the reduced
longevity observed for missense Swmn lines is related to
neuromuscular health. To do so, we again turned to
RNAi-mediated Smn knockdown in the neuromusculature.
The C15 Gal4 driver line was used to express each of the
two UAS-Smn-RNAi constructs in adult flies. To maximize
shRNA expression, flies were raised at 29°C which increases the
efficiency of the yeast-derived Gal4 protein as a transcriptional
activator. Under these conditions, the OR strain displays
reduced longevity/lifespan relative to other controls such as
the Gal4 alone (C15/+) or the Smn-RNAi constructs alone
(Smn-RNAi/+; Figures 4E-G). Neuromuscular expression of
Smn-RNAi #1 moderately affected longevity relative to the
C15/+ and Smn-RNAi #1/+ controls, although they outlived the
OR controls (Figures 4E,G). The effect with Smn-RNAi #2 was
much stronger, with all animals expiring within the first week
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FIGURE 3 | Neuromuscular Smn knockdown reduces viability and larval
locomotion. (A) Representative western blot of SMN levels and total protein
(loading control). (B) Quantification of SMN levels on western blot replicates.
SMN levels are divided by total protein levels to control for loading and
normalized to OR for comparison between blots. (C,D) Developmental
viability at the pupal stage (C) and adult stage (D) for animals expressing Smn
missense mutations. % Viability is the proportion of animals the survive to the
pupal/adult stage relative to the number of larvae initially collected. (E) Larval
crawling speed, measured in body lengths/second, in early third instar larvae.
Data: bars show average. Error bars show standard error. For (A,B), data
(Continued)

FIGURE 3 | Continued

points represent biological replicates of 30-50 animals each, n-values (shown
in parentheses next to genotypes) reflect the number of individual animals
counted. For (C), data points and n-values (shown in parentheses next to
genotypes) reflect the number of individual animals assayed. Statistical
analysis: values above the data indicate significance vs. WT from one-way
ANOVA using the Dunnet correction for multiple comparisons. ns: not
significant (o > 0.05), *p < 0.05, **p < 0.01, **p < 0.001.

of life (Figures 4F,G). These findings suggest that the longevity
defects observed in the case of missense Smn alleles are due, at
least in part, to loss of SMN function in neurons and muscles.

Smn Missense Alleles and Neuromuscular

Knockdown Reduce Adult Locomotion

To more directly assess neuromuscular function in adult flies we
performed an adult locomotion assay on free moving animals
in a circular chamber with restricted vertical space to prevent
flight. Flies were collected and assayed within 24-36 h after
eclosing (Figure 5) and after aging for 5 and 6 weeks in
certain cases (Figure 6). At 1 day of age, both Class IV alleles
(WT and D20V) and two of the Class III alleles (G73R and
I93F) showed robust locomotor behavior. These animals display
walking speeds that are slightly faster than that of the Oregon
R wild type strain and are not significantly different from one
another (Figures 5A,B). The remaining Class III alleles (T205I
and G210C) showed a moderate but significant decrease relative
to the WT transgenic line. The Class II alleles showed robust and
significant impairment in their locomotor behavior relative to
both WT and Oregon R (Figures 5A,B).

Similar effects were observed for both ubiquitous and
neuromuscular knockdown of Smn (Figures 5C-E). As was
the case for larval locomotion, Gal4 expression alone leads
to increased adult walking speeds. Relative to Gal4 controls,
ubiquitous Smn knockdown using the Smn-RNAi #2 line
produces a moderate but significant reduction in adult walking
speed (Figure 5C). Neuromuscular Smn knockdown with
Smn-RNAi #2 also reduces walking speed relative to both the
C15 Gal4 line control and the Oregon R wild type strain. In
this case, the reduction was dramatic, as many animals remained
essentially stationary during the assay (Figures 5D,E). This
finding suggests that the locomotor defects observed in animals
expressing mutant Smn alleles are due to dysfunction in neuronal
and/or muscular tissues. Collectively, these data suggest that
the adult stage can be used to model SMA-related phenotypes
in the fly.

Class IV and Class Ill Smn Missense

Alleles Are Models for Late-Onset SMA

Three missense Smn alleles (D20V, G73R, and 193F) displayed
robust adult locomotor behavior at 1 day of age (Figures 5A,B).
In contrast, these lines also show reduced longevity as adults
(Figure 4), mildly reduced viability (Figure 1), and impaired
locomotion as larvae (Figure 2). These results indicated that
these mutations have a relatively mild impact on SMN function
and led us to hypothesize that these lines might be useful for
modeling late-onset SMA. To test this, we aged flies carrying
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each of these three mutations as well as animals expressing the
WT Smn transgene and assayed adult walking behavior weekly
(Figure 6A). By 5 weeks of age, flies expressing the D20V, G73R,
or I93F mutant Smn all showed a significant reduction in walking
speed relative to the animals expressing the WT Smn transgene
(Figures 6A,B,D). This decline persisted into the 6th week of life

(Figures 6A,C,D), but could not be effectively assessed beyond
that point due to the limited number of animals that survive
into the 7th week of life. Interestingly, this decline in locomotor
function occurs 1-2 weeks prior to the time at which most
of these flies began to die in the longevity assay (Figure 4),
consistent with a causative link between the locomotor deficit
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FIGURE 5 | Smn missense mutations or knockdown reduces free moving adult locomotion. (A) Adult walking speed, measured in mm/s, in adults 1 day after
eclosion for animals expressing Smn missense mutations. (B) Representative traces for the data shown in (A). (C,D) Adult waking speed, measured in mm/s, in
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next to genotypes) reflect the number of individual animals assayed. Statistical analysis: values above the data indicate significance vs. WT from one-way ANOVA
using the Dunnet correction for multiple comparisons. ns: not significant (o > 0.05), *p < 0.05, *p < 0.01, **p < 0.001.

7

and death. Based on this late-onset locomotor dysfunction, we
conclude that these lines represent the first models of late-onset
SMA that involve onset of dramatic impairment of locomotor
function at an advanced age.

Smn Mutant Alleles and Knockdown

Cause Progressive Loss of Motor Function
We analyzed the more severe Class II lines for progressive
loss of motor function. We noticed that certain animals failed
to fully eclose from their pupal cases and ultimately died
(Supplementary Figures S3A,B). This phenotype was most
prevalent for the intermediate Class III mutations and was less
frequently observed for the more severe Class II mutations.
This inverse relationship between allele severity and incidence of
partial eclosion is likely due to the fact that most animals carrying
Class II mutations arrest prior to reaching these later stages of
development (Figures 1A,B).

We hypothesized that partial eclosion occurs in part due
to severe muscle weakness in a subset of animals expressing

missense Smn. To test this, we selected two lines, Y208C
and G210V, which are both phenotypically severe in other
assays yet produce enough late-stage animals to make analysis
feasible. We monitored pupae for these lines on an hourly
basis to identify animals that were unable to escape their
pupal cases. Once identified, forceps and microdissection
scissors were used to help these animals complete eclosion
(“assisted eclosion”). We first put these animals through the
adult locomotion assay and found that they had very low
walking speeds and in many cases did not move at all
(Supplementary Figure S3C). Additionally, the lifespan of these
animals was dramatically reduced relative to both wild type and
normally eclosing adults of the same genotype (Supplementary
Figure S3D, Figures 4C,D). All animals examined died within
6 days of assisted eclosion (Supplementary Figure S3D).
To ensure that our assisted eclosion techniques were not
harming the animals or impairing their locomotor function
or survival, we performed the same procedure on Smn"’
(WT) pharate adults. Analysis of lifespan and locomotor
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FIGURE 6 | Animals expressing mild Smn missense mutations develop
late-onset locomotor defects as adults. (A) Adult walking speed, measured in
mm/s, in adults ranging from 1 day of age (0 weeks) through 6 weeks of age
for animals expressing the WT transgene or the D20V, G73R, 193F Smn
missense mutations. (B,C) Adult walking speed (mm/s) for the same
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(D) Representative traces for the data shown in (B). (E) Representative traces
for the data shown in (C). Data: in (A), points show averages in (B,C), bars
show average. Error bars show standard error in all cases. Data points and
n-values (shown in parentheses next to genotypes) reflect the number of
individual animals assayed. Statistical analysis: values above the data indicate
significance vs. WT from one-way ANOVA using the Dunnet correction for
multiple comparisons. ns: not significant (p > 0.05), *p < 0.05, **p < 0.01,
***p < 0.001.

function of these animals was included for control purposes. As
expected, the WT animals were unaffected by the manipulation
(Supplementary Figures S3C,D).

Similar phenotypes were also observed for animals expressing
neuromuscular knockdown of Smn with Smn-RNAi #2. These
animals are able to eclose without assistance but display severe
adult locomotor dysfunction in the adult walking assay 1 day
after eclosion (Figures 5F,G). Neuromuscular Smn knockdown
also leads to dramatically reduced lifespan almost identical to that
seen for the partially eclosed animals examined, with all animals
dying within 6 days of life (Supplementary Figure S3E).

Although walking speed was near zero for all of the mutant
lines discussed above, qualitative observation suggested that

these animals were not fully paralyzed and retained some degree
of motor control over their legs at the time of assisted eclosion.
To determine if motor control deteriorated over time in these
animals, we turned to qualitative observation and scoring of
locomotor function in a manner similar to the clinical analysis
of human patients. For 10-30 individual animals per genotype,
we monitored leg function under the stereoscope for 1-2 min
and assigned a leg score for each of the three leg pairs. Scoring
was performed on a scale of 0-10, with complete paralysis scored
as 0 and normal function scored as 10. Scoring was performed
every 4-8 h for the first 12 h of life, followed by observation every
24 h until death occurred. Using this method, we determined that
partially eclosed flies expressing G210V and Y208C mutant Smn
experience progressive loss of leg function over time (Figure 7A).
This is the first report of progressive loss of motor function in any
fly model of SMA.

Interestingly, individual leg pairs were differentially affected
at the time of assisted eclosion. The most anterior pair initially
presented with mild to moderate impairment, whereas the most
posterior pair was more severely impaired. The function of
all three leg pairs decreases over time, and the defects in the
anterior and posterior limbs become more similar over time
(Figures 7B-D). This is reminiscent of SMA disease progression
in human patients who often develop muscle weakness in the legs
prior to onset of in the arms.

Similar defects in leg function were observed upon
examination of animals expressing Smn-RNAi #2 in neurons
and muscles. Progressive loss of motor function was observed
for all legs in aggregate (Figure 7E), and for individual leg pairs
(Figures 7F,G). Additionally, we noted the same differential
impact on individual leg pairs, with the anterior pair initially
displaying much milder dysfunction than the most posterior pair
(Figures 7F,G). None of these effects was observed for Oregon R
controls reared and scored in the same manner (Figures 7E,F).
Overall, the progressive loss of motor function and differential
timing of affectation between posterior and anterior leg pairs
suggests that these fly models of SMA are useful for modeling
nuanced aspects of SMA onset and progression and suggest that
highly specific mechanisms of SMA are conserved in fly.

CONCLUSION AND DISCUSSION

We carried out a systematic assessment of disease-related
phenotypes in a set of Drosophila SMA models at multiple
developmental stages. This work was performed in larvae and
adult flies expressing one of 13 human patient-derived Smn
missense mutations as well as flies expressing ubiquitous or
neuromuscular-specific Smn knockdown. In larvae, we identified
defects in developmental viability and locomotor function in the
absence of overt muscle degeneration, leading to the conclusion
that the larval stages are best suited to study of pre- and early
onset stages of SMA. For the lines that reached the adult stage, we
observed reduced longevity and locomotor defects with variable
age of onset. Thus, the fly can be used to model progressive loss
of motor function in SMA. We also report, for the first time
in a model system, three alleles for late-onset (Type IV) SMA.
Collectively, this set of SMA models provides a highly useful
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FIGURE 7 | Progressive loss of motor function is observed in the legs of
partially eclosed Smn missense mutants and in animals expressing
neuromuscular Smn knockdown. (A) Qualitative leg function scores (average
or all three leg pairs) over time for partially eclosed animals expressing the
wild type Smn transgene (n = 11) or the Y208C (n = 10) or G210V (n = 7)
Smn missense mutations. (B-D) Qualitative leg function scores for each leg
pair over time for same animals as in (A). (E) Qualitative leg function scores
(average or all three leg pairs) over time for animals expressing neuromuscular
Smn knockdown. (F,G) Qualitative leg function scores for each leg pair over
time for the same animals as in (E). Statistical analysis: values above the data
indicate significance vs.WT from one-way ANOVA using the Dunnet
correction for multiple comparisons. ns: not significant (p > 0.05), p < 0.05,
p < 0.01,p < 0.001.

system for studying all stages of SMA pathogenesis across the full
spectrum of disease severity.

Modeling SMA in Adult Stage Drosophila

This study presents the first report of adult models of SMA
in the fly, providing an opportunity to distinguish severe
developmental complications from neuromuscular phenotypes.
In typical cases, SMA patients appear healthy and normal
at the time of birth with onset of impaired motor function
occurring months or years after birth. Creating models that
mimic this aspect of SMA has been difficult in the mouse,
as most genetic manipulations that are sufficient to produce
neuromuscular phenotypes also cause animals to be small,

underdeveloped, and severely affected at the time of birth
(Hsieh-Li et al., 2000; Monani et al, 2000). Pups for these
models fail to grow significantly and die in the first weeks
of life, reminiscent of Type 0 SMA in humans. Our Class III
and IV fly models produce adults of normal size that appear
otherwise healthy upon eclosion. These animals continue to
mature as normal until they die between 1 and 7 weeks of
life (control flies live for 12-13 weeks). Using animals that
successfully progress through all developmental stages allows for
separation of SMA phenotypes from gross developmental issues.
This is important, as developmental arrest can independently
affect mRNA processing and gene expression, nervous system
development and growth, as well as many other phenotypes
relevant to the study of SMA (Carrel et al., 2006; McWhorter
et al., 2008; Garcia et al.,, 2013, 2016; Perez-Garcia et al., 2017).
The ability to avoid these complications with genetic models
that develop normally adds a valuable tool to the field of
SMA research.

Modeling Intermediate Forms of SMA

Mouse models for late-onset SMA have been difficult to generate.
Copy number changes in human SMN2 transgenes or C >T
mutation of the endogenous mouse Smn allele cause dramatic
shifts in phenotype from mild and largely unaffected to very
severe with onset of symptoms in utero and death between 4 and
14 days after birth (Hsieh-Li et al., 2000; Monani et al., 2000).
Addition of partially functional SMN-producing genes, such as
SMNA?7 or SMN2 leads to a similar bifurcation of phenotypes
(Le et al., 2005; Osborne et al., 2012). Depending on the gene
dose, mice are either strongly affected at birth or completely
rescued throughout life. This binary relationship between SMN
dosage and phenotype in mice has led to a dearth of robust mouse
models of intermediate SMA. Consequently, the processes that
precede onset of neuromuscular dysfunction and motor neuron
death have been difficult to study in murine systems.

In the fly, we observe a more continuous range of phenotypic
severity across many assays in the context of hypomorphic SMN
levels and partial function. The mildest Smn missense mutations
we assessed (D20V, G73R, and I93F) are phenotypically wild
type at the time of eclosion. By 5 weeks of age, however, flies
carrying these mutations begin to show locomotor dysfunction
and expire after 1-3 additional weeks of life. Based on these
observations, we assert that these three Smn missense mutations
model moderate, later-onset Type III and IV SMA. These models
will be a useful tool in examining the full range of SMA disease
progression from pre-onset changes to organismal death in a
single biological context.

SMN Missense Mutations Are Partially
Functional in the Absence of Wild Type
SMN Protein

Together with previous work (Praveen et al., 2014; Garcia et al,,
2016; Gray et al.,, 2018), the data presented here demonstrate
that many SMN missense mutations retain partial function. As
discussed above, the maternal contribution of SMN complicates
this interpretation in early larval stages. By the beginning of
the third instar larval stage, however, the maternal contribution
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is fully depleted and complete lack of SMN rapidly leads to
developmental arrest and death. In our models, transgenic
Smn is expressed from the native promotor throughout the
life of the organism. In this context, we observe survival to
differential degrees and developmental stages for each Smn
missense mutations. These findings demonstrate that Smn
missense mutations specifically modify the null phenotype and
are inconsistent with the notion that they extend viability due
to secondary effects caused by non-specific stabilization of the
maternal contribution.

Furthermore, we successfully generated stable, viable fly
stocks that exclusively express certain missense alleles of Smn in
an otherwise Smn null background (Flag-Smn™%, Smn*7/SmnP).
These animals are viable and fertile in the absence of any
wild type SMN at any stage of their development, providing
conclusive evidence that Smn missense mutations are at least
partially functional. Given the conservation of SMN protein
structure from invertebrates to vertebrates, we expect that this
finding holds true in human patients as well. Our results contrast
with those of a recent report using the SMNA7 mouse model,
claiming that two mild patient-derived missense mutations
(D44V and T274I) are non-functional in the absence of
full-length SMN (Iyer et al, 2018). This assertion is based
on a single finding: that mice expressing only SMN missense
mutations do not survive to birth. While this result clearly
indicates that these two SMN missense mutations are not
fully functional, it by no means rules out the possibility of
partial function.

Smn null mice arrest at the blastula stage of embryonic
development (Schrank et al., 1997). Missense alleles that fully
lack function would be expected to arrest at the same stage as
the null allele. Unfortunately, neither this stage nor any other
embryonic stage was assessed in the context of the D44V or T2741
mutations to determine if SMN missense mutations partially
rescue embryonic development (Iyer et al.,, 2018). Notably, all
of the human SMN missense alleles analyzed in the mouse to
date have been expressed from randomly-integrated, variable
copy number, cDNA-based transgenes (Gavrilina et al., 2008;
Workman et al., 2009; Iyer et al, 2018). Moreover, none of
these studies uses a wild-type cDNA control, so it is difficult to
compare the transgenic lines without the ability to control for
expression levels, position effects, or secondary mutations caused
by integration.

Indeed, transgenic rescue of embryonic lethality using human
SMN constructs in the mouse is fraught with complication. Mice
expressing two randomly-inserted cDNA copies of SMNA7 die
within 5 days of birth when crossed onto the FVB background
(Monani et al., 2000). However, this same SMNA7 transgene
completely fails to rescue embryonic lethality when crossed onto
a C57/BL6 background (Gogliotti et al., 2011; Osborne et al.,
2012; Meier et al., 2018). Expressing one or two copies of human
SMN2 in an Smn null background is also insufficient to rescue
embryonic lethality in mouse (Osborne et al., 2012). These results
are in contrast to the effects of manipulating SMN expression
from the endogenous mouse locus. Mice bearing a C > T
mutation in exon 7 of the endogenous Smn gene (mimicking
human SMN?2) are fully viable and fertile (Gladman et al., 2010;

Hammond et al., 2010). Further, these mice live a normal lifespan
when the C > T allele is present in either the homozygous
or hemizygous state, displaying mild adult-onset phenotypes
(Gladman et al., 2010). This incongruity suggests that expression
of randomly-inserted human SMN cDNAs is suboptimal in the
context of restoring mouse viability. In fact, there is no evidence
that a wild-type human SMN cDNA transgene can rescue mouse
viability, as such a line has yet to be reported. For all of these
reasons, additional work is needed in this area.

Concordance Between SMA Severity and
Drosophila Phenotypes

The missense mutations examined here impact residues in
the SMN protein that are well conserved from fly to human.
Thus, we expect that mutating these residues will cause similar
changes in SMN protein function and/or stability in both
species. An indirect approach to assess this expectation is to
compare the severity of SMA-related phenotypes in flies and
SMA Type in humans. This analysis is somewhat complicated by
several factors.

First, the diagnosis and classification of SMA have changed
significantly over the 20-year period since the first SMNI
missense mutations were reported. Thus, cross comparison
of severity between patients diagnosed in different decades
is imperfect. For example, a severe patient diagnosed with
Type I SMA that was reported in the late 1990s might be
diagnosed as a Type 0 patient in the 2010s. Similarly, a patient
diagnosed as Type II two decades ago might be considered a
Type III patient today.

Second, a major complicating factor is SMN2 copy number.
In several reports of missense mutations from the late 1990s,
the SMN2 copy number of the patient was neither assessed nor
reported (Supplementary Table S2). Given the strong influence
that SMN2 copy number has on SMA severity, lack of this
information prevents reasonable comparisons of human and fly
SMA phenotypes. As mentioned above, genetic background is
also known to modify SMA severity. Moreover, SMNI missense
mutations are extremely rare and often reported in single patients
or a pair of affected siblings whose disease severity is impacted by
genetic background to an unknown degree.

From the perspective of the fly models, there are far fewer
complicating genetic factors to consider. The 14 Flag-tagged
Smn lines described here were generated in a single genetic
background, with a single copy of the transgene inserted
at the identical chromosomal location. This approach allows
for direct, reliable comparison of phenotypic severity between
patient mutations in the fly. An important caveat is that fly
development includes multiple body plans (larval vs. adult) and
stages of development (embryonic, larval, and pupal) prior to
the adult stage and it is, therefore, difficult to directly compare
to the relatively linear process of human development. For
example, it is unclear how the onset of symptoms in larval
stages compares to the age of onset in human development.
Due to this uncertainty, phenotypic Class and SMA Type are
not expected to align in terms of their number-designation.
However, we do expect to see a correlation between human
SMA Type and Drosophila Class designations, with the most
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TABLE 1 | Alignment of phenotypic severity between human and fly.

Fly
Human Fly SMN2 SMA phenotypic
protein protein Copy # Type class
D44V D20V 1 1l vV
G95R G73R 1 I Il
1116F 193F 1 | Il
T274] T205I 1/2 1 1l
Y277C Y208C 1 I I
W92S F70S 3 | Il
V4G V72G 3 I Il
M263R M194R 2 | |
Y272C Y203C 1/2/3 1117101 |

Smn missense mutations are shown in order of least severe to most severe, based
on fly genotypes, with the corresponding information from human patients. The four
missense mutations with unknown SMN2 copy number (Y107C, G206S, G210C, and
G210V, shown in Table 1) have been excluded here to prevent potentially inaccurate
comparisons.

severe human mutations also being the most severe in fly and
vice versa.

Indeed, the information in Table 1 reveals that in almost every
case, the severity observed in the fly is well aligned with human
SMA Type. The one exception is the I93F/I116F mutant. Given
that this mutation has only been observed in a single human
patient, it is difficult to determine whether this residue may not
be as functionally important for fly SMN as it is for human, or if
confounding factors such as genetic background might enhance
the SMA severity independent of SMN1.

In all other cases, we observe strong concordance between
the phenotypic severity of fly and human. For example, the fly
mutations Y203C and M194R cause the most severe phenotype
in flies, phenocopying null alleles. The same is seen in human
patients carrying Y272C and M263R mutations, which also
phenocopy the SMNI null state in causing Type 1 SMA in
the presence of 1 or 2 copies of SMN2. On the other end of
the spectrum, the D44V, G95R, and T274I mutations appear
to improve the SMA Type in patients, relative to the severity
expected based on SMN2 copy number. For example, humans
hemizygous for both SMN2 and SMN17?74! display a relatively
mild, Type II phenotype. Flies expressing the corresponding
mutations (D20V, G73R, and T205I) are also mildly affected,
with G73R and D20V causing adult-onset of locomotor defects.
Overall, when appropriately considering SMA Type and SMN2
copy number, we conclude that SMN missense mutations
modeled in the fly faithfully recapitulate the human phenotypes.
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FIGURE S1 | Survival Motor Neuron (Smn missense mutations are sufficient for
viability in the absence of maternally contributed wild type SMN. (A,B)
Developmental viability at the pupal stage (A) the adult stage (B) stable lines
expressing only Smn missense mutations with maternal contribution of WT Smn
present. Data: bars show average. Error bars show standard error. Data points
represent biological replicates of 50 animals each, n-values (shown in parentheses
next to genotypes) reflect the number of individual animals counted. Statistical
analysis: values above the data indicate significance vs. WT from one-way ANOVA
using the Dunnet correction for multiple comparisons. ns: not significant

(o > 0.05), *p < 0.05, *p < 0.01, **p < 0.001.

FIGURE S2 | Survival Motor Neuron (Smn) missense mutations or knockdown
has modest effects on neuromuscular junction (NMJ) structure. (A) Bouton counts
from the muscle 6/7 NMJ in wandering third instar larvae. (B-B"”) Representative
images for the data shown in (A) for the OR (B), WT (B’), and V72G (B”)
gentypes. Red marks Discs Large (DIg), green marks synapsin (syn), and blue
marks neuronal membranes. (C) Muscle 6/7 combined area for the NMJs
measured in (A). Data: bars show average. Error bars show standard error. Data
points and n-values (shown in parentheses next to genotypes) reflect the number
of individual neuromuscular junctions (A) or muscles (C) assayed. Statistical
analysis: values above the data indicate significance vs. WT from one-way ANOVA
using the Dunnet correction for multiple comparisons. ns: not significant

(o > 0.05), p < 0.05, p < 0.01, p < 0.001.

FIGURE S3 | Smn missense mutants exhibit defects in eclosion. (A) Percent of
total larvae that complete pupal development but only partially eclose from their
pupal case. (B) Representative images of the partial eclosion phenotype
quantified in (A). (C) Adult walking speed (mm/s) for partially eclosed animals
expressing the wild type Smn transgene or the Smn missense mutations Y208C
or G210V. (D) Survival curve for the same animals assayed in (C). (E) Survival
curve for animals expressing neuromuscular Smn knockdown. Data: bars show
average. Error bars show standard error. Data points and n-values (shown in
parentheses next to genotypes) reflect the number of individual animals assayed.
Statistical analysis: for (A,C), values above the data indicate significance vs. WT
from one-way ANOVA using the Dunnet correction for multiple comparisons. For
(D,E), values next to each survival curve represent p-values generated by Chi
square analysis using the logrank rank/Mantel-Cox test. ns: not significant

(o > 0.05), *p < 0.05, *p < 0.01, **p < 0.001.

TABLE S1 | Information on all statistical analysis. Statistical analysis was
performed using GraphPad Prism 7 and includes corrections for multiple
comparisons when appropriate.

TABLE S2 | SMN missense mutation information from human patients and fly.
When multiple SMA types and SMN2 copy numbers are present, the order of the
information for each criterion corresponds such that the first SMA type shown
corresponds to the first SMIN2 copy number listed for a given mutation and so on
and forth.
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Hyperpolarization-Activated Cyclic
Nucleotide-Gated Channels: An
Emerging Role in Neurodegenerative
Diseases

Xiaoli Chang?, Jun Wang'2, Hong Jiang'?, Limin Shi'?* and Junxia Xie?*

" Department of Physiology, Shandong Provincial Key Laboratory of Pathogenesis and Prevention of Neurological Disorders
and State Key Disciplines: Physiology, Medical College of Qingdao University, Qingdao, China, ? Institute of Brain Science
and Disease, Qingdao University, Qingdao, China

Neurodegenerative diseases such as Parkinson’s disease (PD), Alzheimer’s disease
(AD), amyotrophic lateral sclerosis (ALS), and spinal muscular atrophy (SMA) are chronic,
progressive, and age-associated neurological disorders characterized by neuronal
deterioration in specific brain regions. Although the specific pathological mechanisms
underlying these disorders have remained elusive, ion channel dysfunction has become
increasingly accepted as a potential mechanism for neurodegenerative diseases.
Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels are encoded by
the HCN17-4 gene family and conduct the hyperpolarization-activated current (/).
These channels play important roles in modulating cellular excitability, rhythmic activity,
dendritic integration, and synaptic transmission. In the present review, we first provide
a comprehensive picture of the role of HCN channels in PD by summarizing their
role in the regulation of neuronal activity in PD-related brain regions. Dysfunction of I,
may participate in 1-methyl-4-phenylpyridinium (MPPT)-induced toxicity and represent a
pathogenic mechanism in PD. Given current reports of the critical role of HCN channels
in neuroinflammation and depression, we also discussed the putative contribution of
HCN channels in inflammatory processes and non-motor symptoms in PD. In the
second section, we summarize how HCN channels regulate the formation of f-amyloid
peptide in AD and the role of these channels in learning and memory. Finally, we briefly
discuss the effects of HCN channels in ALS and SMA based on existing discoveries.

Keywords: Parkinson’s disease, Alzheimer’s disease, HCN channels, I, amyotrophic lateral sclerosis, spinal
muscular atrophy

Abbreviations: 2VO, permanent bilateral occlusion of the common carotid arteries; 6-OHDA, 6-hydroxydopamine; Ap,
B-amyloid peptide; AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; APP, amyloid-B precursor protein; calbindin,
calcium-binding protein; cAMP, cyclic adenosine monophosphate; CCH, chronic cerebral hypoperfusion; Cm, capacitance
values; CMA, chronic mild unpredictable stress; CSDS, chronic social defeat stress; CUS, chronic unpredictable stress;
DAT, dopamine transporter; EPSPs, excitatory post-synaptic potentials; FL-APP, full-length APP; GP, globus pallidus; GPe,
external globus pallidus; GPi, interior globus pallidus; HCN channels, hyperpolarization-activated cyclic nucleotide-gated
channels; HCN1~/~, HCN1 knockout; HCN1/5¢, forebrain-restricted knockout; HCN2~/~, HCN2 knockout; HCN3~/~,
HCN3 knockout; IFNs, interferons; IL-1P, interleukin 1p; IPSPs, inhibitory post-synaptic potentials; K-ATP, ATP-
sensitive potassium channels; LPS, lipopolysaccharide; LTP, long-term potentiation; MPP*, 1-methyl-4-phenylpyridinium;
MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; PD, Parkinson’s disease; Rm, membrane resistance; ROS, reactive
oxygen species; SCRs, somatic calcium responses; sIPSC, spontaneous inhibitory postsynaptic potentials; SMA, spinal
muscular atrophy; SNc, substantia nigra pars compacta; STN, subthalamic nucleus; TNF-a, tumor necrosis factor-o;
TRIP8b, Rab8b-interacting protein; VAPB, vesicle-associated membrane protein B; VTA, ventral tegmental area; X11L,
X11-like protein.
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INTRODUCTION

Hyperpolarization-activated cyclic nucleotide-gated (HCN)
channels are voltage-gated channels encoded by the HCNI-4
gene family. These channels are primarily expressed in the
heart and in the central and peripheral nervous systems
(Moosmang et al., 1999, 2010; Notomi and Shigemoto, 2010).
HCN channels conduct Kt and Na™ ions at a ratio of 3:1 to 5:1.
They are activated by hyperpolarization of membrane voltage to
—50 mV or below, and conduct the hyperpolarization-activated
current, termed Ir in heart and Ij, in neurons (Brown et al,
1979; Difrancesco, 1993; Ludwig et al, 1998; Santoro et al.,
1998). cAMP can regulate the voltage-dependent activation
of HCN channels in a subtype-specific manner, with HCN2
and HCN4 channels being highly susceptible to this molecule
(He et al, 2014). Downregulation of cAMP suppresses Ij
and shifts the HCN activation curve to lower voltage values
(Biel et al, 2009). HCN channels play essential roles in
the modulation of neuronal excitability, rhythmic neuronal
activity, dendritic integration, and synaptic transmission,
thus mediate multiple physiological functions. For example,
HCN channels are able to regulate sleep and wakefulness
(Kanyshkova et al., 2009; Zobeiri et al., 2018), learning and
memory (Nolan et al., 2003; Nolan et al.,, 2004), and somatic
sensation (Emery and Mcnaughton, 2011; Ding et al., 2018).
Indeed, dysfunction of HCN channels is closely associated with
several pathophysiological states, including epilepsy (Dibbens
et al., 2010; Nava et al., 2014), neuropathic pain (Emery et al.,
2012; Tibbs et al., 2016), and inflammatory pain (Emery et al.,
2012; Stadler et al, 2014). Recent studies have also shown
that HCN channels play a significant but complex role in
neurodegenerative diseases.

Neurodegenerative diseases are chronic, progressive,
and age-associated disorders, characterized by selective
loss of neurons in specific brain regions. As the global
population increases, the incidence of these diseases increases
accordingly, and thus neurodegenerative diseases have become
a serious public health issue. Nevertheless, their etiology
and pathogenesis have not yet been fully elucidated, which
hinders the identification of key therapeutics, and the
evaluation of their potential application as therapeutic. The
pathogenesis of neurological disease is closely associated with
the dysfunction of neuronal excitability, rhythmicity, and
signaling, which are generated and modulated by specific
sets of proteins, including ion channels. HCN channels are
widely expressed in the basal ganglia and hippocampus, where
they control the electrical activities of substantia nigra pars
compacta (SNc) dopaminergic neurons and hippocampal
glutamatergic neurons (Okamoto et al, 2006; Sinha and
Narayanan, 2015). In agreement with these findings, HCN
channel dysfunction has been implicated in PD and AD
(Chan et al, 2011; Saito et al., 2012). Changes of HCN
channels are also observed in ALS and SMA (Lai et al., 2018;
Silbernagel et al., 2018). Therefore, in this review, we focus
on the roles of HCN channels in the pathogenesis of PD,
AD, and other neurodegenerative diseases. We also discuss
whether modulation of these channels could provide a new

therapeutic target for the alleviation of symptoms related to these
neurodegenerative diseases.

HCN CHANNELS AND PD

Parkinson’s  disease is the second most common
neurodegenerative disorder, characterized by a progressive
degeneration of dopaminergic neurons in the SNc. PD
patients often suffer from an array of motor impairments,
including rigidity, resting tremor, postural instability, and
bradykinesia. Non-motor symptoms such as olfactory loss,
anxiety and depression, sleep abnormalities, and constipation
are also present during early stages of the disease (Singaram
et al., 1995; Weisskopf et al, 2003; Bohnen et al., 2007;
Postuma et al, 2017; Del Rey et al, 2018). Dopaminergic
neurons in SNc send neurological projections to several
brain regions and help to chemically differentiate the direct
and indirect pathways. Previous reports have shown that
HCN channels are widely expressed in multiple basal ganglia
such as the SNc, the globus pallidus (GP), and the STN.
Moreover, HCN channels are involved in the regulation of
electrical activities of these neurons under physiological and
pathological conditions (Santoro et al, 2000; Moosmang
et al, 2010). To date, studies on HCN channels and PD
have mainly focused on the following aspects: (1) alteration
of HCN channel expression and function in PD animal
models, (2) potential involvement of HCN channels in the
neurotoxic effects of MPP', and (3) HCN channels as a
mechanism for the selective vulnerability of SNc neurons.
Given current reports of the critical role of HCN channels
in neuroinflammation and depression, we also discuss their
possible involvement in the inflammatory processes and
non-motor symptoms of PD.

HCN CHANNELS REGULATE THE
ELECTRICAL ACTIVITIES OF NEURONS
IN THE BASAL GANGLIA

In the 1980s, I, was first recorded in SNc dopaminergic
neurons (Lacey et al, 1987, 1989). The current was observed
to become slowly activated at approximately —70 mV and
was fully activated at —129 to —140 mV (Lacey et al., 1989;
Mercuri et al., 1995). The current was specifically blocked
by ZD7288 within a specific concentration range (<100 wM)
(Harris and Constanti, 1995; Seutin et al., 2001; Neuhoff et al.,
2002). Later, mRNA expression of HCN2-HCN4 was examined
in SNc dopaminergic neurons using single-cell RT-mPCR
and in situ hybridization (Franz et al, 2000; Santoro et al,
2000), showing that both HCN2 and HCN4 are expressed at
relatively higher levels than HCN3 (Mercuri et al., 1995; Franz
et al., 2000; Gambardella et al,, 2012). Under current-clamp
conditions, dopaminergic neurons exhibit a pronounced rebound
depolarization (sag) mediated by I, in response to a series
of hyperpolarizing current pulses. The presence of I, or sag
has been used as a key criterion for the identification of
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dopaminergic neurons (Grace and Onn, 1989). In these neurons,
Ij has a high density of expression around the axon-bearing
dendrites, and is reduced with distance from the axon origin,
which may affect synaptic integration (Engel and Seutin, 2015).
Neuhoff et al. (2002) further reported that there were significant
differences in HCN channel density in various subpopulations
of dopaminergic neurons. Calbindin-negative SNc dopaminergic
neurons, which were more vulnerable to neurotoxins, possessed
a larger sag amplitude and I, density than calbindin-positive
neurons (Neuhoff et al., 2002). Neurons in the GP also respond
to series of hyperpolarizing current pulses with a drop in
current (sag). Studies have shown that HCNI1-4 channels
are expressed in the GP and STN. Among them, HCN2
is the major isoform in the GP (Chan et al., 2004), while
HCN2 and HCN3 are more highly expressed in the STN
(Atherton et al., 2010).

HCN channels have been reported to regulate the electrical
activities of neurons in basal ganglia. SNc dopaminergic neurons
display two predominant types of firing patterns in vivo: tonic
irregular single-spike activity and phasic burst activity. In vitro,
they only exhibit slow and regular spontaneous firing activity.
The spontaneous firing activity of dopaminergic neurons was
significantly inhibited after application of the HCN channels
blocker ZD7288 (<100 wM) in acutely prepared mouse or
rat midbrain slices (Seutin et al., 2001; Neuhoff et al., 2002;
Okamoto et al., 2006). Chan et al. (2007) further observed
that ZD7288 (50 wM) inhibited spontaneous firing activity
in juvenile wild-type SNc dopaminergic neurons (less than
postnatal 21 days), and was able to completely block firing in
adult Cavl.37/~ SNc¢ dopaminergic neurons. Pharmacological
blockade of HCN channels also promoted burst firing in SNc
dopaminergic neurons of mice, which led to the release of a large
amount of dopamine (Mrejeru et al., 2011).

HCN channels also make an important contribution to the
autonomous pacemaking in GP neurons (Chan et al., 2004;
Surmeier et al., 2005). Application of ZD7288 (50 wM) or Cs™
in acutely prepared mouse brain slices led to hyperpolarization
and reduced firing rate and regularity (Chan et al., 2004).
Subsequently, a novel computational model of GPe neurons
confirmed that when HCN channels were blocked, the pacemaker
activity of GPe neurons was reduced or abolished (Merrisonhort
and Borisyuk, 2013). However, HCN channels could regulate
firing of GP neurons bidirectionally in vivo (Chen et al.,, 2015).
Using single-unit extracellular recordings, Chen et al. observed
that micro-pressure ejection of ZD7288 and Cs™ decreased the
frequency of spontaneous firing in 21 out of 40 GP neurons
recorded, but increased the firing rate in another 18 neurons.
Similar results were obtained when using 8-Br-cAMP, an
activator of HCN channels (Chen et al., 2015). Since GP neurons
consist of two types of neurons, GP-TI and GP-TA (Mallet
et al., 2012), the bidirectional modulation of HCN channel firing
activity may be a result of the interplay between these two types
of neurons. As for the effect of HCN channels on pacemaking
activity in the STN neurons, previous articles have reported that
the effect was negligible in rat brain slices (Bevan and Wilson,
1999; Do and Bean, 2003). However, Deng et al. (2015) revealed
that HCN channels could bidirectionally regulate the firing of

STN neurons in vivo by using single-unit extracellular recordings,
which was similar to their previously published report in the GP.

HCN channels also regulate the oscillatory activity of
basal ganglia neurons. Oscillation activities, mainly including
alpha (8-12 Hz), beta (11-30 Hz), delta (1-3 Hz), and theta
(2-7 Hz)-frequency bands, are prominent features of the
neuronal network and are closely related to many brain
behavioral and functional states (Hutchison et al., 2004).
Theta activity has been reported to lead to a paroxysmal
increase in freezing behavior in PD patients (Follett and
Torresrussotto, 2012; Hu et al., 2018). HCN channels reportedly
contribute to theta frequency membrane resonance in
hyperpolarized mammalian SNc neurons, which may be
involved in theta oscillation (Xue et al., 2012). This membrane
resonance in the hyperpolarized potential ranging from
—60 to —80 mV was completely abolished by application
of ZD7288 (10 wM) (Xue et al, 2012). In the late stage
PD, excessive synchronized oscillation and high-frequency
bursts often occur in STN neurons (Obeso et al., 2000;
Bevan et al., 2002; Syed et al., 2012). A recent study showed
that the resonance in rat STN was also mediated by HCN
channels, and application of ZD7288 (20 uM) could abolish it
(Yan et al., 2012).

ALTERATION OF HCN CHANNEL
EXPRESSION AND FUNCTION IN PD
ANIMAL MODELS

Functional changes in HCN channels within the basal ganglia
have been observed in several animal models of PD. Previous
studies have shown a progressive downregulation of HCN
channels in SNc¢ neurons in MitoPark mice (Good et al., 2011),
a transgenic model in which a mitochondrial mutation caused
parkinsonism (Ekstrand et al., 2007). MitoPark mice exhibited
reduced current amplitude and a more negative I activation
curve at postnatal 7-8 weeks, whereas motor dysfunction
was not observed until 12 weeks. Therefore, HCN channel
downregulation in SNc¢ dopaminergic neurons may be one of
the earliest physiological changes related to PD in MitoPark
mice (Good et al., 2011). The finding that functional changes
occur in SNc dopaminergic neurons prior to the onset of
distinct behavioral symptoms in animal models of PD and
Parkinsonian patients suggests that I;, could play an important
role in the early stages of disease. Consistent with the above
results, reduced Ij, amplitude and density were recently observed
in SNc dopaminergic neurons in spontaneous a-synuclein
overexpressing rats (Guatteo et al., 2016).

The amplitude of I in GP neurons was also significantly
reduced in acute reserpine-treated mice (Chan et al., 2011).
Similar results were obtained in mice and rats as a result
of chronic injection of 6-OHDA, a classic neurotoxin that
causes PD (Chan et al., 2011). In all of these models, the
downregulation of HCN channel expression/activity contributed
to the progressive decline in the autonomous pacemaker
activity of GPe neurons. They further demonstrated that the
protein and mRNA levels of the four HCN subunits were
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reduced in the GPe, with HCN2 being the most affected.
Moreover, dopamine depletion induced a significant reduction
in tetratricopeptide repeat-containing TRIP8b mRNA. TRIP8b,
a brain-specific cytoplasmic protein and an HCN channel
auxiliary subunit in the mammalian brain, influences HCN
channel surface expression and regulates their gating and
kinetics (Zolles et al., 2009; Bankston et al., 2012). Thus, these
results suggested that both transcriptional and trafficking-related
mechanisms may be involved in the downregulation of
HCN channels, producing a progressive loss of autonomous
pacemaking in GPe neurons and exacerbating their rhythmic
bursting (Chan et al., 2011).

Meurers and Dziewczapolski (2009) also studied the
role of HCN channels in the GPi. They demonstrated that
HCN3 mRNA was selectively upregulated by twofold in
the entopeduncular nucleus/GPi of rats and mice with
6-OHDA-induced parkinsonism. In agreement with this
change in mRNA expression, both HCN3 current amplitude
and neuronal excitability were significantly increased in the
lesioned animals (Meurers and Dziewczapolski, 2009). These
data indicated a potential association of HCN channels with
altered excitability of basal ganglia output neurons in PD. In
addition, the role of HCN channels in the GP may depend on the
subtype and distribution environment of the channels.

POTENTIAL INVOLVEMENT OF HCN
CHANNELS IN THE NEUROTOXIC
EFFECTS OF MPP*

MPP™ is a traditional neurotoxin that can induce Parkinsonian
syndrome in experimental primates and rodents. It is converted
from the pro-toxin MPTP to MPP* and then selectively uptaken
by SNc dopaminergic neurons through the DAT. Once inside
the cell, MPPT primarily inhibits mitochondrial complex I,
leading to ATP depletion, oxidative stress, and eventual cell
death (Nicklas et al., 1985; Smeyne and Jackson-Lewis, 2005;
Huang et al., 2017). In addition to the classical mitochondrial
impairment mechanism, several studies have also described the
effects of MPP™ on neuronal electrophysiological activities. Acute
application of MPP* on midbrain slices led to hyperpolarization
of SNc dopaminergic neurons and reduced their firing rate (Liss
et al., 2005; Masi et al., 2013; Yee et al.,, 2014). However, the
ionic mechanisms of this toxin on neuronal electrophysiological
properties remain controversial. Previous work has attributed
the effects of MPP™ to the opening of ATP-sensitive potassium
(K-ATP) channels, which is supported by the observation that
MPP* caused mitochondrial failure and ATP depletion (Liss
et al, 2005). Subsequently, Masi et al. (2013) demonstrated
that MPP™ still led to a rapid hyperpolarization along with a
reduction in spontaneous firing activity, even after preincubation
with the K-ATP channel blocker glybenclamide. They further
proposed that the effects of MPPT were mediated by HCN
channels (Masi et al., 2013), specifically that MPP* inhibited
I}, shifted the Ij, activation curve toward negative potentials,
and slowed the I} activation kinetics. These effects occurred
under K-ATP channel blockade and in the presence of 2 mM

ATP, indicating that it was independent of mitochondrial
mechanisms. Thus, they speculated that MPP™ may directly
interact with HCN channels (Masi et al., 2013). However,
Yee et al. (2014) reported that MPPT inhibited the activity
of dopaminergic neurons in distinct stages through different
mechanisms. The early phase of inhibition was dependent
on D2 autoreceptors, whereas the late phase was due to the
activation of K-ATP channels. Although I, was reduced by
MPPT in their study, pharmacological blockade of HCN channels
did not prevent the inhibitory effects of MPPT. Thus, the
inhibition of I by MPP' may promote hyperpolarization
through activation of some channels, such as K-ATP channels
(Yee et al., 2014).

In summary, current literature indicates that MPP™ has acute
inhibitory actions on nigral dopaminergic neurons. Although
independent groups have explored ionic mechanisms in this
context, results remain controversial. One should note that these
studies used inconsistent concentrations of MPP™ (range from
10 to 50 M), electrophysiological recording methods, and drug
administration methods. Further studies are required to assess
the impact of HCN channels on the neurotoxicity of MPP™T.

HCN CHANNELS MAY BE AN ION
CHANNEL MECHANISM UNDERLYING
THE SELECTIVE VULNERABILITY OF
SNc NEURONS

A hallmark of PD is the selective vulnerability of SNc
dopaminergic neurons to damage and cell death and is contrasted
with the relative resistance of dopaminergic neurons in the
neighboring VTA to the disease (Ekstrand et al., 2007; Blesa
and Przedborski, 2014; Brichta and Greengard, 2014). However,
the mechanisms underlying this selective vulnerability remain
unclear. The genetic profile of these regions only differs by
1-3% (Greene et al., 2005), indicating that the genetic factors
may not account for this discrepancy. Recent research has
begun to explore the role of electrophysiological determinants,
proposing that specific types of ion channels, including HCN
channels, may be the basis for this selective vulnerability (Table 1)
(Dragicevic et al., 2015).

Compared to VTA dopaminergic neurons, SNc neurons
exhibit a larger cell body size, lower Rm, higher Cm (Krashia
et al,, 2017), faster firing frequency (Werkman et al,, 2001;
Krashia et al., 2017), and a distinct sag in response to a series
of hyperpolarizing current pulses (Neuhoft et al., 2002), which
appeared to correlate with the larger I, magnitude. Indeed,
the distribution of HCN channels in midbrain dopaminergic
neurons is consistent with a ventro-dorsal gradient. In other
words, SNc neurons show a larger average Ij, than VTA neurons
(Krashia et al.,, 2017). Moreover, there is a higher percentage
of Ij-negative dopaminergic neurons in the VTA (Masi et al,
2015). The Iy, blocker ZD7288 (<100 wM) inhibited firing activity
in the SNc, but this effect was negligible in the VTA of both
mice and rats (Neuhoff et al., 2002; Khaliq and Bean, 2010;
Krashia et al., 2017). It is worth noting that unilateral ZD7288
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TABLE 1 | Comparison of electrophysiological parameters of dopaminergic neurons in the SNc and VTA.

Electrophysiological SNc (X + SEM) VTA (X + SEM) Selected references
parameters
Body size (um?) 176.29 + 5.84 113.18 £ 3.57 Krashia et al., 2017
Rm (MQ) 227 £ 10 697 + 99 Krashia et al., 2017
Cm (pF) 57 +2 44 + 4 Krashia et al., 2017
Sag (mV) 37.3+£0.72 31.0+£1.72 Neuhoff et al., 2002
In (PA) 299 + 14 45+ 9 Krashia et al., 2017
Firing frequency (Hz) 21+02 1.5+£0.1 Werkman et al., 2001
Significantly inhibited after pharmacologically blocking /y, Negligible Neuhoff et al., 2002; Krashia et al., 2017
EPSP Obviously enhanced after pharmacologically blocking /y, Negligible Masi et al., 2013
IPSP Significantly inhibited after pharmacologically blocking /, Negligible Masi et al., 2013
SCR Remarkably activated after pharmacologically blocking /, Negligible Carbone et al., 2017

Rm, membrane resistance; Cm, capacitance values; EPSR, excitatory post-synaptic potential; IPSF, inhibitory post-synaptic potential; SCR, somatic calcium response.

injection into the SNc of adult rats prominently increased the
number of apomorphine-induced rotations and reduced the
immunofluorescence intensity of tyrosine hydroxylase-positive
neurons. These effects were not observed in VTA neurons
(Carbone et al., 2017).

Notably, I; differentially regulates the responsiveness to
excitatory synaptic inputs in SNc and VTA neurons. MPP*
increased the temporal summation of evoked eEPSPs in SNc
neurons via the inhibition of I;, (Masi et al., 2013). Direct
pharmacological suppression of Ij, through ZD7288 (50 wM)
also increased the decay time and amplitude of eEPSPs, and
this response was more prominent in SNc than in VTA
neurons (Masi et al.,, 2015). ZD7288 also significantly reduced
the amplitude of evoked inhibitory post-synaptic potentials
(eIPSPs) (Carbone et al., 2017). Therefore, Ij, blockage likely
enhances synaptic excitability through a dual mechanism
in SNc dopaminergic neurons, specifically, by potentiating
excitatory inputs and weakening inhibitory inputs. More
importantly, increased excitatory synaptic transmission led to
the amplification of SCRs in SNc neurons, while this response
was minimally affected in VTA neurons (Carbone et al,
2017). In addition, low intracellular ATP caused a significant
negative shift in the Ij activation curve (Carbone et al,
2017), suggesting that I, dysfunction may be linked to the
mechanisms that trigger PD, such as mitochondrial failure and
ATP depletion, and that Ij, dysfunction may act in concert
with SNc-specific synaptic connectivity to promote selective
vulnerability (Masi et al., 2015).

Based on the evidence mentioned above, we proposed a
model of the pathogenic cascade in SNc¢ neurons during PD
progression (Figure 1): with the participation of a causative
agent, mitochondrial dysfunction results in a decrease in
intracellular ATP levels, which in turn inhibits ATP-dependent
I,. MPP™ may also directly interact with HCN channels, causing
the inhibition of Ij,, and thus reducing spontaneous firing. This
leads to the amplification of SCRs by potentiating EPSP and
depressing IPSP, which ultimately results in an imbalance of
intracellular calcium homeostasis and selective degeneration of
SNc dopaminergic neurons.

Importantly, some of the above results, such as the
ability of I, to affect EPSP and EPSP-driven SCRs,

were obtained using the channel blocker ZD7288. It
has previously been suggested that ZD7288 induced a
Iy-independent reduction of synaptic transmission in
hippocampal neurons (Vivien and Castillo, 2002), but
this phenomenon has not been reported in SNc and VTA
neurons. Therefore, the mechanism of action of ZD7288 in
SNc synaptic transmission requires further verification to
support our hypothesis.

PUTATIVE CONTRIBUTION OF HCN
CHANNELS TO INFLAMMATORY
PROCESSES IN PD

A common hallmark of neurodegenerative diseases is the
presence of neuroinflammation (Griffin et al., 1998; Pott Godoy
et al, 2008; Deguise and Kothary, 2017; Liu and Wang,
2017). Reactive microglia, which is the main glial cell type
that participates in the inflammatory response in the brain,
was first revealed in the SNc of postmortem human brain
tissue as early as in 1988 (McGeer et al, 1988). Elevated
cytokine IL-18 and TNF-o were detected in the SNc and
striatum of PD patients and animal models (Nagatsu et al,
2000; Bartels and Leenders, 2007). Activated microglial cells
secrete pro-inflammatory cytokines and produce ROS, and these
inflammatory factors in turn induce the activation of astrocytes,
which could not promote neuronal synapse formation, but rather
released toxic factors that caused neuronal damage (De Virgilio
etal., 2016; Fahmy et al., 2019).

Neuroinflammation has been reported to target specific sets
of channel proteins, including HCN channels. To date, there
is no report that relates the possible role of HCN channels
to PD-related neuroinflammation. However, in non-PD-related
brain regions, in vivo elevation of type I IFNs by viral
brain infection or acutely applied recombinant type I IFNs
to rat slices has been shown to reduce HCNI-mediated
I, in cortical pyramidal neurons (Stadler et al, 2014).
More importantly, IFN-B hyperpolarized the cell membrane,
reduced neuronal resonance, and modulated spontaneous EEG
slow-wave activity depending on the presence of HCN1 and
reversibly altered the physiological responses of cortical neuronal
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FIGURE 1 | Hypothetical HCN channel-related pathogenic cascade in SNc dopaminergic neurons in PD. (A) HCN channels modulate the electrophysiological
activities of SNc dopaminergic neurons. Dopaminergic neurons display tonic irregular single-spike firing and phasic burst firing in vivo, and slow, regular, pacemaker
activity in vitro. HCN channels blockade with ZD7288 reduces the amplitude of /,, leading to cell membrane hyperpolarization, decreased firing activity, or even
increased burst firing in vitro. HCN channels also regulate neuronal oscillatory activity. (B) Proposed mechanism for the involvement of HCN channels in the
neurotoxic effects of MPP*. MPP* accumulates in mitochondria, where it inhibits complex |, causing ATP depletion, increased ROS formation, and oxidative stress.
The decreased cellular ATP and cAMP concentration leads to the opening of K-ATP channels and inhibition of HCN channels. This results in hyperpolarization of the
cell membrane and reduction in the spontaneous firing of dopaminergic neurons. MPP™ is also speculated to directly interact with HCN channels, causing /x
inhibition. This further leads to the amplification of SCRs by potentiating EPSP and depressing IPSP, which results in an imbalance of intracellular calcium
homeostasis. This in turn potentiates oxidative stress and ultimately leads to cell death.
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networks (Stadler et al, 2014). Similarly, a recent study
by Federica and colleagues showed that bilateral stereotactic
injection of LPS into rats lateral ventricles could reduce
HCN1 and TRIP8b protein levels, as well as I, amplitude
and kinetics in CAl pyramidal neurons (Frigerio et al,
2018). Moreover, LPS treatment hyperpolarized the resting
membrane potential, increased the input resistance, reduced
resonance properties, and increased temporal summation of
synaptic inputs, which was consistent with the inhibition
of I,. These data indicated that neuroinflammation can
modulate the electrophysiological properties of neurons by
affecting HCN channels and the related I, current. Given
the critical role of HCN channels in neuroinflammation, we
boldly speculate that HCN channels could be involved in the

progression of PD and even other neurodegenerative diseases via
neuroinflammatory regulation.

PUTATIVE CONTRIBUTION OF HCN
CHANNELS TO THE NON-MOTOR
SYMPTOMS IN PD

Patients with PD are usually accompanied by numerous
non-motor symptoms, such as depression, olfactory loss, sleep
abnormalities, and constipation. To date, no studies are available
concerning the possible impact of HCN channels on the
non-motor symptoms of PD. However, growing evidence
suggests that HCN channels and their auxiliary subunit TRIP8b
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play an important role in the action of antidepressant and
depression. Mice with reduced I in the hippocampal CAl
region resulting from whole-brain deletion of TRIP8b, HCN1, or
HCN2 all demonstrated significant resistance to multiple tests of
behavioral despair with high predictive validity for antidepressant
efficacy (Lewis et al, 2011). In TRIP8b knockout mice,
restoring TRIP8b expression in the dorsal CA1 region enhanced
HCN protein expression and reversed the antidepressant-like
behaviors (Han et al, 2017; Lyman et al, 2017). Kim et al.
(2012) further observed that rats infused with lentiviral
shRNA-HCN1 in the dorsal hippocampal CA1 region displayed
antidepressant- and anxiolytic-like behaviors associated with
widespread enhancement of hippocampal activity. Similar result
was also confirmed in CUS, a widely accepted model for major
depressive disorder. Deletion of HCN1 by shRNA-HCNI1 in the
dorsal CA1 region prevented the CUS-induced behavioral deficits
(Kim et al., 2018).

Multiple lines of evidence implicate dysregulation in the
brain’s reward neural circuit in depression. Dysfunction of the
dopamine reward system is thought to contribute to a hedonia
and the loss of motivation common in depression (Berton et al.,
2006; Nestler and Carlezon, 2006; Tye et al., 2013). Ij has
also been reported to be increased in dopaminergic neurons of
VTA in mice under CSDS, a well-established rodent model of
depression (Cao et al., 2010; Friedman et al., 2014). However,
Ij, has been noted to be decreased in dopaminergic neurons of
VTA in CMS, which is also a widely used depression model.
A knockdown of HCN2 by lentiviral shRNA-HCN2 shRNA in
the VTA produced depressive- and anxiety-like behavior, and
overexpression of HCN2 in the VTA prevented the development
of CMS-induced depressive-like behavior (Zhong et al., 2018).
Thus, different HCN isoforms in different brain regions may play
distinct roles in regulating depressive behavior.

In addition to the possible role of HCN channels and
their auxiliary subunit in depression-like behavior, a possible
link between HCN channels and the olfactory, sleep, and
gastrointestinal functions in animal models is also noteworthy
(Sun et al.,, 2003; Fried et al., 2010; Alicia et al., 2012; Wang
et al., 2012; Shahi et al., 2014; Hu et al., 2016; Fisher et al., 2018).
Because of the important diagnostic and therapeutic value of
these non-motor symptoms in PD, perhaps the above studies
provide a new perspective for further exploration of PD.

HCN CHANNELS AND AD

Alzheimer’s disease is the most common neurodegenerative
disease and is characterized by neuropsychiatric symptoms
such as progressive memory impairment, cognitive dysfunction,
personality changes, and language disorders, which seriously
affect the patients quality of life (Gotz et al, 2018). The
accumulation of the PB-amyloid peptide (AP) within the
brain and hyperphosphorylated and cleaved forms of the
microtubule-associated protein tau are two key pathological
features of AD (O’Brien and Wong, 2011). Lesions caused
by the accumulation of these proteins mainly affect the
hippocampus, the associative cortices, and subcortical structures

(Braak et al., 2011). HCN channels are widely distributed in these
regions and may participate in the etiology of AD by affecting
neuronal excitability and regulating A generation (Cirrito et al.,
2005; Saito et al., 2012).

THE RELATIONSHIP BETWEEN HCN
CHANNELS AND AGE

Changes in HCN channels in AD-associated brain regions are
closely related to age. Vasilyev and Barish (2002) published
a pioneering study investigating the postnatal development
of I in mouse hippocampal pyramidal neurons. Both Ij
amplitude and HCN channels immunoreactivity appeared to
increase with age from postnatal 1 to 20 days in CAl
and CA3 hippocampal pyramidal neurons. In addition, I
activation became progressively more rapid over the 1- to 20-day
interval (Vasilyev and Barish, 2002). Subcellular HCN channel
distribution also varied with age. HCN1 expression was found
in the dendrites of rat hippocampal pyramidal neurons 2 days
after birth and remained the only subtype present in dendrites
until 2 weeks after birth. HCN2 was clearly distributed in the
neuronal soma of rat hippocampal pyramidal neurons neonatally
and was detected in the dendrites of hippocampal pyramidal
neurons from the third week (Brewster et al., 2007; Bender and
Baram, 2008). As rat CA1 pyramidal neurons matured, HCN1
expression prominently increased, becoming the primary HCN
channel subtype (Brewster et al., 2007). This information suggests
that the different expression patterns of HCN channels and Iy,
between immature and mature neurons may promote changes
in neuronal excitability, which affect neuronal physiology and
possibly lead to a pathological state.

HCNI1 levels have been described to decrease dramatically
in the temporal lobe of cynomolgus monkeys during aging,
and be also significantly diminished in the temporal lobe of
sporadic AD patients (Saito et al., 2012). The latest evidence
demonstrated that the HCN1I and its auxiliary subunit, TRIP8b,
were distally enriched in CAl pyramidal neurons in both WT
and 1-month-old ADTg mice but absent in ADTg mice at 12 and
24 months. The neuronal sag and rebound slope, as subthreshold
voltage signatures, changed and deteriorated with age (Musial
et al, 2018), and trafficking the HCNI1 channel to distant
dendrites restored abnormal subthreshold voltage signaling.

ROLE OF HCN CHANNELS IN THE
REGULATION OF A GENERATION

AP is the main component of senile plaques, and its deposition
may be a common pathway for all causative factors leading to
AD. AB is generated by sequential cleavage of the transmembrane
amyloid-p precursor protein (APP) by B-secretase and the
y-secretase complex. y-secretase may cleave at either of two sites,
forming two different lengths of AP including AP40 and the
more neurotoxic Ap42 (Selkoe, 2002; O’Brien and Wong, 2011).
An increase in neuronal activity could enhance the production
of AP (Kamenetz et al., 2003; Cirrito et al., 2005, 2008). Given
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the critical role of HCN channels in neuronal excitability,
correlations between HCN channels and AB generation have
long been suspected. Recent findings showed enhanced AP
generation in entorhinal cortex after blockade of HCNI, as
well as in global HCN17/~ mice. In contrast, overexpression
of HCNI in Neuro2a cells decreased AP generation, whereas
inhibition of the overexpressed HCN1 channel activity restored
the level of AP production (Saito et al., 2012). HCN1~/~
mice had a significantly higher resting membrane potential and
input resistance measured from responses to either negative or
positive current steps, indicating that loss of the HCN1 subunit
enhanced neuronal excitability in entorhinal cortex (Nolan et al.,
2007). Thus, HCN1 may be involved in AP generation by
regulating neuronal excitability. Eslamizade et al. (2015) further
observed that rats with injection of AB peptides into the frontal
cortex exhibited decreased excitability in hippocampal pyramidal
neurons, which was caused by upregulation of I;, mediated via
increased HCN1 mRNA.

In addition to relying on alterations in neuronal excitability,
HCNI1-mediated A generation was also influenced by X11. The
latter is an adaptor protein which binds to HCN channels and
regulates the trafficking and metabolism of APP (Borg et al,
1998; Ho et al., 2002; Kimura et al., 2004; Rogelj et al., 2006).
Saito et al. found that I, amplitude and density decreased
sharply in the entorhinal cortex of mice lacking both X11- and
X11L. Together with X11 and X11L, APP and HCNI were
co-immunoprecipitated from the entorhinal cortex. Therefore,
HCN1 may form a complex with APP and X11 or XIIL to
regulate the generation of Af (Saito et al., 2012).

As a y-secretase-associated protein, the HCN2 channel could
also participate in the regulation of AP production. Silencing
HCN2 in HEK cells overexpressing wild-type APP (HEK-APP
cells) led to a prominent decrease in AP40 and AP42, as
well as a reduction in a-secretase and B-secretase cleavage. In
addition, while the FL-APP levels did not change significantly,
its glycosylation decreased in HEK-APP cells after silencing of
HCN2 (Frykman et al, 2016). Thus, HCN2 could affect APP
maturation by modulating the glycosylation of APP. Previous
work has shown that glycosylated APP was reduced in Neuro2a
cells overexpressing X11L (Saito et al., 2011). Interestingly, the
HCN2 channel formed a complex with X11L in rat brain and
in a heterologous expression cell system (Kimura et al., 2004).
Thus, HCN2 may also regulate the generation of Ap by forming
a complex with X11L (Figure 2).

ROLE OF HCN CHANNELS IN LEARNING
AND MEMORY OF RELEVANCE TO AD

Progressive learning and memory impairment is a major clinical
symptom of AD. These changes have been primarily linked to
dysregulated Ca?™ signaling (Bezprozvanny and Mattson, 2008;
Berridge, 2011, 2014). Previous work has shown that high HCN1
expression may interfere with the generation of Ca?* spikes
in hippocampal CA1 pyramidal neurons (Tsay et al, 2007).
In hippocampal pyramidal neurons from HCN1~/~ mice, the
amplitude and duration of distal dendritic Ca’>* events have

been found to be enhanced. This has also been observed after
a blockade of HCN channels with ZD7288 (10 wM). This
effect was attributed to a reduction in Ij, which resulted in
resting membrane hyperactivation and increased input resistance
(Tsay et al, 2007). This resembles the previously mentioned
amplification of SCRs induced by blockade of Ij, in the SNc
(Carbone et al., 2017).

The role of HCN channels in learning and memory has
also been examined directly in gene knockout mice (Nolan
et al, 2003, 2004; Matt et al., 2011; Stieglitz et al., 2017).
Nolan et al. first explored the role of HCN1 in motor learning
and memory. Global HCN17/~ mice showed remarkable
deficits in motor learning and memory, whereas those with
HCN176¢¢ did not have this deficit. These defects in motor
learning and memory were hypothesized to result from the
loss of HCN1 in cerebellar Purkinje cells, a key component
of the cerebellar circuit (Nolan et al., 2003). Although the
HCNI1 did not participate in the spontaneous discharge
activity of Purkinje cells, HCN1 stabilizes the integration
characteristics of Purkinje cells by mediating the depolarizing
inward current that counteracts hyperpolarizing inputs which
would otherwise push the membrane potential below the
threshold for spontaneous spiking. This mechanism would allow
Purkinje cells to maintain a constant input-output relationship
independently of the effects of previous inputs to the cerebellum
(Nolan et al., 2003).

Later, Nolan et al. (2004) investigated the role of HCN1
in spatial learning and memory. In contrast to the results
mentioned above, they found that HCN1~/~ mice had enhanced
spatial learning and memory (Nolan et al., 2004). Theta activity,
which plays an important role in coding and storing spatial
information, was selectively enhanced in hippocampal CA1l
pyramidal neurons both in HCN17/~ and HCN1/<¢ mice.
Moreover, deletion of HCN1 from forebrain neurons enhanced
hippocampal-dependent learning and memory, as well as LTP
at the direct perforant path input to the distal dendrites of
CA1l pyramidal neurons (Nolan et al, 2004). These results
demonstrate that the same ion channel may have distinct
functional roles in different forms of learning and memory,
depending on the cell environment and the neuronal circuitry in
which the channel is involved.

Matt et al. (2011) further found that LTP was significantly
increased in the perforant path of HCN27/~ mice. In contrast
to HCN17/5¢7 mice, LTP was not enhanced in mice with HCN2
selectively knocked out in hippocampal pyramidal neurons
(HCN2PY™KO) - Assessment of the amplitude and frequency of
spontaneous inhibitory postsynaptic potentials (sIPSP) showed
that the inhibitory interneurons were damaged in HCN2~/~
mice. LTP was remarkably enhanced when HCN2 was deleted
from interneurons (Matt et al., 2011). Therefore, HCN2 appears
to act on inhibitory interneurons in the hippocampal CA1 area
to regulate LTP.

Interestingly, recent experimental results showed that global
HCN3~/~ mice had no significant motor or spatial learning
deficits in comparison with control mice (Stieglitz et al., 2017),
suggesting that different subtypes of HCN channels may play
different roles in learning and memory.
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Notably, in an AD-related CCH animal model, HCN channels
were also reported to be involved in spatial learning and memory
(Li et al.,, 2014; Luo et al., 2015). CCH can promote learning
and memory impairment and is a common risk factor for
AD (de la Torre, 2004, 2010; Kalaria et al., 2012). Rats with
2VO also developed stable and long-term impairment of spatial
learning and memory. Luo et al. (2015) found that rats, in
the progressive phase of CCH, showed differentially altered
HCNI and HCN2 in the rat hippocampal CA1 region, and the
HCN2/HCNlratio increased throughout the process of chronic
hypoperfusion. Specifically, the expression of HCNI1 surface
subunits was decreased at 4 weeks of 2VO, but exhibited no
significant change at 8 or 12 weeks. In contrast to HCNI,
HCN2 surface expression was increased at all time points of
ischemia (Luo et al., 2015). In normal conditions, HCN1 subunit
expression is more abundant than HCN2 in the hippocampal
CAL1 region. Therefore, the HCN1 subunit is more likely to form
homologous channels. However, during the CCH process, due
to the continuous increase of HCN2 subunits, the probability
that HCN1 subunits will form heterologous channels with HCN2
subunits increases. Since the properties of homologous and
heterologous channels differ, the hippocampal synaptic plasticity
attributed to HCN channels is altered, which in turn leads to
changes in spatial learning and memory. Thus, they proposed

that in the early stages of CCH, the impairment of spatial
motor memory in rats may be caused by common changes of
HCN1 and HCN2, and later, the disorder was attributed to
the upregulation of HCN2 expression. A similar phenomenon
was also observed by Li et al. (2014) in the hippocampal
CA1 area in rats after 5 weeks of 2VO, with reduced HCN1
expression and increased HCN2 expression. Moreover, Li et al.
(2014) found that restoring the surface expression of HCN1
and HCN2 could ameliorate the impairment of spatial learning
and memory. Together, these studies on learning and memory
suggest novel avenues of research into the pathogenesis of
AD (Table 2).

ROLE OF HCN CHANNELS IN OTHER
NEURODEGENERATIVE DISEASES

HCN Channels and ALS

Amyotrophic  lateral universally  fatal
neurodegenerative disease characterized by progressive loss
of corticospinal neurons, brainstem motor neurons, and
spinal motor neurons, which leads to progressive weakness
and paralysis. A recent study found that vesicle associated
membrane protein B (VAPB), which modulates the surface

sclerosis is a
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TABLE 2 | Roles of HCN channels in learning and memory of relevance to AD.

Models Main findings References

HCN1~/~ mice As Iy, decreases, the resting
membrane potential became
hyperactivated and input
resistance increased
significantly, resulting in further
enhancement of the amplitude
and duration of distal dendritic

Ca’™* events.

Tsay et al., 2007

HCN1~/~
mice/HCN1//f.cre
mice

HCN1//:¢¢ mice

Theta activity was selectively
enhanced in hippocampal CA1
pyramidal neurons.

Nolan et al., 2004

LTP was significantly enhanced Nolan et al., 2004
at the direct perforant path
input to the distal dendrites of
CA1 pyramidal neurons, as was
spatial learning and memory.
HCN2~/~ mice
Mice with deletion
of HCN2 from

Matt et al., 2011
Matt et al., 2011

LTP was significantly enhanced.
LTP was significantly enhanced.

interneurons

HCN3~/~ mice There were no significant Stieglitz et al., 2017
deficits in motor learning and
spatial learning in comparison
with control mice.

2VO rats Rats displayed a prolonged Lietal, 2014; Luo

time to swim to the platform
and altered expression patterns
of HCN1 and HCN2 in the
hippocampal CA1 area. Spatial
learning and memory
impairment could be improved
when restoring the expression
of HCN1 and HCN2.

etal., 2015

HCN1~/=, HCN1 knockout; HCN17:¢"  forebrain-restricted knockout; HCN2=/—,
HCN2 knockout; HCN3—/=, HCN3 knockout; LTP long-term potentiation; 2VO,
permanent bilateral occlusion of the common carotid arteries.

expression and cellular localization of HCN1 and HCN2
channels, exhibited decreased expression in motor neurons
of ALS8 patients, a typical form of familial ALS, as well as
in the motor neurons of sporadic ALS patients (Anagnostou
et al., 2010; Mitneneto et al., 2011; Silbernagel et al., 2018).
Silbernagel et al. (2018) reported that HCN2 and VAPB
were co-localized in both HCN2-transfected Hela cells and
VAPB-transfected HeLa cells. However, this co-localization
was not observed in HeLa cells transfected with the VAPBF>%S
mutant (Silbernagel et al., 2018). Indeed, HCN2 current
amplitude was noticeably decreased by VAPB modulation.
Mutation or loss of VAPB led to a decrease in HCN
activity and neuronal excitability in motor neurons, which
are a main cell type involved in the pathogenesis of ALS
(Silbernagel et al., 2018).

HCN Channels and SMA

Spinal muscular atrophy is an autosomal recessive motor
neuron disorder, characterized by progressive muscle weakness,
especially in the torso and proximal limbs (Russman, 2007).
Currently, only two studies have examined the correlation

between HCN channels and SMA. Similarly, to ALS, a mutation
in VAPB has also been identified in SMA patients (Nishimura
et al., 2004), establishing a potential connection between HCN
channels and SMA, as VAPB modulates HCN channels. Recently,
a marked enhancement of I, amplitude as well as HCN channel
expression was observed in the spinal cord and sciatic nerves
of SMA mice. Furthermore, treatment with ZD7288 appeared
to reduce early mortality, improve motor function, and restore
neuromuscular junction architecture in SMA mice (Lai et al.,
2018). These results provide initial evidence that HCN channels
may play a role in SMA pathophysiology and could be a novel
target for SMA treatment.

CONCLUSION

HCN channels are key regulators of neuronal excitability
and network activity within the nervous system. Increasing
evidence supports a model in which modifications in their
physiological function contributes to the pathogenic mechanisms
of several neurodegenerative diseases, implying that they may
be a potential therapeutic target. This review, albeit simplistic,
summarizes much of the research aimed at understanding the
roles of HCN channels in animal models of PD, AD, and
other neurodegenerative diseases, as well as in patients. To
date, studies have reported reduced HCN1 expression in AD
patients (Saito et al., 2012) as well as mutation or loss of VAPB,
an HCN regulator protein in ALS (Anagnostou et al., 2010;
Mitneneto et al., 2011) and SMA patients (Nishimura et al., 2004).
However, gene variants/mutations in HCN channels or their
regulatory proteins have not been identified in human patients
with other neurodegenerative disorders. Presently, research
concerning the role of HCN channels in neurodegenerative
diseases is in its infancy, with a lack of probing for them
as candidate genes. Interestingly, recent work has identified
a mutation in the HCN2 gene, and augmentation of Ij
in patients with genetic epilepsy with febrile seizures plus.
This study provides evidence for the possible involvement of
HCN channel mutations in familial forms of human epilepsy
(Dibbens et al., 2010). Therefore, further research on the
variations of HCN and their regulatory proteins may be an
exciting area for future research, especially in patients with
neurodegenerative diseases.
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Trans-synaptic neurotransmission of both electrical and neurochemical information in
the central nervous system (CNS) is achieved through a highly interactive network of
neuron-specific synaptic proteins that include pre-synaptic and post-synaptic elements.
These elements include a family of several well-characterized integral- and trans-
membrane synaptic core proteins necessary for the efficient operation of this complex
signaling network, and include the pre-synaptic proteins: (i) neurexin-1 (NRXN-1); (ii)
the synaptosomal-associated phosphoprotein-25 (SNAP-25); (iii) the phosphoprotein
synapsin-2 (SYN-2); and the post-synaptic elements: (iv) neuroligin (NLGN), a critical
cell adhesion protein; and (v) the SH3-ankyrin repeat domain, proline-rich cytoskeletal
scaffolding protein SHANKS. Al five of these pre- and post-synaptic proteins have been
found to be significantly down-regulated in primary human neuronal-glial (HNG) cell co-
cultures after exposure to Bacteroides fragilis lipopolysaccharide (BF-LPS). Interestingly,
LPS has also been reported to be abundant in Alzheimer’s disease (AD) affected brain
cells where there are significant deficits in this same family of synaptic components.
This “Perspectives” paper will review current research progress and discuss the latest
findings in this research area. Overall these experimental results provide evidence
() that gastrointestinal (Gl) tract-derived Gram-negative bacterial exudates such as
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LPS, Synaptic Proteins and Alzheimer’s Disease

BF-LPS express their neurotoxicity in the CNS in part through the directed down-
regulation of neuron-specific neurofilaments and synaptic signaling proteins; and (i) that
this may explain the significant alterations in immune-responses and cognitive deficits
observed after bacterial-derived LPS exposure to the human CNS.

Keywords: Alzheimer’s disease

(AD),

Bacteroides fragilis, dysbiosis/microbiome, lipopolysaccharide

(LPS), neurexin (NRXN)/SNAP-25, synapsin-2 (SYN-2), neurofilament light (NF-L) chain protein, neuroligin

(NLGN)/SHANKS3

OVERVIEW

Synaptic Protein Down-Regulation and
Degeneration in Alzheimer’s
Disease (AD)

As the basic structural and functional components for inter-
neuronal communication, synapses with sufficient, and
consistent protein quality and quantity are essential for neural
connectivity and functionality in the central nervous system
(CNS) to maintain the continuous flow of functional neural
information (Bae and Kim, 2017; Chen et al., 2019; Lee and Kim,
2019). Therefore, not too surprisingly, loss of critical synaptic
components, synaptic disorganization, neuronal atrophy, and
loss of synaptic contact, dysfunction at the pre-synaptic—post-
synaptic interface and altered synapse-to-nucleus signaling have
the highest correlation with cognitive deficits in progressive
neurodevelopmental and inflammatory neurodegenerative
disorders such as Alzheimer’s disease (AD; Pogue and Lukiw,
2016; Marcello et al., 2018; Lee and Kim, 2019; Parra-Damas and
Saura, 2019; Ramakrishna and Muddashetty, 2019).

Over the last several years multiple pre-synaptic and
post-synaptic proteins including neurexin (NRXN), the
synaptosomal-associated ~ phosphoproteins SNAP-25  and
synapsin-2 (SYN-2), the type 1 cell adhesion protein neuroligin
(NLGN) and the proline-rich SH3-ankyrin repeat-containing
cytoskeletal scaffolding protein SHANKS3 have been identified
and characterized: (i) as being critical to synaptic integrity, acting
as key players in the modulation of synaptic neurotransmission,
inter-neuronal signaling and synaptic plasticity; and (ii) as
being down-regulated in AD and other progressive and lethal
inflammatory neurodegenerative disorders of the human CNS
(Guilmatre et al.,, 2014; Sindi and Dodd, 2015; Alexandrov
et al,, 2017; Bae and Kim, 2017; Itoh and Voskuhl, 2017; Chen
et al, 2019; Karmakar et al., 2019; Lee and Kim, 2019; Lleé
et al., 2019). Increasing evidence indicates that the combined
down-regulation of these critical synaptic elements and synapse-
associated proteins impairs trans-synaptic communication
resulting in pathogenic neurotransmission that is accompanied
by deficits in behavior, cognition, and memory formation.

The Human Gl-Tract Microbiome and
Gram-Negative Anaerobic Bacillus

Bacteroides fragilis

Emerging evidence continues to suggest a contribution
of the gastrointestinal (GI)-tract microbiome to human
neurological health and disease (Bhattacharjee and Lukiw, 2013;

Ghaisas et al., 2016; Barko et al., 2018; Awany et al., 2019).
The GI-tract of Homo sapiens contains a complex microbiome
consisting primarily of bacteria, with archaea, fungi, microbial
eukaryotes, protozoa, viruses, and other microorganisms making
up the balance (Giau et al, 2018; Zhao and Lukiw, 2018a,b;
Awany et al., 2019; Ticinesi et al, 2019). Together with
human host cells the microbiome comprises the entire meta-
organism whose host interactions and symbiotic associations are
significantly implicated in the biochemistry and neurochemistry
of human health and disease (Hill and Lukiw, 2015; Youssef et al.,
2015; Zhao et al., 2017¢; Barko et al., 2018; Ticinesi et al., 2019).
Microbiome-linked diseases include lethal, progressive, age-
related, inflammatory neurodegenerative and synaptic disorders
of the human CNS such as AD (Bhattacharjee and Lukiw,
2013; Yang and Chiu, 2017; Zhao et al., 2017a,b,c; Franceschi
et al, 2019; Ticinesi et al, 2019). Interestingly, of the
52 currently recognized bacterial phyla, H. sapiens have
co-evolved with just two dominant divisions: Bacteroidetes,
representing ~20-30% of all human GI-tract resident bacteria,
and Firmicutes (about 70-80%), with Actinobacteria (~3%),
Proteobacteria (~1%), and Verrucomicrobia (~0.1%) making
up the remaining divisions. These five major bacterial phyla
represent the “microbial-core” of the human GI-tract microbiome
(Youssef et al., 2015; Sarkar and Banerjee, 2019; Ticinesi
et al, 2019). The vast majority of all human GI-tract
microbiota consists of Gram-negative anaerobic bacteria, and
Bacteroidetes species represent the most abundant Gram-negative
anaerobic genus, outnumbering Escherichia coli in abundance by
about one-hundred-to-one (Sears, 2009; Fathi and Wu, 2016).
Interestingly, certain Bacteroidetes species such as Bacteroides
fragilis (B. fragilis), as a normal commensal microbe of the
human GI-tract, are thought to be usually advantageous to
human health due to their abilities to biosynthesize and/or
metabolize dietary fiber, complex sugars and polysaccharides,
volatile fatty acids, and other nutrients, to function in
the development, maintenance, and homeostasis of the host
immune and digestive systems (Sears, 2009; Fathi and Wu,
2016; Lukiw, 2016). However, when enterotoxigenic strains
of Bacteroidetes species including B. fragilis proliferate and
their formidable array of secreted neurotoxins, including the
classic neuro-inflammatory pattern recognition molecule LPS,
leak through normally protective mucosal barriers of the GI-
tract and blood-brain barrier (BBB) they can cause substantial
inflammatory pathology both systemically and within vulnerable
CNS compartments (Fathi and Wu, 2016; Lukiw, 2016; Zhao
and Lukiw, 2018a,b; Barton et al., 2019; Batista et al., 2019;
Sheppard et al., 2019).
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BF-LPS, NEUROINFLAMMATION AND
SYNAPTIC DISTURBANCES

The lipopolysaccharide of Bacteroides fragilis (BF-LPS) is one of
the most neurotoxic and pro-inflammatory lipoglycans known
(Sears, 2009; Lukiw, 2016; Batista et al., 2019; Sheppard et al,,
2019). The pathogenic actions, pro-inflammatory mechanisms
and neurodegeneration-promoting activities, however, of these
secreted Gram-negative exotoxins on developing, adult or aging
synaptic structure and function remain incompletely understood
but currently significant progress is being made (Chugh et al,,
2013; Fathi and Wu, 2016; Lukiw, 2016; Barko et al., 2018;
Zhan et al., 2018; Zhao and Lukiw, 2018a,b; Awany et al,
2019; Barton et al, 2019; Lee and Kim, 2019; Sarkar and
Banerjee, 2019; Sheppard et al., 2019; Wu et al.,, 2019). LPS-
induced cognitive impairments appear to be, in part, the result of
attenuated neocortical and/or hippocampal microglial activation,
cytokine and reactive oxidative species (ROS) generation and
oxidative stress damage, disruption of the BBB, the ROS-
mediated oxidative destruction and loss of synaptic plasticity
related proteins, up-regulated neuroinflammatory signaling or
any combination of these (Li et al., 2015; Yang and Chiu, 2017;
Barton et al., 2019; Batista et al., 2019; Sheppard et al., 2019;
Wu et al., 2019).

EFFECTS OF LPS IN EXPERIMENTAL
MODELS OF CNS INJURY AND
NEURODEGENERATION

The intraperitoneal injection of LPS in experimental brain injury
models elicits a rapid innate-immune-response and systemic
inflammatory reaction with accompanying cognitive deficits
(Chen et al, 2012, 2019; Zhao and Lukiw, unpublished).
Interestingly both LPS-treated and chronically sleep-restricted
mice exhibit higher brain expression of pro-inflammatory
mediators and significant reductions in the levels of pre- and
post-synaptic marker proteins (Kincheski et al., 2017; Batista
etal., 2019; Chen et al., 2019; Sheppard et al., 2019). Hippocampal
neurons from newborns are highly susceptible to LPS-induced
brain inflammation affecting microglial-mediated synaptogenesis
with disproportionate alterations in synaptic adhesion molecules
and synaptic scaffolding proteins, and accompanying deficits
in cognition (Hao et al, 2010; Chugh et al, 2013; Batista
et al, 2019; Wu et al, 2019). Systemic inflammation as
the result of LPS injection in neonatal mouse models or
the use of the 5XFAD transgenic mouse model of AD has
been further shown to increase the permeability of the BBB
(Barton et al.,, 2019) and induce a significant spatial cognitive
impairment as measured using Morris water maze tasks in
LPS-treated animals later in adulthood (Peng et al., 2019).
Prenatal exposure to LPS also results in cognitive deficits in
offspring rodents as they age (Hao et al., 2010). LPS also
induces a progressive neuro-inflammation, apoptosis, synaptic
dysfunction cognitive impairment in aging murine models of
neurodegeneration (Batista et al., 2019; Sheppard et al., 2019;

Wu et al,, 2019). Taken together these data indicate that LPS-
mediated deficits in multiple synaptic components, LPS-induced
synaptic dysfunction and altered synaptogenesis may be the
common factor linking a progressive or developmental synaptic
disorganization that is temporally associated with cognitive
failure and/or age-related cognitive decline.

HNG CELLS - DNA ARRAY AND
ELISA-BASED ASSAY OF -ACTIN, NF-L
AND SYNAPTIC GENE EXPRESSION

The culture and growth of human neuronal-glial (HNG)
cells and preparation of LPS-enriched extracts from different
Gram negative bacterial sources has been previously described
in detail by our laboratory (Zhao et al, 2015, 2017a,b,c;
Lukiw, 2016; Zhao and Lukiw, 2018a,b). The commercial
source of HNG cells (Lonza, Houston TX, United States;
Catalog #: PT-2599; see Figures 1A-F) is supplied as ampules
of cryopreserved neurospheres isolated from human brain
cortex; neurospheres are clusters of cells typically referred
to as neural stem cells and progenitors (NSPCs), human
brain-derived neural progenitor cells (hbdNPCs) or HNG cell
co-cultures (Zhao et al., 2017a,b,c; Zhao and Lukiw, 2018a,b;
Lonza, 2019). The analysis, verification and quantitation of the
control P-actin filament, the down-regulated neuron-specific
neurofilament light (NF-L) chain intermediate filament protein
and this family of five pre- and post-synaptic messenger
RNA (mRNA) and proteins described here were based on: (i)
micro-fluidic DNA array analytical technologies for mRNA
abundance, speciation and complexity (Figure 2A), and (ii)
highly sensitive ELISA-based assays for the quantification
of filament and synaptic protein levels (Figure 2B). Both
of these methodologies have been extensively described
and developed by our laboratory over the last 21 years
(Colangelo et al., 2002; Cui et al., 2010; Lukiw et al., 2018;
Zhao and Lukiw, 2018a,b).

B-ACTIN, NF-L AND
SYNAPSE-ASSOCIATED PROTEINS:
THEIR INTEGRATED FUNCTIONS AND
METHODS OF DETECTION

B-actin (also known as ACTB; encoded at human chr 7p22.1)
is a highly conserved 42 kDa polypeptide that polymerizes
to produce microfilaments that form cross-linked networks
in the cellular cytoplasm; interestingly B-actin is the most
abundant 6 nm diameter microfilament in the synapse; B-actin
proteins and filaments were detected using a ACTB/B-actin
ELISA Kit; catalog number LS-F10737 (LifeSpan BioSciences,
Seattle WA) with a detection range of 0.312-20 ng/ml
The neurofilament-light (NF-L) chain protein (also known
as NEFL, NF68, NFL; encoded at human chr 8p21.2) is
a 68 kDa polypeptide that forms a 10 nm diameter type
IV intermediate filament specific to the neuronal cytoplasm;
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FIGURE 1 | Association of lipopolysaccharide (LPS) with human neuronal-glial
(HNG) cells in primary co-culture; (A) HNG cells are a primary co-culture of
neuronal [B-tubulin Il (BTUBIII)-stained; red; max = 690 nm] and glial
(GFAP-stained; green; hmax = 520 nm) human brain cells; cells are also
stained for nuclei (DAPI-stained; blue; hmax = 470 nm); cells shown are

~2 weeks in culture; HNG cells are ~60% neurons and ~40% astroglia at
~65% confluency; human primary neuronal and glial “support” cell
co-cultures are utilized, because human neuronal cells do not culture well by
themselves (Cui et al., 2010; Zhao et al., 2017b); HNG cells are electrically
active and extremely sensitive to pro-inflammatory neurotoxins in the nM
range (Lonza human cell systems; transplantation grade; Zhao et al., 2017b);
yellow bar ~20 um; HNG cells were exposed to 50 nM LPS for 36 h; (B) LPS
(red; Amax = 690 nm) and nuclei (blue; max = 470 nm) stained HNG cells; four
white arrows indicate perinuclear clustering of LPS as has been previously
reported (Hill and Lukiw, 2015; Zhan et al., 2016, 2018; Yang and Chiu, 2017;
Zhao et al., 2017a,c); panels (C-F) show details of LPS-neuronal cell
interactions in a single neuron; LPS preferentially associates with neuronal
nuclei and non-neuronal nuclei to a lesser extent (Zhao et al., 2017a,b,c; Zhao
and Lukiw, 2018a,b); (C) B-TUBIII (green stain, Amax = 520 nm) is a
neuron-specific stain; a single neuron is highlighted; (D) LPS (red stain;

Amax = 690 nm) shows non-homogeneous clustering of LPS stain; (E) LPS
(red stain; Amax = 690 nm) and DAPI-stained nuclei (blue stain;

hmax = 470 nm) shows a “polarized” LPS affinity for the periphery of neuronal
nuclei (see Zhao et al., 2017c); (F) merge of all signals; all yellow bars in (A=F)
~20 um; LPS attraction for neuronal nuclei may be in part glial-cell
modulated; there is recent evidence that perinuclear LPS may disrupt the
normal transcriptional output of human neuronal nuclei for neuron-specific
components such as the neurofilament light chain (NF-L) protein (Lukiw et al.,
2018; Zhao et al., 2019).

together with microfilaments and microtubules NF-L forms
the neuronal cytoskeleton and regulates axonal caliber and
axonal conduction velocity; NF-L has long been known to
exhibit significantly reduced expression in AD brain (McLachlan
et al, 1988; Colangelo et al, 2002); NF-L filaments were
detected using a human NF-L (NEFL) ELISA kit catalog
number abx258398 (Abbexa Biosciences, Houston, TX) with
a detection range of 15.6-1000 pg/ml. Neurexin-1 (NRXN;
encoded at chr 2p16.3), is a large 162 kDa single-pass type I
membrane protein that serves as a cell-surface receptor and
binds neuroligins to form Ca’>"-dependent neurexin/neuroligin
(NRXN/NLGN) complexes at CNS synapses; these are required
for efficient neurotransmission and are involved in the formation

of stable synaptic contacts; NRXN-1 was detected using a
NRXNI1 ELISA kit; Catalog Number ABIN2870172 (LifeSpan
BioSciences); with a detection range of 0.312-20 ng/ml). The
synaptosome associated protein 25 (SNAP25; encoded at human
chr 20p12.2) is a 25 kDa synaptic vesicle membrane docking
and fusion protein whose actions are mediated by SNAREs
(soluble N-ethylmaleimide-sensitive factor attachment protein
receptors) located on the synaptic vesicle membrane (v-SNAREs)
and/or the target membrane (t-SNAREs); SNAP25 is a pre-
synaptic plasma membrane protein involved in the regulation of
neurotransmitter release; SNAP25 proteins were detected using
a SNAP25 ELISA kit; Catalog Number LS-F17747-1 (LifeSpan
BioSciences); with a detection range of 0.78-50 ng/ml. Synapsin-
2 (SYN-2; encoded at chr 3p25.2) is a ~54 kDa member of
the synapsin gene family, encoding a neuronal phosphoprotein
that associates with the cytoplasmic surface of synaptic vesicles;
SYN-2 is implicated in synaptogenesis and the impairment of
neurotransmitter release in multiple neuropsychiatric diseases
(Alexandrov et al., 2017; Karmakar et al., 2019); SYN-2 was
detected using a human SYN-2 ELISA kit Catalog Number
MBS1603051 (MyBioSource, San Diego, CA) with a detection
range of 0.55-50 ng/ml tissue suspension. The type 1 cell
surface-cell adhesion protein neuroligin (NLGN; encoded at
human chr 3q26.31) is a 94 kDa type 1 integral membrane
protein of the type-B carboxylesterase/lipase family; NLGN is
located on the post-synaptic membrane and acts as a ligand
for B-neurexins (which are cell adhesion proteins located pre-
synaptically); NLGNs affect the properties of neural networks by
specifying synaptic functions and mediating synaptic signaling
by recruiting and stabilizing key synaptic components; NLGN
also plays a role in synapse function and synaptic signal
transmission and mediates its signaling effects by recruiting
and clustering other synaptic proteins, by promoting the
initial formation of synapses and by triggering the de novo
formation of pre-synaptic structures may be involved in the
specification of excitatory synapses; synaptic adhesion molecules
such as NLGN have an essential role in synaptic development
(Chugh et al, 2013); NLGN was detected using a human
neuroligin 1 (NLGN1) ELISA kit; Catalog Number MBS9313140
(MyBioSource) with a detection range of 6.25-200 ng/ml. The
SH3 and multiple ankyrin repeat domain three post-synaptic
protein SHANK3 (encoded at human chr 22q13.3) is a very large
~186 kDa proline-rich post-synaptic cytoskeletal scaffolding
protein that functions as an adapter protein at the post-
synaptic density (PSD) of excitatory synapses that interconnects
receptors of the post-synaptic membrane; these include NMDA-
type and metabotropic glutamate receptors via complexes with
GKAP/PSD-95 and Homer, respectively, and the B-actin-based
micro-cytoskeleton; SHANK3 also plays a critical role in the
structural and functional organization of the dendritic spine
and synaptic junction and as such are key players in the
modulation of trans-synaptic neurotransmission and synaptic
plasticity (Guilmatre et al., 2014; Alexandrov et al., 2017; Marcello
et al., 2018); levels of SHANK3 protein were detected and
quantified using an ELISA kit specific for SHANK3; Catalog
Number MBS900106 (MyBioSource) with a detection range of
15.6-1000 pg/ml.
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FIGURE 2 | Analysis of expression of neuronal-specific and/or synaptic genes and their proteins in HNG cells in the presence of lipopolysaccharide (LPS) using a
GeneChip microarray and ELISA-based approach; (A) a typical computer-generated “cluster diagram” or “heat map” of mMRNA-based expression data for selected
neuron-specific MRNAs; in all experiments the control microfilament marker g-actin was not found to change; however, NF-L and five critical pre- and post-synaptic
proteins analyzed were found to decrease from 0.18- to 0.54-fold of control; the results shown are a mean of 3 GeneChip analyses of 2 independent experiments
(control) and 2 independent experiment (LPS); (B) using ELISA, neuron-specific filament and synaptic protein levels were quantified and compared against their
control values; the control B-actin microfilament protein displayed unchanging levels and its expression was set at 1.0; the neuron-specific neurofilament-light (NF-L)
polypeptide has long been known to be down-regulated in the limbic system of AD brain (MclLachlan et al., 1988; Colangelo et al., 2002); the pre-synaptic proteins
neurexin (NRXN); the synaptosomal-associated phosphoprotein-25 (SNAP-25); the phosphoprotein synapsin-2 (SYN-2); and the post-synaptic elements type 1 cell
adhesion protein neuroligin (NLGN); and the SH3-ankyrin repeat domain, proline-rich post-synaptic-associated cytoskeletal protein SHANKS3 were all found to be

down-regulated after LPS-treatment of HNG cells; a dashed horizontal line at 1.0 is included for ease of comparison; results are shown as one mean and one
standard deviation of N = 3-5 experiments for each determination of filament or synaptic element; *p < 0.001; **p < 0.05 (ANOVA). Taken together the results
suggest an LPS-directed down-regulation of critical neuron-specific cytoskeletal and synaptic components in HNG co-cultures and this may explain, in part, the
significant alterations and deficits in immune responses and cognition observed after bacterial-sourced LPS exposure to the human CNS.

DOWN-REGULATION OF NF-L AND PRE-
AND POST-SYNAPTIC PROTEINS IN
LPS-TREATED HNG CELLS

The neuron-specific NF-L intermediate filament protein, the
pre-synaptic proteins NRXN-1, SNAP-25, SYN-2, and the post-
synaptic proteins NLGN and SHANKS3 constitute a critical mass

(ii)

LPS-mediated generation of ROS and the induction of
significant amounts of oxidative stress which directly
impacts the abundance and integrity of synapses,
synaptogenesis and cognition in murine and related
rodent models of neurodegeneration (Hao et al., 2010;
Fujita-Hamabe and Tokuyama, 2012; Steven et al., 2017;
Hou et al., 2019; Khan et al., 2019);

S (iii) LPS-mediated disruption and opening of the BBB in
of axonal filament support elements and synaptic signaling .
. . . RO transgenic AD mouse models (Barton et al., 2019;
proteins whose deficits might be expected to lead to the inability Sato et al., 2019);
of neurons and synapses to carry out both electrical- and . N ’ L
neurochemical-based neurotransmission in the CNS, and hence (iv) LPS- and ROS-induced NF-KB (p50/p65) signaling,

contribute to deficits in cognition and memory formation in
AD and in neurodegenerative disease models (Pogue and Lukiw,
2016; Marcello et al., 2018; Lee and Kim, 2019; Parra-Damas
and Saura, 2019; Ramakrishna and Muddashetty, 2019). Why the
expression of genes and proteins involved in the structure and
function of the synapse appears to be targeted by the intensely
pro-inflammatory LPS may be explained in part by the following
multiple and highly interactive and dynamic factors:

(i) specific LPS-induced destabilizing effects on cell-
adhesion proteins and vascular endothelial cells (Steven
et al., 2017; Zhang et al., 2017; Hou et al., 2019;
Sato et al., 2019);

known to be a strong inducer of pro-inflammatory
microRNAs (miRNAs) which target the 3'-untranslated
regions (3-UTR) of highly selective, AD-relevant
mRNAs causing them to be down-regulated (Zhao and
Lukiw, 2018b; Ramakrishna and Muddashetty, 2019;
Zhao et al.,, 2019); interestingly, it has recently been
shown that via NF-kB (p50/p65) signaling, BF-LPS
up-regulates two pro-inflammatory miRNAs, miRNA-
34a, and miRNA-146a, and these are known to down-
regulate SHANK3 expression in in stressed HNG cells
and in sporadic AD brain (Guilmatre et al., 2014;
Alexandrov et al, 2017; Zhao and Lukiw, 2018b;
Zhao et al., 2019);

Frontiers in Cellular Neuroscience | www.frontiersin.org

106

July 2019 | Volume 13 | Article 314


https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Zhao et al.

LPS, Synaptic Proteins and Alzheimer’s Disease

(v) run-on transcription studies using HNG cells in primary
culture employing an extremely sensitive endogenous
RNA polymerase II activity driven incorporation
of [a—32P]-uridine triphosphate (108 dpm/ml) into
newly synthesized total RNA indicates that LPS
at nanomolar concentrations strongly inhibits the
transcriptional output of neuronal nuclei; this may
contribute in part to the generalized down-regulation
of gene expression for transcription factors and
synaptic and neurotrophic markers as is widely
observed in sporadic AD (Colangelo et al, 2002;
Ginsberg et al., 2012; Garcia-Esparcia et al., 2017;
Itoh and Voskuhl, 2017);

LPS, via synaptogenic targeting, has long been known
to contribute to the impairment, alteration or shutting
down of essential brain cell cognitive functions such as
object recognition and spatial memory formation (Peng
et al., 2019; Sarkar and Banerjee, 2019);

the progressive cognitive and functional impairment
in AD and related forms of progressive inflammatory
neurodegeneration is a reflection of progressive
neuronal atrophy and synaptic loss; recent preclinical
data suggests that LPS-activated microglia may
contribute to the elimination of viable neurons
and synapses by promoting a neurotoxic astrocytic
phenotype known as Al, which can facilitate synaptic
disruption and neuro-inflammation in response to
peripherally applied LPS (Sfera et al., 2018; Sarkar and
Banerjee, 2019);

a well-documented LPS-mediated neuro-inflammation,
apoptosis, BBB disruption, synaptic dysfunction, and
cognitive impairment, in multiple murine models of
inflammatory neurodegeneration (Li et al., 2015; Barton
et al.,, 2019; Batista et al., 2019; Khan et al., 2019; Lee and
Kim, 2019; Peng et al., 2019; Wu et al., 2019);
LPS-directed synaptic dysfunction that may be related to
the degradation of essential neuronal functions and/or
part of a microbial immune-accommodation or evasion
strategy directed toward immune tolerization and/or
the triggering of an autoimmune response (Sfera et al.,
2018; Zhao and Lukiw, 2018a; Barton et al., 2019;
Sheppard et al., 2019);

(x) prenatal exposure to LPS that results in cognitive
deficits in aging of offspring and LPS-induced
cognitive impairment, neuro-inflammation, apoptosis,
physiological ~ barrier alteration, and synaptic
dysfunction in multiple experimental animal models
(Hao et al., 2010; Barton et al., 2019; Wu et al., 2019);
other yet unrecognized LPS-triggered neurological
disruptions which significantly disturb homeostatic
synaptic function that may be synergistic with other
pathogenic factors involved in amyloidogenesis,
neuronal atrophy and/or synaptic failure (Zhao and
Lukiw, 2015; Kincheski et al., 2017; Zhao et al., 2017¢;
Sarkar and Banerjee, 2019); or (xii) any combination
of these synapse-targeted pathogenic contributions via
the actions of LPS.

(vi)

(vii)

(viii)

(ix)

(xi)

CONCLUSION AND SUMMARY

The primary evidence of a potentially pathogenic link
between microbial-derived neurotoxins of the human GI-
tract microbiome, such as Gram-negative B. fragilis-derived
LPS, and the contribution of LPS to the pathogenetic
mechanisms of sporadic AD came over 6 vyears ago
(Bhattacharjee and Lukiw, 2013). More recent evidence

continues to strengthen our hypothesis that GI-tract-
sourced, microbial-derived neurotoxins - now known to
include Gram-negative bacterial-derived LPS, endotoxins

and exotoxins (such as fragilysin), bacterial amyloids and
bacterial-sourced small non-coding RNA (sncRNA) -
have substantial potential to cross the aging and/or the
diseased GlI-tract and the BBB to gain access to CNS
compartments, the parenchyma of brain cells and the neuronal
cytoplasm to contribute to progressive pro-inflammatory
neurodegeneration, altered synaptic organization and
progressive loss of synaptic function. Activated microglial
cells, astrocytes, and other types of glial cells appear to
modulate many of these pathological activities of LPS,
including LPS effects on neuronal nuclei (Chen et al,
2012, 2019; Zhao et al., 2017b; Lukiw et al., 2018). LPS-
mediated synaptic alterations now appear to range from
defective  synaptogenesis during CNS development to
increasingly altered cognitive abilities in AD and related
neurological disorders which exhibit progressive inflammatory
neurodegeneration (Chugh et al, 2013; Bae and Kim, 2017;
Chen et al., 2019).

In summary, these combined results provide the first
evidence that strongly pro-inflammatory, GI-tract microbiome-
derived LPS induces both pre-synaptic and post-synaptic
changes via the down-regulation of critical and specific
synaptic components in primary HNG cell co-cultures, many
of which are also observed in AD brain. The findings
further support our idea that cytoskeletal-associated and
synaptic molecules known to play essential roles in trans-
synaptic communication: (i) are targeted by LPS and drive
inflammatory neurodegenerative disease; and (ii) create specific
alterations in neuronal synaptic transmission, and by doing so
contribute to cognitive deficiencies characteristic of AD and the
neurodegenerative disease process.
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Brain derived neurotrophic factor (BDNF) is well recognized for its neuroprotective
functions, via activation of its high affinity receptor, tropomysin related kinase B
(TrkB). In addition, BDNF/TrkB neuroprotective functions can also be elicited indirectly
via activation of adenosine 2A receptors (AozRs), which in turn transactivates TrkB.
Evidence suggests that alterations in BDNF/TrkB, including TrkB transactivation by
AogRs, can occur in several neurodegenerative diseases, including amyotrophic lateral
sclerosis (ALS). Although enhancing BDNF has been a major goal for protection of
dying motor neurons (MNs), this has not been successful. Indeed, there is emerging
in vitro and in vivo evidence suggesting that an upregulation of BDNF/TrkB can cause
detrimental effects on MNs, making them more vulnerable to pathophysiological insults.
For example, in ALS, early synaptic hyper-excitability of MNs is thought to enhance
BDNF-mediated signaling, thereby causing glutamate excitotoxicity, and ultimately MN
death. Moreover, direct inhibition of TrkB and AozRs has been shown to protect MNs
from these pathophysiological insults, suggesting that modulation of BDNF/TrkB and/or
AogRs receptors may be important in early disease pathogenesis in ALS. This review
highlights the relevance of pathophysiological actions of BDNF/TrkB under certain
circumstances, so that manipulation of BDNF/TrkB and A»5Rs may give rise to alternate
neuroprotective therapeutic strategies in the treatment of neural diseases such as ALS.

Keywords: BDNF, TrkB receptors, Az;R, motor neurons, ALS, MND

INTRODUCTION

Amyotrophic lateral sclerosis (ALS), the most common form of motor neuron disease (MND), is
a fatal adult onset neurodegenerative disease resulting in progressive and preferential degeneration
and death of upper motor neurons (UMNS, corticospinal neurons) of the motor cortex, and alpha
lower motor neurons (LMNs) of the brain stem and the spinal cord (Cleveland and Rothstein,
2001; Turner et al., 2013). The incidence of ALS is 1.7 per 100,000 people each year (Pasinelli and
Brown, 2006; Marin et al., 2017; Sandstedt et al., 2018). Only 10% of all ALS cases exhibit familial
inheritance (fALS) (Turner et al., 2013) while the remaining 90% are sporadic (sALS). Mutations in
the gene encoding Cu/Zn superoxide dismutase 1 (SOD1) were the first to be identified as a primary
ALS mutation (Rosen et al., 1993) and have been also the most characterized, with several widely
used mouse models of SOD1 mutations (Gurney et al., 1994). Overall, SOD1 mutations account for
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20% of fALS and 1-2% of sALS, with more than 180 mutations
identified within the SOD1 gene (Hayashi et al., 2016).

Despite decades of research, the pathogenic mechanism
underlying death of UMNs and LMNs is still unclear.
Numerous etiologies have been proposed, including oxidative
stress, mitochondrial dysfunction, protein aggregation, RNA
processing, autophagy, and glutamate excitotoxicity (Chico et al.,
2017). Glutamate excitotoxicity, the focus of this review, results
from a disruption of the finely tuned cellular response to
input stimuli, resulting in excessive glutamate release from
the pre-synaptic neuron, delayed clearance from the synaptic
cleft or increased responsiveness by glutamate receptors post-
synaptically (Rothstein et al., 1992; Hayashi et al., 2016). Excessive
release of glutamate induced by Ca?* dysregulation within the
pre-synaptic compartment (Van Den Bosch et al., 2006; King
etal., 2016), causes a prolonged state of activation of postsynaptic
glutamate N-methyl-D-aspartate (NMDA) and alpha-amino-3-
hydroxy-5-methyl-4-isoxazole propionate (AMPA) receptors. In
addition to this, the Ca?T buffering capacity of MNs in ALS is
weakened at an early age, with impairment of the Ca?>* ATPase
and Na™/Ca’" exchanger adding to the cytoplasmic Ca?" load
(DeJesus-Hernandez et al., 2011; Sirabella et al., 2018). Enhanced
post-synaptic glutamate receptor activation is physiologically
observed as synaptic hyper-activity of upper and lower MNs (van
Zundert et al., 2008; Fogarty et al., 2015). Hyper-activity also
raises the level of intracellular Ca?>* within the post-synaptic MN,
potentially creating a toxic intracellular environment that can
cause cell death (Le Masson et al., 2014; Figure 1).

Amyotrophic lateral sclerosis progresses relentlessly and,
without effective intervention, 50% of the patients die within 3
to 5 years post-diagnosis, due to loss of their respiratory MNs
(i.e., respiratory failure) (Brown and Al-Chalabi, 2017). The only
FDA approved treatments so far are riluzole, which acts to reduce
the release of glutamate and hence lower neuronal excitotoxicity
(Bellingham, 2013b), and edaravone, an anti-oxidant compound.
Unfortunately, riluzole only marginally enhances survival by a
few months (Bensimon et al., 1994; Fang et al., 2018). In 2017
after more than 20 years, a second drug Radicava (edaravone)
has been FDA approved to treat ALS; thus far, edaravone has
also only been shown to slow the rate of clinical progression
in ALS (Abe et al., 2014). This slow development of new
treatments highlights the need to better understand the cellular
and molecular mechanisms of ALS, so as to develop effective
combination therapies to ameliorate this multi-factorial disease.

In addition to neuronal hyper-excitability in neuromotor
circuits in ALS, the level of neuronal activity strongly influences
the modification of neuronal circuits in the developing
CNS, by stabilizing and strengthening coincident inputs and
refining/removing weaker inputs (Goodman and Shatz, 1993;
Stevens et al., 2007; Kutsarova et al., 2016). This developmental
plasticity initially depends on the release of neurotransmitters
from the pre-synaptic neuron (Andreae and Burrone, 2018),
and thus factors that increase pre-synaptic activity will also
increase synaptic plasticity. In ALS, upper and lower MNs in
animal models of ALS have been shown to exhibit synaptic
hyper-activity (van Zundert et al.,, 2008; Fogarty et al., 2015).
In the case of lower MNs, hyperactivity of upper MNs could

in turn result in enhanced glutamate release from their nerve
terminal boutons at their synapses with lower MNs (Figure 1).
Excessive release of glutamate from these pre-synaptic inputs
onto lower MNs could lead to their death by excitotoxicity
(King et al., 2016). Similar mechanisms may also operate for
excitable synaptic connections made onto upper and lower
MNs from other pre-motor excitatory inputs (van Zundert
et al., 2008). To complicate matters, changes in neuronal circuit
activity outside of what is considered a “normal physiological
range” (i.e., “hyper-excitability;” Bae et al., 2013), can induce
compensatory effects termed “synaptic homeostasis” (Turrigiano,
2012). For example, in SOD19%34 ALS model mice, while
upper MNs have been shown to be hyper-active prior to their
death, these neurons display reductions in dendritic length and
spine density, suggesting a homeostatic response to heightened
pre-synaptic activity (Fogarty et al., 2015; Saba et al., 2016).
Alternatively, these morphological reductions may simply reflect
the stressed state of the neurons as it progresses to death (Fogarty
et al., 2016). Together these observations suggest that abnormal
neuronal activity and death of upper and lower MNs in ALS are
directly linked.

What might be the mechanism(s) that links abnormal
neuronal activity to neuronal death? One proposed mechanism
is the activity-dependent synthesis and release of neurotrophins
(McAllister et al., 1996; Du et al., 2003; Cunha et al., 2010).
Neurotrophins are secreted proteins and potent regulators
of neuronal development, survival, neurogenesis and synaptic
plasticity (Huang and Reichardt, 2001). They have long been
targeted as prospective therapeutic agents for the treatment of
neurodegenerative disorders, including ALS. The neurotrophin
family constitutes nerve growth factor (NGF), brain derived
neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and
neurotrophin-4/5 (NT-4/5). Amongst these, BDNF is abundantly
expressed in the developing and adult nervous system (Murer
et al., 2001) and has been extensively studied for its roles in
neuronal survival (e.g., MNs) (Ringholz et al., 2005; Pansarasa
et al,, 2018), along with its ability to increase the release of
glutamate at glutamatergic synapses (Rao and Finkbeiner, 2007;
Mattson, 2008). Given these proposed roles for BDNE, namely its
neurotrophic and possible neurotoxic roles, it becomes apparent
that regulation of BDNF could open up new therapeutic strategies
in the treatment of neurodegenerative disorders. This review
focuses on the biology of BDNF and its proposed neurotrophic
and neurotoxic roles in the pathogenesis and treatment of ALS.

BIOLOGY OF BDNF: FROM SYNTHESIS
TO SECRETION

Brain derived neurotrophic factor is a member of the family
of growth factors and was initially purified from pig brain
(Barde et al., 1982). The expression of BDNF in human, rat and
mouse is encoded by a single BDNF gene, whose transcription
is regulated by several promoters (Sasi et al., 2017). The human
BDNF gene consists of eleven 5 untranslated (UTR) exons,
compared to 9 exons found in rodents (rats and mice), and
only one 3’ coding exon. These exons initiate transcription at

Frontiers in Cellular Neuroscience | www.frontiersin.org

August 2019 | Volume 13 | Article 368


https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Pradhan et al.

BDNF/TrkB in ALS

Pre-synaptic

O]
O\Actlon Potential .. .ron

Pre-synaptic
neuron

Excessive, ,
Glutamate
7

@ ~ Membr:

5 ) peroxidation

NCX pump ca® ROS
Na' -
Ca?-overload
8) ‘ [

phopagation

MNs
Post-synaptic .
neuron Post-synaptic

neuron

| [8 e | (I - veee | |

PMCA NCX Na+/Ca2+
pump exchanger

D ncman | ©

FIGURE 1 | Schematic diagrams showing the regulation of glutamatergic synaptic transmission at upper and lower MN synapses in normal and SOD1694 mice.
The arrival of the action potential (step 1), triggers the influx of Ca?* ions into pre-synaptic terminal (step 2), the rise in intracellular calcium (step 3) in turn triggers

the fusion of synaptic vesicles with the pre-synaptic membrane to release glutamate (light purple dots) from the terminal (step 4). Binding of glutamate to its
postsynaptic receptors (NMDA, green; and AMPA, magenta; step 5), leads to the influx of Ca?™ ions. During this process, concentration of glutamate within the
synaptic cleft is reduced by the uptake of glutamate into Astrocytes (orange star shaped cells) via EAAT2 glutamate transporters (pink; step 6). Within the
post-synaptic neuron the influx of Ca2+ via glutamatergic receptors plus voltage gated Ca?* channels, along with an influx of sodium (Na*) ions lead to the
activation of the postsynaptic neuron (step 7). The subsequent lowering of Ca* post-synaptic transmission is managed by extrusion of calcium via ATP pumps
(PMCA pumps) and Nat/Ca?* exchanger (NCX), plus calcium uptake into intracellular stores (ER and mitochondria) (Chio et al., 2012). The right panel shows the
pathogenesis of glutamate induced excitotoxicity in ALS. Excessive glutamate released in the synaptic cleft triggers increased activation of the post-synaptic
glutamate receptors (NMDA and AMPA receptors). This effect is enhanced due to dysfunctional glutamate transporters (EAAT2; step 6, right panel, red dashed
arrow), which lengthen the persistence of glutamate within the synaptic cleft (step 7, right panel), which further activates glutamatergic receptors. Impaired
Nat/Ca?+ exchanger and ATP pumps in SOD1%94 mice results in enhanced Ca?* intracellularly (DeJesus-Hernandez et al., 2011; Sirabella et al., 2018).
Generation of reactive oxygen species (ROS) causes neuronal membrane peri-oxidation impairing the glutamate transporters (EAAT2). The enhanced activation of
these receptors leads to increased Ca2+ overload (step 8, right panel) in the post-synaptic neuron, which in turn leads to mitochondrial dysfunction (step 9, right
panel), oxidative stress (step 10, right panel), and generation of reactive oxygen species (ROS) ultimately leading to motor neuron death (step 11, right panel).

the ATG start codon by alternate splicing to produce 17 BDNF
mRNA transcripts and 9 BDNF 5" promoters (Aid et al., 2007;
Pruunsild et al., 2007). The transcription of BDNF is neuronal
activity-dependent and regulated by membrane depolarization.
An increase in intracellular calcium (Ca?™) concentration via
activation of NMDA glutamate receptors or L-type voltage gated
calcium channels (L-VGCC) following a depolarizing stimulus
initiates transcription of the BDNF gene, predominantly at exon
IV (Tao et al., 1998; Zheng et al, 2011). The promoter of
BDNF exon IV contains Ca?t response elements (CaRE) —
CaRE1 and CaRE3, which regulate transcription (Tao et al., 1998;
Hong et al., 2008; Zheng et al., 2011). Cyclic AMP responsive
element binding protein (CREB), a transcription factor, binds to
these CaREs, which are phosphorylated by calcium/calmodulin
(CaM)-dependent protein kinases, cAMP-dependent protein
kinases and MAPK, activating the promoter and resulting in
Ca?* dependent transcription of BDNF mRNA at exon IV
(Zheng et al,, 2011).

Alternate splicing terminates transcription at two alternate
polyadenylation points which shift the translation sites,
giving rise to two distinct BDNF mRNA populations into
specific neuronal compartments, allowing spatial and temporal
translocation (Pruunsild et al., 2007; Notaras and van den
Buuse, 2018). The short UTR BDNF transcripts are localized
in the soma and maintain basal activity-dependent BDNF
production. The long UTR BDNF transcript is targeted to
the dendrites and displays robust translation on neuronal
activation (An et al., 2008; Lau et al., 2010). BDNF localization
is mostly somatodendritic (59%) within dense core vesicles
(Tongiorgi, 2008; Dieni et al., 2012) with only 29% targeted to
the dendrites (Adachi et al., 2005). The specific compartmental
translation of BDNF mRNA at long or short 3 UTR is also
aided by binding to numerous microRNAs such as miR-
30, resulting in degradation of BDNF transcripts (Bartel,
2004; Mellios et al, 2008) and negative regulation of BDNF
synaptogenesis (Shi, 2015).

Frontiers in Cellular Neuroscience | www.frontiersin.org

August 2019 | Volume 13 | Article 368


https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Pradhan et al.

BDNF/TrkB in ALS

Translation of these distinct alternate BDNF mRNA
transcripts gives rise to the precursor pre-pro BDNF in the
endoplasmic reticulum (Foltran and Diaz, 2016; Kowianski et al.,
2018), consisting of a signal peptide after the initiation codon
and N-glycosylation site on the pro region. It is then translocated
to the Golgi apparatus, where the signal peptide pre-sequence is
cleaved off to form pro-BDNF (30 kDa) (Lessmann et al., 2003).
The pro-BDNF is then further processed either intracellularly
or extracellularly, via the Golgi apparatus, into the trans-Golgi
network (TGN) where the pro domain is proteolytically cleaved
off to form pro-domain and mature BDNF and is secreted into
the extracellular space (hence forth termed “BDNF”) (Foltran
and Diaz, 2016; Kowianski et al., 2018; Figure 2). The pro
domain has been identified as an independent ligand itself and
encodes the single nucleotide polymorphism of methionine to
valine substitution at position 66 in the BDNF gene (Egan et al.,
2003; Dieni et al., 2012; Notaras and van den Buuse, 2018).
Intracellular cleavage of pro-BDNF in the TGN occurs via furin,
while its cleavage to form BDNF in secretory vesicles requires
convertases. The final molecular weight of BDNF is 14 kDa,
consisting of 119 amino acids (Lu et al., 2005). The pro-BDNF
is also secreted extracellularly, and then cleaved by proteases
such as plasmin and metalloproteinases (MMP2 and MMP9) to
form BDNF (Hwang et al., 2005; Mizoguchi et al., 2011). The
extracellularly secreted pro-domain, pro-BDNF and BDNF are
all biologically active and perform their various physiological
functions (Figure 2).

The packaging and secretion of pro domain, pro-BDNF
and BDNF from within the TGN into dense core secretory
vesicles occurs via the constitutive secretory pathway and a
preferential tightly controlled regulated pathway (Goodman
et al., 1996; Lu, 2003; Brigadski et al., 2005). BDNF is secreted
both pre- and post-synaptically, and undergoes anterograde and
retrograde transport via autocrine and paracrine mechanisms
(Cunha et al., 2010). These mechanisms modulate synaptic
transmission and synaptogenesis (Cunha et al., 2010) via Ca™-
dependent mechanisms. BDNF is secreted pre-synaptically via
increased intracellular influx of Ca?* (Balkowiec and Katz,
2002). Post-synaptically, the secretion of BDNF is by regulated
activity-dependent increases in Ca?*, entering via ionotrophic
glutamate receptors and voltage-gated Ca® ™ channels (Hartmann
et al., 2001), or Ca®* release from intracellular stores (Griesbeck
et al., 1999) and release occurs via endosome like vesicles where
exogenous BDNF is recycled (Sasi et al., 2017). Altogether, the
above described synthesis, processing and secretion of BDNF
gives rise to three functionally active proteins: the pro domain
of BDNE pro-BDNF and BDNF (mature BDNF) (Figure 2;
Hempstead, 2015). Once released, they interact with their
respective receptors to exert their distinct physiological functions.

BDNF ISOFORMS AND THEIR
RECEPTORS

The three products of the BDNF gene bind to specific receptors
and regulate distinct biological functions. The pro-domain of
BDNF binds to sortilin, a member of vacuolar protein sorting 10

protein (vps10p) of the sorting receptor family (Teng et al., 2005;
Anastasia et al., 2013) to trigger specific functions in developing
and adult neurons. The pro-domain acts by inducing growth cone
retraction (Anastasia et al., 2013), facilitating long term synaptic
depression (LTD) in developing neurons (Mizui et al., 2016),
and modulating synaptic spine density and neuronal network
plasticity via a cytochrome c¢ caspase-3 mechanism in adult
neurons (Guo et al.,, 2016). The pro-BDNF, comprising of the
pro-domain and mature domain, act via preferential interactive
binding to p75, a member of the tumor necrosis factor receptor
family, and sortilin receptors, respectively (Teng et al.,, 2005;
Kowianski et al., 2018) and with lower affinity binding to TrkB.
The binding of pro-BDNF/p75/sortilin initiates the activation of
c-Jun amino terminal kinase (JNK), Ras homolog gene family
member A (RhoA), and nuclear factor kappa B (NF-kB) cascade
(Reichardt, 2006; Anastasia et al., 2013; Kowianski et al., 2018).
These signaling cascades (JNk, Ras, and NF-kB) in turn trigger
a number of diverse cellular and morphological outcomes, such
as neuronal apoptosis (Teng et al., 2005), neuronal growth cone
development, and neuronal survival (Reichardt, 2006).

The third product, BDNE, binds with high affinity to TrkB
of the Trk family of tyrosine kinases and with lower affinity
to the p75 receptor (Chao and Hempstead, 1995; Reichardt,
2006). Activation of these two receptors is responsible for
BDNF’s known functions. In brief, BDNF/TrkB activation aids
in neurogenesis, gliogenesis, neurite outgrowth, and enhanced
neuronal survival (Huang and Reichardt, 2001; Vilar and Mira,
2016). In developing neuronal circuits, BDNF acts to regulate
dendritic arborization and spine formation (Deinhardt and
Chao, 2014; Gonzalez et al, 2016), and enhances long term
synaptic potentiation (LTP) (Park and Poo, 2013; Leal et al,
2015). In mature neurons, BDNF is also required to sustain
viability (Alcantara et al., 1997). BDNF mediates opposing
actions on binding to the p75 receptor; while BDNF/TrkB
enhances neuronal excitability and synaptic strength, BDNF/p75
acts to decrease excitability and synaptic strength and induce
neuronal plasticity (Sasi et al., 2017), initiating JNK (Reichardt,
2006; Anastasia et al., 2013; Kowianski et al., 2018), triggering
neuronal apoptosis (Teng et al., 2005), and NF-kB cascade
regulating of neuronal growth cone development and navigation
and neuronal survival. The TrkB and p75 receptor have
somadendritic distribution (Bronfman and Fainzilber, 2004),
where TrkB is localized to the pre- and post-synaptic membranes
and intracellularly (Gomes et al., 2006; Song et al., 2017).

Brain derived neurotrophic factor undergoes slow exocytosis
(Brigadski et al., 2005) following depolarization and stimulation
of glutamate receptors (Righi et al., 2000; Kohara et al,
2001). Thus, activity-dependent BDNF secretion can be induced
by numerous stimuli including high potassium, glutamate
and the neurotrophin itself, dependent on intracellular Ca?*
increase (Blochl and Thoenen, 1995; Goodman et al., 1996;
Canossa et al., 1997).

The TrkB Receptor

The TrkB receptor is encoded by a single TrkB gene, the
NTRK2 gene encoding 24 exons located on chromosome 9q22
(Schneider and Schweiger, 1991; Nakagawara et al., 1995). TrkB
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FIGURE 2 | Schematic presentation of BDNF synthesis from translation, intracellular processing through to its secretion. BDNF is synthesized from the BDNF gene
in a multi-step process. Intracellularly, the pre-pro BDNF is produced in the endoplasmic reticulum which is then translocated toward the Golgi apparatus, where the
pre-sequence is cleaved off to form pro- BDNF. The pro-BDNF is further processed, via the Golgi apparatus, into the trans-Golgi network (TGN) where the pro
domain is cleaved off by proteases to form mature BDNF (BDNF). The pro-BDNF is proteolytically cleaved by furin or convertase and is intracellularly secreted as
BDNF. Both pro-BDNF and BDNF are preferentially grouped and packaged into secretory dense core-vesicles and secreted extracellularly via exocytosis. The
extracellularly secreted pro-BDNF is then processed and catalyzed by proteases such as plasmin and metalloproteinases (MMP2 and MMP9) to form BDNF. As a
result, three functionally active isoforms, namely pro-domain, pro-BDNF and BDNF are secreted extracellularly. Adapted from Kowianski et al. (2018).

consists of three domains: - an extracellular ligand binding
domain, a transmembrane domain and an intracellular tyrosine
kinase domain. One full- length TrkB (TrkB) contains an
extracellular transmembrane domain, consisting of a cysteine
rich cluster followed by 3 leucine repeats, a cysteine cluster
followed by 2 immunoglobulin (Igl and Ig2) domains; and
an intracellular cytoplasmic tyrosine kinase domain acting
as a phosphorylation dependent docking site (Schneider and
Schweiger, 1991; Tejeda and Diaz-Guerra, 2017). The Ig
domain in exon 12 directs binding specificity to its ligand,
BDNEF. Exon 15 encodes the transmembrane domain, and exon
20-24 the intracellular tyrosine kinase domain (Middlemas
et al,, 1991). The first five exons serve as the transcription
initiation sites and display alternate splicing patterns (Stoilov
et al, 2002). Exon five also serves as a ribosomal entry
site, directing the start of translation and producing four

isoforms of TrkB receptors in humans (Luberg et al., 2010;
Sasi et al, 2017). Other splice variants are two truncated
TrkB (TrkB-T1) isoforms, TrkB-T2, TrkB- Shc lacking tyrosine
kinase domain, and a TrkB-TK with a non-viable catalytic
domain. Truncated TrkB receptors (TrkB-T1 and TrkB-T2)
are the product of alternate splicing at exon 18. These
TrkB isoforms are activated on binding to BDNF to initiate
downstream signaling.

BDNF/TrkB

Brain derived neurotrophic factor binds to the TrkB receptor,
both TrkB-T and TrkB (full length) with similar affinity
(Sasi et al, 2017). Exactly how TrkB receptor isoforms
coordinate and produce a precise cellular and biological
function is not yet clearly understood. BDNF binding to the
TrkB-T isoform has been identified as a dominant negative
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pathway (Fenner, 2012; Notaras and van den Buuse, 2018).
More recently, the TrkB-T receptor has also been reported
to have functions apart from dominant negative regulation,
including the following: metabolite release (Baxter et al,
1997; Fenner, 2012); BDNF sequestration and translocation
(Fryer et al, 1996); filopodia and neurite outgrowth (Fryer
et al, 1997; Yacoubian and Lo, 2000; Fenner, 2012); and
astrocytic cytoskeletal remodeling via Rho GTPase (Ohira et al.,
2006; Fenner, 2012). Additionally, alterations in expression
of TrkB-T has also been shown to alter neuronal viability,
resulting in neurodegeneration (Vidaurre et al., 2012), indicating
a biological function of TrkB-T. However, the mechanism
driving the function of TrkB-T is not well understood. Given
that this review focusses on the interaction of BDNF with
the TrkB receptor, the following sections will only address

BDNEF-TrkB interactions together, independent of BDNF’s non-
TrkB functions.

Binding of BDNF to TrkB initiates two different categories
of cascades: a fast acting BDNF/TrkB cascade that excites
neurons or a slow acting occurring over minutes to hours. The
action of BDNF markedly differs between these two categories
(Kafitz et al., 1999; Ji et al., 2010). Additionally, evidence
suggests that the well-studied effect of BDNF/TrkB on cell
survival and plasticity are mediated by TrkB-FL (Klein et al.,
1993; Carim-Todd et al., 2009). Once BDNF binds to TrkB,
ligand-mediated dimerization of the complex occurs at the cell
surface, followed by autophosphorylation of specific tyrosine
residues in the cytoplasmic domain, leading to activation of
three interconnected intrinsic intracellular cascades (Chao, 2003;
Cunha et al., 2010; Figure 3).

Adenosine
T
L1111

r
BDNF
TrkB
receptor
P75
receptor

Nucleus

TrkB

z Apoptosis

Neurite outgrowth

Intracellular store
release

FIGURE 3 | Intrinsic intracellular signaling cascades of BDNF-TrkB and TrkB-Ao4 receptors. BDNF-TrkB activation predominantly initiates MAPK, PI3K, and PLC y
signaling pathways. Activation of the TrkB receptor at its Tyr490 and Tyr515 residue recruits Shc adaptor protein leading to binding of growth factor receptor bound
protein 2 (grb2) which binds with GTPase Ras to form a complex and initiate extracellular signal regulated kinase (ERK) activation which in turn activates the mitogen
activated protein kinase MAPK/ERK pathway, which results in the activation of CREB transcription factor. Activation of Tyr515 residue also activates the PIBK
signaling pathway, incorporating combined actions of Ras and activating the PI3/Akt and MEK/MAPK pathways. Both MAPK and PI3K signaling exert neurotrophic
functions of survival, growth and differentiation, via activation transcription factors (CREB and C-myc). Phosphorylation of the TrkB receptor at its Tyr816 residue
activates the phospholipase C y (PLC y) pathway, generating inositol-1, 4, 5-triphosphate (IP3) and diacylglycerol (DAG). The PLCy/IP3 pathway results in calcium
release from intracellular stores, in turn activating Ca?*/CaMKIl. DAG activates PKC, leading to synaptic plasticity. pro-BDNF/p75 initiates JNK signaling (Reichardt,
2006; Anastasia et al., 2013; Kowianski et al., 2018) triggering neuronal apoptosis (Teng et al., 2005), and the NF-kB signaling cascade regulation of neuronal growth
cone development and navigation, and neuronal survival. Like BDNF, neuronal activity promotes release of adenosine which binds to Ax4Rs to activate adenylyl
cyclase leading to production of cAMP further activating PKA downstream which controls Ca?* dependent BDNF release. Activation of Ay,Rs also transactivates
TrkB, initiating the TrkB-Akt pathway promoting neuronal survival.
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THE MAPK PATHWAY

Activation of the TrkB receptor at its Tyr490 and Tyr515 residue
causes the docking of Shc adaptor protein (Src- homology 2-
domain) at these tyrosine sites and recruits growth factor receptor
bound protein 2 (grb2) which binds with GTPase Ras to form
a complex, and initiates extracellular signal regulated kinase
(ERK) activation (Wheaton et al., 2007). ERK activation in
turn activates the mitogen activated protein kinase MAPK/ERK
pathway. MAPK/ERK kinases are able to phosphorylate and
activate the transcription factor cAMP response element binding
protein (CREB) (Huang and Reichardt, 2003; Begni et al,
2017). The phosphorylated CREB is then translocated into the
nucleus, where it induces BDNF transcription by binding to
BDNF promoters (Shaywitz and Greenberg, 1999). Binding to
BDNF promoters drives BDNF expression to regulate neuronal
survival, differentiation and synaptic plasticity (Patapoutian and
Reichardt, 2001). In addition, this activation of BDNF expression
induces activation of AMPA receptors on stimulation by BDNF
(Song et al., 2013).

THE PISK PATHWAY

Activation of the PI3K pathway incorporates combined actions
of Ras at the Tyr515 residue, which activates multiple cascades,
namely the PI3/Akt and MEK/MAPK pathways. Activation of
the PI3K/Akt cascade regulates proteins such as BAD (Bcl-2
antagonist of cell death) and GSK-3f (glycogen synthase kinase
3P), essential for neuronal survival, growth and differentiation,
and is activated by Ca?" influx via L-type voltage gated
calcium channels (L-VGCC) (Brunet et al., 2001). Activation of
mammalian target of rapamycin (mTOR) by BDNF also enhances
local BDNF translation to dendrites at active synapses via the
PI3K pathway (Schratt et al., 2004).

THE PLC y PATHWAY

The phosphorylation of the TrkB receptor at its Tyr816
residue activates the phospholipase C y (PLC y) pathway,
generating inositol-1,4,5-triphosphate (IP3), and diacylglycerol
(DAG) which is important for survival, neurite outgrowth
and synaptic plasticity. BDNF via the PLCy/IP3 pathway
results in calcium release from intracellular stores activating
CaMKII (Ca?*/calmodulin dependent protein kinase) which
in turn activates CREB phosphorylation (Minichiello et al,
2002; Tejeda and Diaz-Guerra, 2017). The generation of
DAG on the other hand, activates PKC (Bellingham, 2013a)
which is translocated to the membrane for further activation
and phosphorylation of ERK leading to synaptic plasticity
(Minichiello et al., 2002; Chao, 2003).

The BDNEF-TrkB complex not only activates on its
transmembrane surface (described above) but it also internalizes
via endosomes (both early and late endosomes) to activate
downstream pathways. This BDNF-TrkB signaling via endosome
also determines the cellular fate of BDNF-TrkB complexes,

which can be transported retrogradely, recycled back to
the membrane, or prepared for degradation by lysosomes
(Yamashita and Kuruvilla, 2016).

BDNF: ROLE IN SYNAPTIC
TRANSMISSION

Synaptic transmission is a highly complex trans-neuronal
process, occurring at the synapse between a pre-synaptic
(axonal) terminal and a post-synaptic (typically dendritic)
membrane. BDNF elicits rapid effects on synaptic transmission
and membrane excitability, via activation of pathways in
both the pre- and post-synaptic compartments. In the pre-
synaptic compartment, BDNF causes release of glutamate
and GABA, via the TrkB-ERK mediated pathway (Jovanovic
et al, 2000). Enhanced glutamate release at glutamatergic
synapses is mediated by an increase in docked vesicles at
presynaptic active zones (Tyler and Pozzo-Miller, 2001). For
example, BDNF application to hippocampal and cortical
neuron cultures (Levine et al, 1995; Lessmann, 1998) and
slice preparations (Kang and Schuman, 1995; Kang et al,
1997) potentiates excitatory neurotransmission, increasing
glutamate release. Consequently, BDNF application onto brain
slices induces hyper-excitability (Scharfman, 1997), which is
consistent with observations in transgenic mice over-expressing
BDNF (Croll et al., 1999). In the post-synaptic compartment,
BDNF can also enhance synaptic responses by increasing
the open probability of NMDA glutamate receptors (Rose
et al, 2004). Hence, in the context of ALS, the increased
neuronal activity observed in hSOD16%4 mice is capable
of increasing BDNF secretion, which in turn can increase
release of glutamate to trigger excitotoxicity, leading to MN
degeneration. Indeed, BDNF has been shown to enhance MN
death by glutamate excitotoxicity, via activation of TrkB (Hu
and Kalb, 2003; Mojsilovic-Petrovic et al., 2006). Together,
these observations highlight a possible role for BDNF in the
death of MNs in ALS.

MECHANISMS OF BDNF-MODIFIED
NEUROTRANSMISSION

Brain  derived  neurotrophic  factor also  modifies
neurotransmission by altering the expression of pre-synaptic
proteins that regulate neurotransmitter release (Andreae
and Burrone, 2018). For example, in BDNF deficient mice,
decreased synaptic transmission correlates with a drop in the
number of docked synaptic vesicles (Carter et al., 2002). This is
also correlated with decreases in synapsin, synaptophysin and
synaptobrevin - presynaptic proteins required for vesicle docking
and exocytosis at release sites (i.e., active zones) (Martinez et al.,
1998; Pozzo-Miller et al., 1999; Jovanovic et al., 2000). These
physiological and molecular changes are also present in TrkB
knockout mice (Martinez et al., 1998). Thus, BDNF can stimulate
synaptic transmission via three mechanisms: (1) increasing the
number of synaptic vesicles at the active zone, (2) increasing the
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postsynaptic receptor response, and (3) increasing the overall
number of synapses per neuron (Bradley and Sporns, 1999).

TrkB RECEPTOR CAN BE ACTIVATED
INDEPENDENT OF BDNF

Tropomysin related kinase B receptor is capable of
autophosphorylation and activation of downward cascades
independent of its ligand, BDNF. Activation of TrkB receptors
in the absence of BDNF occurs via a mechanism known as
trans-activation, which involves specific G protein coupled
receptors (GPCR), such as the A,, adenosine receptor (A,R)
present both pre- and post-synaptically (Chao, 2003; Sebastiao
et al, 2018). Adenosine is a key neuromodulator produced
both extracellularly and intracellularly in neurons and glial cells
(Moreau and Huber, 1999). Extracellularly, it is produced by
ectonucleotidase degradation of ATP released by neurons and
astrocytes, and intracellularly by production during breakdown
of ATP during high energy demand, followed by transport into
the extracellular space (Jacobson and Gao, 2006). Adenosine
directly regulates synaptic transmission and plasticity, as well
as modulating neurotransmission and neurotrophins (Sebastiao
and Ribeiro, 2009). Pre-synaptically the activation of A,Rs
increases the release of glutamate (Ciruela et al., 2010; Cunha,
2016) and the activation of NMDA receptors (Azdad et al., 2009;
Higley and Sabatini, 2010; Sarantis et al., 2015), thus facilitating
LTP. Transactivation of TrkB by A;,Rs is mediated by the Src
family of protein, such as Fyn (Lee and Chao, 2001), in a slow
acting cascade occurring over minutes to hours. TrkB/A;,R
interaction allows transactivation of a downstream protective
TrkB-Akt pathway (Mojsilovic-Petrovic et al., 2006). Post-
synaptic activation of A,,Rs also triggers calcium dependent
processes, through L-type voltage gated calcium channels and
NMDA receptors, activating adenylyl cyclase and leading to
increased cAMP and PKA phosphorylation, which in turn
influences Ca?™ dependent transcription of BDNF mRNA
(Zheng et al., 2011) and BDNF secretion (Tebano et al., 2010)
(summarized in Figure 3).

A study by Diogenes et al. (2004), demonstrated that BDNF
alone without prior depolarization was devoid of effects on
neurotransmission, while enhancement of synaptic transmission
by BDNF in the hippocampus was facilitated by pre-synaptic
activity-dependent adenosine release via A, 4Rs. This excitatory
action of BDNF can be blocked by a TrkB inhibitor, an A;4R
antagonist or by a PKA inhibitor, thus indicating that activation
of A, 4Rs facilitates BDNF modulation of synaptic transmission
(Diogenes et al., 2004). Additionally, the role of Aj;Rs in
regulating BDNF function was further supported in a study
using A,,R KO mice, which showed no increase in field EPSCs
after BDNF application, whereas in normal hippocampus slices
BDNF induced enhanced field EPSCs and EPSCs, and this effect
was blocked by A;4R blockers, clearly indicating that activation
of Ay;Rs is required for normal BDNF levels and BDNF’s
potentiation of synaptic transmission (Tebano et al., 2008).
Taking into account the enhanced glutamate present in MNs
in ALS, the A,,Rs is considered as a potential neuroprotective

therapeutic agent to ameliorate glutamate induced excitotoxicity
in ALS, reinforcing the significance of TrkB transactivation.

In addition to TrkB transactivation by A;,Rs, GPCR mediated
TrkB transactivation also occurs via other mechanisms. For
example, in embryonic cortical neurons TrkB is transactivated
by activation of epidermal growth factor (EGF) leading to
migration of early cortical neurons to form a differentiated
cortical layer (Puehringer et al, 2013). Similarly in striatal
neurons, activation of dopamine 1 (D1) receptors leads to
transactivation of TrkB functioning in axonal growth and
growth cone during neuronal development (Iwakura et al,
2008). Furthermore, in hippocampal mossy fiber neurons
TrkB is transactivated by zinc, which is secreted along
with glutamate in response to neuronal activity leading
to potentiation of mossy fiber synapses, thus regulating
synaptic plasticity (Huang et al., 2008). Hence, considering the
role of BDNF/TrkB during development and pathological
situations such as in neurodegenerative diseases, TrkB
transactivation offers alternative methods to modulate
BDNF/TrkB, opening new therapeutic avenues for the treatment
of neurodegenerative disorders.

BDNF/TrkB INTERACTS WITH Ca2+ AND
GLUTAMATE

The interplay between BDNF and glutamate has been well
established in many previous studies. Glutamate is a major
excitatory neurotransmitter in the central nervous system (CNS)
known for its activity-dependent interplay with neurotrophic
factors during development and in mature neurons. Post-
synaptically, the effect of glutamate is mediated by activation
of two major ionotrophic glutamate receptors; AMPA receptors
and NMDA receptors (Rao and Finkbeiner, 2007; Mattson,
2008). Pre-synaptic depolarization results in glutamate release,
activation of AMPA and NMDA receptors post-synaptically,
and secretion of BDNF in the extracellular space (Nagappan
and Lu, 2005). BDNF-induced pre-synaptic glutamate release
is mediated via TrkB-ERK signaling (Jovanovic et al.,, 2000),
and post-synaptic modulation of glutamate receptors occurs by
phosphorylation of the NMDA receptor subunit NR2B (Cunha
et al., 2010). Furthermore, BDNF also enhances AMPA receptor
surface expression, thus increasing post-synaptic responses to
glutamate (Narisawa-Saito et al., 2002; Cunha et al., 2010) - an
effect mediated via ERK (Li and Keifer, 2009). BDNF treatment
also leads to phosphorylation of NMDAR subunit NR1 (Slack
and Thompson, 2002), altering NMDAR localization at synapses
(Gomes et al., 2006).

In addition to these pre- and postsynaptic effects on
glutamatergic transmission, TrkB activation also modulates ion
channels that can alter neuronal excitability, including Na™,
Ca’*, and K' channels through intracellular cascades (Blum
etal., 2002; Tucker and Fadool, 2002). For example, BDNF/TrkB
activation alters neuronal excitability by gating of Na't current
via Navl.9 (Blum et al, 2002). Metabotropic receptors such
as A,,Rs also activate TrkB to induce release of intracellular
Ca?* from ER stores. This in turn activates a PLC cascade to
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generate inositol triphosphate (IP3) which releases Ca** from
IP3-sensitive stores, activating PKC.

Considering the interplay between the actions of BDNF
and glutamate, there are several possible avenues leading to
interactions between neuronal activity and BDNF. Synaptic
hyper-excitability and increased intrinsic excitability of
susceptible neurons in ALS are clearly observed in human
patients (Bostock et al., 1998; Mogyoros et al., 1998; Kanai
et al., 2006; Sirabella et al., 2018) and in animal models of ALS
(van Zundert et al.,, 2008; Fogarty et al., 2015; Sirabella et al,,
2018). The increased firing and synaptic activation of glutamate
receptors would likely result in increased intracellular Ca?*,
enhancing BDNF release, which could trigger further release of
glutamate. This proposed mechanism would perturb the neuron’s
ability to regulate its activity, leading to glutamate excitotoxicity
and neuronal death (Figure 4).

BDNF/TrkB Crosstalk With Inhibitory

Neurotransmission

Considering that the physiological functioning of neurons
requires a balance between excitatory and inhibitory neuro-
transmission, hyper-excitability of MNs in ALS can also result
from reduced inhibition. y-aminobutyric acid (GABA) and
glycine are the primary neurotransmitters regulating chloride
(ClI7) mediated inhibition in CNS by binding to their post-
synaptic receptors. The strength of synaptic inhibition critically
depends on intracellular CI~ concentration, hence on CI™
homeostasis (Rivera et al, 1999). A key regulator of CI™
concentration, the potassium chloride cotransporter (KCC2)
(Rivera et al,, 1999) has been shown to be depleted in MNs
(Boulenguez et al., 2010; Fuchs et al, 2010), contributing to
the hyper-excitability of MNs. Furthermore, BDNF/TrkB has
been shown to be associated with KCC2 regulation (Lee-Hotta
et al., 2019) and BDNF/TrkB dependent KCC2 depletion has
also been described in MNs (Fuchs et al., 2010; Lee-Hotta
et al., 2019). Thus, BDNF/TrkB activation down regulates the
expression of KCC2 thereby reducing the CI™ extrusion capacity
in MNs (Rivera et al., 2002, 2004), suppressing Cl~ dependent
inhibition which as a result makes the neuron hyper-excitable.
Also, the role of microglia induced synaptic inhibition cannot
be ignored because KCC2 modulation is required to achieve
synaptic balance (Fiumelli and Woodin, 2007; Ferrini and De
Koninck, 2013). Indeed, BDNF is released not only from neurons
but also from microglia, making BDNF/TrkB a major signaling
point of interaction between microglia and neuron (Trang et al.,
2011), eventually affecting CI~ homeostasis (Rivera et al., 2002,
2004; Coull et al., 2005; Zhang et al., 2008). Besides, microglial
activation and dysfunction observed in MNs of ALS mice
contributes to the progression of disease (Brites and Vaz, 2014)
making microglial BDNF a potential actor.

DETRIMENTAL EFFECTS OF BDNF/TrkB
IN ALS

The ability of BDNF/TrkB to promote neuronal survival
and resistance to toxic insults is well characterized

(Kowianski et al., 2018).  Several studies documented the
neuroprotective effects of BDNF on glutamate induced
excitotoxicity in vivo (Bemelmans et al, 2006; Henriques
et al., 2010) and functional recovery of motor neurons in vitro
following exogenous BDNF application (Shruthi et al., 2017).
Contrary to the view stated in this review, potentiating BDNF has
been one of the strategies to delay the disease progression of ALS.
The modulation of TrkB via small molecule drug formulations
to enhance BDNF signaling also enhanced neuronal survival
in degenerating neurons in vitro (Guerzoni et al, 2017) and
improved motor function and motor neuron loss in ALS model
mice (Korkmaz et al., 2014). BDNF potentiation has also been
demonstrated to enhance MN survival in vitro (Tsai et al.,
2013) and in other neurodegenerative diseases (Aytan et al.,
2018). Additionally, transactivating TrkB by A,, receptors
has also been reported to enhance survival of MNs in culture
(Komaki et al., 2012). However, despite these neuroprotective
effects observed there is also evidence to show that therapeutic
interventions aimed at enhancing BDNF/TrkB are unable to
promote survival or prevent death of neurons in vivo (The
BDNF Study Group Phase III, 1999; Silani et al., 2001; Pansarasa
et al,, 2018). This suggests that the detrimental actions of BDNF
also need to be considered. Under certain circumstances, many
studies report that BDNF/TrkB can exert negative effects on
MN survival, making MNs more vulnerable to insults (Hu
and Kalb, 2003; Mojsilovic-Petrovic et al., 2006). Moreover,
BDNF is potent at enhancing excitotoxic insult, by enhancing
glutamatergic activity in neurons (Kafitz et al., 1999). Several
studies report BDNF and TrkB to be key players in rendering
MNs vulnerable to excitotoxic insult (Fryer et al., 2000; Hu
and Kalb, 2003; Mojsilovic-Petrovic et al., 2005). Additionally,
muscle from ALS patients expresses elevated levels of BDNE,
suggesting the possible negative action of BDNF (Kust et al.,
2002). Furthermore, BDNF can accelerate glutamate-induced
death in rat neuroblastoma cells, and this effect was promoted
by TrkB activation (Maki et al, 2015). BDNF also elicited
glutamate excitotoxicity in cultured cortical neurons (Koh et al.,
1995; Kim et al., 2003), and TrkB inhibition ameliorated these
detrimental effects of BDNF (Kim et al.,, 2003). Additional
evidence for the role of BDNF/TrkB in promoting neuronal
death comes from a study, where exogenous nitic oxide
(NO)/sodium nitroprusside-induced cell death in cortical
neurons was enhanced by BDNE and this effect was inhibited
by TrkB antagonism (Ishikawa et al., 2000). Fryer et al. (1999,
2000) also demonstrated that BDNF enhanced glutamate
excitotoxicity in cultured embryonic spinal cord MNs, and this
response involved activation of TrkB. Furthermore, directly
blocking TrkB activation protected embryonic cultured MNs
from toxic insults thought to be involved in the pathogenesis
of ALS, such as excitotoxicity and the presence of SODI
mutations (Hu and Kalb, 2003; Mojsilovic-Petrovic et al., 2006;
Jeong et al., 2011). Additionally, TrkB-T receptors have been
shown to be enhanced in MNs in ALS and deletion of TrkB-T
receptors delayed the progression of disease in SOD19%34 mice
(Yanpallewar et al., 2012) which further adds to the role of
TrkB in ALS. Similarly, impaired BDNF/TrkB signaling and
altered TrkB-T isoform was observed in the neuromuscular
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FIGURE 4 | Schematic figure representing activity-dependent interplay between glutamate-induced excitotoxicity and BDNF-TrkB signaling. The arrival of action
potential (step 1), triggers the influx of Ca?* ions into pre-synaptic terminal (step 2), the rise in intracellular calcium (step 3) in turn triggers the fusion of synaptic
vesicles with pre-synaptic membrane to release glutamate (light purple dots) from the terminal (step 4). Membrane depolarization also results in BDNF secretion
(orange dots) (step 4) and release pre-synaptically into the synaptic cleft. Dysfunctional glutamate transporters (EAAT2) in ALS results in retention of excessive
glutamate in the synaptic cleft (step 5). Post-synaptically, Ca?* enters through voltage gated calcium channels and via calcium-permeable glutamate receptors
(NMDA, green; AMPA magenta; step 6). BDNF binding to TrkB alters the neuronal excitability of ion channels and also enhances post-synaptic glutamate receptor
activation causing influx Ca?* of ions post-synaptically (step 7). Excessive glutamate in the synaptic-cleft over-activates its receptors increasing the intracellular
Ca?* furthermore (step 8). Impaired Na*/Ca?* exchanger and ATP pumps in SOD1¢934 mice results in enhanced Ca?™ intracellularly (DeJesus-Hernandez et al.,
2011; Sirabella et al., 2018). Ca?* released from the intracellular store adds to the Ca* concentration (step 8). Enhanced Ca?™ in the post-synaptic neuron also
triggers increased Ca®* dependent secretion and release of BDNF extracellularly causing enhanced BDNF extracellularly (step 9). Trans-activation of TrkB by As,Rs

also triggers calcium dependent signaling, activating adenylyl cyclase and leading to increased cAMP and PKA phosphorylation, which in turn influences BDNF
secretion (step 10). This increased BDNF in the synaptic cleft binds to its receptors TrkB and repeats the process of Ca2* influx and modulation of glutamate
receptors, eventually leading to Ca?* overload (step 11) making the neurons hyper-excitable (step 12) which eventually leads to neuronal death (step 13).

junction of pre-symptomatic SOD1%%34 mice (Just-Borras et al.,

2019). Furthermore, removal of the TrkB-T receptor at the
pre-symptomatic stage in SOD19%*4 mice improved the disease
symptoms rescuing hippocampal interneurons and regulating
long term potentiation (Quarta et al., 2018) found to be enhanced
in ALS (Spalloni et al., 2006).

In addition to the above BDNEF-TrkB signaling -effects,
blocking A;,Rs, which co-localize with and directly transactivate
TrkB, protected cultured MNs from these detrimental effects
(Mojsilovic-Petrovic et al., 2005, 2006; Ng et al., 2015; Cunha,
2016). Similarly the inhibition of TrkB or A,,Rs also prevents
toxicity following expression of the G85R or G37R SODI1
mutations, which are highly toxic to cultured MNs (Mojsilovic-
Petrovic et al, 2006; Jeong et al, 2011). These pro-toxic

effects of BDNF/TrkB are not merely an artifact of culturing
embryonic MNs. It has also been shown that in vivo conditional
deletion of TrkB in MNs of adult transgenic mice carrying a
G85R SOD1 mutation attenuates SOD1 toxicity, resulting in
extension of life span and motor function, slowing MN loss
and causing persistence of neuromuscular junctions (Zhai et al.,
2011). Furthermore, in a recent study utilizing SOD1634 rats,
phrenic motor neurons displayed an increased expression of
BDNF and phosphorylated ERK at end stage disease, consistent
with possibly increased BDNF function and basal protein levels
(Nichols et al., 2017).

Hyper-activity induced activation of BDNF and TrkB have
also been observed in other disease states, such as epilepsy and
traumatic brain injury (Dai et al, 2010; Tughetti et al,, 2018).
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Upregulated expression of BDNF and TrkB has been well
documented, resulting in alteration of excitability and neuronal
network activity contributing to epileptogenesis (Scharfman,
1997; Tughetti et al., 2018). Enhancing BDNF expression or its
systemic administration enhanced seizure activity in mice (Croll
et al,, 1999; Scharfman et al., 2002; Tughetti et al., 2018), while
inhibiting TrkB reduced seizure development in these animals
(Heinrich et al.,, 2011; Liu et al., 2014; Iughetti et al., 2018).
Additionally, genetic or pharmacological inhibition of A,,Rs in
epilepsy has been shown to reduce seizures and neuronal damage
(El Yacoubi et al., 2008, 2009). Despite these numerous reports,
the concept of hyper-activity induced glutamate excitotoxicity
resulting in overexpression of BDNF and TrkB activation in
neuronal death still needs further investigation.

CONCLUSION

Amyotrophic lateral sclerosis is an incurable multi-factorial
disease state where synaptic and intrinsic hyper-activity
of MNs is a significant early factor (Mogyoros et al.,
1998; Kanai et al, 2006; van Zundert et al., 2008; Fogarty
et al, 2015). Therapeutic avenues until now have aimed
at a reduction of this excitable state. Neuronal hyper-
activity is plausibly a result of processes that take place
simultaneously, one of them being the secretion of BDNF
and activation of its receptor TrkB. Several lines of evidence
show that increased BDNF-TrkB is evident in a number of
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There are many types of intercellular communication, and extracellular vesicles are
one of the important forms of this. They are released by a variety of cell types, are
heterogeneous, and can roughly be divided into microvesicles and exosomes according
to their occurrence and function. Of course, exosomes do not just play a role in cell-
to-cell communication. In the nervous system, exosomes can participate in intercellular
communication, maintain the myelin sheath, and eliminate waste. Similarly, exosomes in
the brain can play a role in central nervous system diseases, such as stroke, Alzheimer’s
disease (AD), Parkinson’s disease (PD), prion disease, and traumatic encephalopathy
(CTE), with both positive and negative effects (such as the transfer of misfolded
proteins). Exosomes contain a variety of key bioactive substances and can therefore
be considered as a snapshot of the intracellular environment. Studies have shown that
exosomes from the central nervous system can be found in cerebrospinal fluid and
peripheral body fluids, and that their contents will change with disease occurrence.
Because exosomes can penetrate the blood brain barrier (BBB) and are highly stable
in peripheral circulation, they can protect disease-related molecules well and therefore,
using exosomes as a biomarker of central nervous system diseases is an attractive
prospect as they can be used to monitor disease development and enable early
diagnosis and treatment optimization. In this review, we discuss the current state
of knowledge of exosomes, and introduce their pathophysiological roles in different
diseases of the central nervous system as well as their roles and applications as a viable
pathological biomarker.

Keywords: exosomes, central nervous system diseases, biomarkers, intercellular communication, stroke

INTRODUCTION

In the early 1980s, the term “exosome” was used to describe vesicles released by various types
of cultured cells with a diameter of 40 to 1000 nm. Over the next few years, the term was
refined to describe vesicles originating from the endosome with a diameter between 30 and
100 nm (Luarte et al., 2016; Malm et al., 2016; Yuyama and Igarashi, 2016; Zagrean et al., 2018).
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According to most of the current literature, vesicular bodies
with a bilayer membrane structure which are detached from the
cell membrane or secreted by the cells, are called extracellular
vesicles (EV). EVs are highly heterologous, they can come from
several cell types, are influenced by their microenvironment,and
can be detected in various human secretions. All extracellular
vesicles are formed by a shared mechanism and are thought to
have a common role in cell-to-cell communication by promoting
cellular exchange of proteins, DNA, and RNA (Malm et al., 2016;
Osier et al., 2018).

Although exosomes are a subtype of extracellular vesicles
(EVs) defined specifically by their diameter (Malm et al., 2016;
Yuyama and Igarashi, 2016; Mrowczynski et al., 2019), some
published studies use the term EVs to refer just to exosomes.
EVs refers to the larger group to which exosomes belong and
also includes the apoptotic body (measuring 0.5-5 pm, formed
by apoptosis), and microvesicles (measuring 0.05-1 pm, created
by part budding), while exosomes originate from endosomes
(Tian et al, 2018). Early endosomes will be converted to
late endosomes when their protein composition changes, upon
maturation, intraluminal vesicles (ILVs) begin to constitute
in the lumen of the vesicles via enfoldment of the limiting
membrane. Then the ILVs sequester cytoplasmic molecules
leading to their accumulation within the late endosome, causing
the formation of multivesicular bodies (MVB). MVBs can
undergo fusion with lysosomes and with the cellular plasma
membrane and then release their contents into the extracellular
space (Figure 1). Exosomes produced by various cell types are
found in bodily fluids, such as blood, cerebrospinal fluid (CSF),
saliva, and urine (Malm et al., 2016; Yuyama and Igarashi, 2016;
Cesselli et al., 2018; Osier et al., 2018) and contain proteins,

lipids, miRNAs, RNA and DNA. It is precisely because of the
transfer of these contents that exosomes can affect intercellular
communication under various physiological and pathological
conditions (Yuyama and Igarashi, 2016). The most commonly
used method to extract exosomes is ultracentrifugation (UC)
and storage of them for more than 90 days should be at —80°C
(Hong et al., 2018).

The theory that EV can transfer RNA between cells was
proposed by the team of Ratajczak et al. (2006) (Clemmens and
Lambert, 2018; Stahl and Raposo, 2018). All of these studies
have made advances in EV-related research and highlighted the
important role of EVs in cell biology, physiology [including stem
cell maintenance (Samuelson and Vidal-Puig, 2018)], cancer,
neuropathology (Osier et al., 2018; Stahl and Raposo, 2018),
stroke, and cardiovascular disease (Stahl and Raposo, 2018).
Studies have shown that drugs and comorbidities can affect the
mechanisms of biogenesis and release of MVBs and exosomes,
thus affecting this mode of intercellular communication. EVs
can also play an important role in communication between, and
within, key metabolic organs (Clemmens and Lambert, 2018;
Samuelson and Vidal-Puig, 2018). Their role in neurological
diseases is also particularly prominent, extracellular vesicles
(i.e., exosomes in the broad sense) are secreted by several
cells and present in the CSE they are involved in signal
transduction not only among neural cells but also among
hematopoietic cells and in the peripheral nervous system. The
main cause of neurodegenerative diseases is the spread of EVs
and the relationship between neurophysiology and neurological
disorders, centered on EV-mediated communication between
nerves and glial cells, is a critical area of discussion and research.
The major causative proteins of various neurodegenerative
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diseases are encapsulated in EVs derived from CSF and there
also appears to be a relationship between them (Kawahara and
Hanayama, 2018). The characteristics of exosomes and their
physiological and pathological effects make them both an ideal
biomarker, and a potential drug delivery vehicle (including use as
vectors for targeting gene therapy to specific cells (Clemmens and
Lambert, 2018; Leone et al., 2018; Stahl and Raposo, 2018).

EXOSOMES IN STROKE

Stroke is a complex and life-threatening condition (Mirzaei et al.,
2018), and one of the leading causes of death and disability
worldwide with high mortality rates in both developing and
developed countries. There is ample evidence that both genetic
and environmental factors are related to the pathophysiology
of stroke (Mirzaei et al., 2018). There are two stroke subtypes:
ischemic and hemorrhagic, of which ischemic stroke accounts for
about 87% of all strokes (Osier et al., 2018). Ischemic stroke is
mainly caused by a thromboembolic occlusion or atherosclerosis
of a major artery that supplies the brain, leading to cerebral
ischemia and hypoxia (Malm et al., 2016; Zhang and Chopp,
2016). Cerebral hemorrhage is the cause of hemorrhagic stroke,
which is usually caused by a weakened arterial wall (i.e., an
aneurysm). The ischemic stroke lesion area can be divided
into two main areas: the infarct core and the penumbra area
(Hong et al,, 2018). In the treatment of ischemic stroke, the
main goal is to restore blood flow as soon as possible after the
onset of symptoms. The two main methods for recanalization
are intravenous thrombolysis [tissue plasminogen activator has
become the only treatment for stroke patients within 4.5 h of
onset (Zhang and Chopp, 2016)] and endovascular intracranial
thrombectomy, which can extend patient life by rapidly reanalys
of occluded blood vessels and re-establishing tissue perfusion
within 12 h of onset (Zhang and Chopp, 2016). The window for
treatment with these two methods is very narrow (Hong et al.,
2018), and since a series of pathological events usually occurs
before a stroke, we therefore need to find an appropriate method
of stroke management. One of the main problems here is to
identify effective biomarkers for diagnosis and monitoring the
treatment of stroke patients (Mirzaei et al., 2018).

Biomarkers related to the treatment of diseases, including
molecules, proteins, and RNA, have been obtained from a range
of bodily fluids (Lausted et al., 2014). These biomarkers have
some disadvantages, their low abundance and poor heterogeneity
(i.e., it’s not clear which groups these molecules come from),
and exosomes have therefore gained more attention since they
were discovered, in large part because of their heterogeneity
and role in intercellular communication. Stroke recovery is
carefully planned by a series of highly interactive processes
involving neural stem cells and neurovascular units (Zhang
and Chopp, 2016). Emerging data suggests that exosomes play
an important role in these processes and mechanisms. After
a stroke, exosomes can be synthesized and released from
brain cells, and can be detected in peripheral blood or CSF
by passing through the BBB. In addition to this, exosomes
are also released into the bloodstream from blood cells and

endothelial cells in response to stroke (Otero-Ortega et al., 2018).
They are involved in increasing long-term neuroprotection after
stroke, promoting nerve regeneration, enhancing neurological
recovery, and modulating peripheral immune responses. At the
same time, they also enhance angiogenesis, neurogenesis, and
the remodeling of axon dendrites. The exosomes secreted by
brain endothelial cells can also actively participate in brain
reconstruction by communicating with brain cells (including
neurons and glia) and distal cells in other organs during stroke
recovery (Zhang and Chopp, 2016; Figure 2). In addition
to beneficial effects, these exosomes can also have adverse
effects on distal organs. The release of exosomes from damaged
central nervous cells after stroke into the peripheral circulation
will affect the spleen, increase the production of circulating
pro-inflammatory cytokines, and recruit and activate T and
B lymphocytes to regulate peripheral immune inflammatory
response. These changes will also affect the heart, kidney, and
intestine (Seifert and Offner, 2018; Wang et al., 2019). In the
heart, the secretion of inflammatory cytokines by damaged
brain cells stimulates the hypothalamus and increases the release
of catecholamine, thereby increasing the risk of myocardial
ischemia and tumorigenesis (Shoemaker and Goswami, 2015;
Venkat et al., 2018). In kidneys, inflammatory mediators induced
and secreted after stroke can increase the permeability of renal
endothelial cells and make immune cells and inflammatory
mediators enter, resulting in renal dysfunction (Wang et al,
2014; Li et al, 2015; Makin et al., 2015). In the intestinal
tract, intestinal dysfunction after stroke is characterized by a
decrease in the number of beneficial cells in the intestine and an
increase in the opportunistic bacteria count. Abnormal bacterial
metabolites can also affect the immune response which in turn
may adversely affect recovery from stroke (Winek et al., 2016;
Arya and Hu, 2018; Zhao et al., 2018; Table 1).

There are many kinds of exosomes and multiple reports about
the proteins they contain, such as cystatin C and CD14, which are
involved in the progress of brain atrophy in patients with vascular
diseases and whose levels are also associated with the risk of
vascular events in patients with coronary artery disease (Kanhai
et al., 2014), and integrin alpha-IIb, talin-1 and coagulation
cascade proteins which are also associated with vascular events
in patients (Datta et al., 2014). Despite the variety and nature
of goods contained in exosomes, studies have shown that the
main role of the exosome lies in the transmission of related
RNA signals, and exosomal miRNAs will vary between different
periods of a stroke. MiRNA and RNA networks play major roles
in the process of secretion-mediated brain repair and are key
mediators in the pathogenesis and pathology of ischemic stroke.
One example of this was the study by Collino et al. (2015)
whose results showed that when exosomes were released by cells
depleted of Drosha protein (producing a total downregulation
of miRNAs) the therapeutic effect of the secretion on acute
kidney injury was abolished (Luarte et al., 2016). MiRNA has
therefore become the most reliable biomarker for the diagnosis,
treatment, and prognosis of ischemic stroke. A lot of research
on the miRNA and protein content of exosome has been
carried out, including Kerr N’s team, who used the multi-analyte
automated microfluidic immunoassay platform Plex Assay to
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FIGURE 2 | Exosome involvement in brain reconstruction after stroke. After a stroke, the blood-brain barrier is destroyed and the pericytes interact with brain
endothelial cells to promote angiogenesis and repair the BBB. The exosomes secreted by the pericytes can also provide nutrition and promote neurogenesis. The
exosomes secreted by circulating endothelial progenitor cells can also act on cerebral endothelial cells to promote angiogenesis. Neurons, oligodendrocytes, and
astrocytes interact to regulate synaptic plasticity. Neurons interact with microglia to regulate brain immune inflammation, and neurons and neural progenitor cells can
secrete exosomes to regulate peripheral immunity after being stimulated by external substances which pass through the BBB. After stroke, brain endothelial cells
secrete exosomes that stimulate neural progenitor cells to differentiate into oligodendrocytes to participate in myelination. In conclusion, exosomes can increase
long-term neuroprotective effects after stroke, regulate peripheral immune response, and participate in brain reconstruction events such as enhanced angiogenesis

and axonal dendritic remodeling.

detect the levels of caspase-1 inflammatory body proteins in
serum and serum-derived EVs from stroke patients. This team
has previously shown that inflammatory body proteins are a
potential biomarker of CNS damage and also proved that, in
the case of brain injury, EV can release inflammatory body
proteins into the peripheral circulation. They also located caspase
recruitment domains in apoptosis-related proteins (ASC). This
can be used as a potential biomarker to help analyze the role
of inflammatory bodies in the inflammatory responses following
cerebral ischemia (Kerr et al., 2018).

Fan Chen et al. used in vitro and in vivo methods to study
stroke. Wistar rats were exposed to a focal cerebral ischemia
model using transient or permanent intraluminal occlusion to
the middle cerebral artery (Osier et al., 2018). In in vitro
culture, compared to DMEM normal controls, miR-126 levels in
exosomes from brain endothelial cell were significantly reduced
after oxygen-glucose deprivation. In the rat model, compared
to levels before ischemic onset, both transient and permanent
ischemia samples showed a rapid and significant reduction in
exosomal miR-126 at 3 h, and by 24 h, miR-126 levels of exosomes
mostly renormalized close to pre-ischemia baseline levels. Serum
miR-126 levels were significantly reduced at 3 h of permanent

ischemia but did not change significantly after transient ischemia
or 24 h. The results showed that the exosomal miR-126 obtained
from peripheral blood was more sensitive to the effects of cerebral
ischemia and responded to both mild and severe ischemic attacks.
However, total serum miR-126 may be a more specific indicator
of ischemic severity (Chen et al.,, 2015; Osier et al.,, 2018). In
another study, the release of miR-124 from brain tissue was
considered to play a key role in stroke and there is further
evidence that the expression of miR-124 in the central nervous
system is 100 times higher than that in other organs and can thus
be used as a biomarker (Mishima et al., 2007; Mirzaei et al., 2018).
In a study by Wang W’s team, 143 IS patients and 24 non-stroke
patients were divided into four phases: hyperacute (HIS), acute
(AIS), subacute (SIS), and recovery (RIS), and the expression
of miR-30a-5p and miR-21-5p in plasma-derived exosomes in
the different stages of ischemic stroke (IS) was examined. The
data elucidated that the combination of miR-30a-5p and miR-
21-5p can be used to distinguish between HIS, SIS, and RIS,
and in the diagnosis of IS. It was hoped that miR-30a-5p might
be a favorable biomarker for the diagnosis of HIS, providing
a possibility for early clinical diagnosis (Wang W. et al., 2018)
although, as Yang et al. pointed out, there are many circulating
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TABLE 1 | Biomarkers in exosomes associated with stroke.

Source Contents Mechanism Clinical References
application
Peripheral  cystatin C,  Vascular event  Early diagnosis ~ Datta et al., 2014;
blood CD14, Kanhai et al., 2014
alpha-lib
and talin-1
Serum caspase-1 Inflammation Severity Kerr et al., 2018
judgment
Serum miR-126 Angiogenesis Severity Chen et al., 2015;
judgment Osier et al., 2018
Plasma miR-124 Neurogenesis  Early diagnosis Mishima et al.,
2007; Mirzaei et al.,
2018
Plasma miR-30a- Inflammation  Early diagnosis,  Hong et al., 2018;
5p and severity Jiang et al., 2018
miR-21-5p judgment and
prognosis

caspase-1, inflammatory protein.

miRNAs that can be used as diagnostic markers for stroke, and for
diagnosis. The results indicated that circulating miR-153, miR-
128b, and miR-107, are up-regulated in the stroke group, and so
can be used as important biomarkers for diagnosis (Yang et al.,
2016). In addition to studies of miRNAs, current studies have
expounded the role of other types of ncRNAs, including circular
RNAs and long non-coding RNAs, in cerebral hemorrhage (ICH)
strokes. These results show that, in the clinic, ncRNAs can be used
in the predictive diagnosis of the extent of ICH-induced damage
as an optional biomarker (Li et al., 2019).

There are a multiple reports and studies proving that RNA,
found in the exosome, has the potential to become a powerful
biomarker for stroke diagnosis, treatment, and prognosis. The
value of the exosome as a biomarker in the treatment of
stroke has also been determined and future research will need
to identify specific sources of RNA in circulating and tissue
secreted exosomes.

NEURODEGENERATIVE DISEASES

Neurodegenerative diseases are one of the major causes of
death and disability, and one of the greatest burdens on
the health care system (Luarte et al, 2016). Like cerebral
apoplexy, exosomes may represent a promising prognostic
biomarker and a therapeutic approach to traumatic brain injury
and neurodegenerative diseases. Multiple studies have shown
that exosomes can initiate and participate in the regulation
of neuroinflammation, improve neurogenesis and neurogenic
physiological location, and have potential significance for the
treatment of certain neurological diseases (Yang Y. et al., 2017;
Osier et al., 2018). These neurodegenerative diseases have similar
clinical manifestations, but a common feature of a large number
of these diseases is the accumulation of insoluble proteins (both
extracellular and intracellular) and, as such, these diseases are
also called cerebral proteinopathies (Hartmann et al., 2017). For
example, AD is characterized by the aggregation of beta-amyloid

protein and microtubule-associated protein Tau; PD by the
accumulation of neuronal terminal protein alpha-synuclein; ALS
by the accumulation of phosphorylated TDP43 (a transcription
inhibitor) and superoxide dismutase 1 (SOD1), and Huntington’s
disease by the accumulation of mutant Huntington’s protein
(mHTT; Luarte et al., 2016).

These neurodegenerative diseases, which present different
entities and pathogenesis, have many common features besides
the aggregation of erroneously folded proteins. These include;
overload of protein clearance pathways, impaired protein
homeostasis, and dysfunction or loss of specific neuron
populations (Kanata et al., 2018). The neurological dysfunction
caused by progressive irreversible degeneration of neurons
and synapses is a marker of this kind of disease (Hartmann
et al, 2017). It has been shown that many types of cells
in the CNS secrete exosomes, including oligodendrocytes,
neurons, and astrocytes. Exosomes, as potential carriers,
can play a role in the pathogenesis of neurodegenerative
diseases and can also help transmission (Wu et al., 2017;
Table 2). When released into circulation, they also become
a convenient and efficient peripheral non-invasive biomarker
for the prediction and diagnosis of various neurodegenerative
diseases (Hartmann et al., 2017).

EXOSOMES IN ALZHEIMER’S DISEASE

Alzheimer’s disease (AD) is the most common neurodegenerative
disease, mainly occurring in the form of dementia, which is
characterized by severe impairment of cognitive ability, mental
state, and ability to carry out activities of daily life. The
main pathological markers of AD are the accumulation of
AP plaque and neurofibrillary tangles (NFT) formed by over-
phosphorylation of tau protein. The pathological characteristics
of AD can be divided into two types: amyloid plaques and
NFTs. The accumulation of Af in oligomers (which can lead
to amyloid plaque formation) occurs at the earliest stage of
disease development (Reza-Zaldivar et al., 2018). Data has
shown that about 5.5 million Americans are currently diagnosed
with Alzheimer’s disease, and the number is expected to rise
to 13.8 million by 2050 (DeLeo and Ikezu, 2018). There is
also growing evidence that exosomes are associated with the
transmission of AB and Tau proteins, but their specific role in
the process of Alzheimer’s disease remains controversial. This is
because some studies show that exosome transfer of these two
proteins can participate in the process of neuronal microtubule
decomposition, thus affecting axonal transport, resulting in cell
death and neuron loss, but in other studies, exosomes seem to
have the ability to reduce brain amyloid beta protein by being
ingested by microglia. They can also transmit neuroprotective
substances between cells (Malm et al., 2016; Xiao et al., 2017).
Experiments have shown that there are disease-related
proteins (Pluta and Ulamek-Koziol, 2019) in exosomes isolated
from plasma or CSF samples of patients with AD, which show
that exosomes may be used as AD biomarkers. Goetz et al. and
Fiandaca et al. found that neuronal exosomes isolated from the
plasma of AD patients contained autolysosome proteins, and
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TABLE 2 | Biomarkers in exosomes associated with neurodegenerative disease.

Name of disease Source Contents Mechanism Clinical References
application
Alzheimer’s disease Plasma and CSF AB and NFT Neuronal Early diagnosis Wang et al., 2017;
damage Xiao et al., 2017
Alzheimer’s disease Plasma REST, HSF-1, Lamp 1 and IRS Neuronal Early diagnosis Deleo and lkezu,
damage 2018; Pluta and
Ulamek-Koziol,
2019
Alzheimer’s disease Serum miR-135a, miR-193b and miR-384 Neuronal Early diagnosis Goetzl et al., 2015b
damage
Parkinson’s disease CSF a - SYN, DJ-1 miR-1, miR-485-5p, Neuronal Early diagnosis Joshi et al., 2015;
miR-153, miR-409- damage Lietal, 2019
Parkinson’s disease CSF 3p, miR-433, miR-136-3p, let-7g-3p, Neuronal Early diagnosis Yang J. et al., 2017
miR-19b-3p, miR-10a-5p, miR-132-5p, damage
miR-370 and miR-873-3p
Prion Diseases Plasma PrPSc Neuronal Early diagnosis Hartmann et al.,
damage 2017
Prion Diseases Serum miR-142-3p, miR-143-3p, Neuronal Early diagnosis Reza-Zaldivar et al.,
miR-145a-5p, miR-451a, damage and and severity 2018; Shah et al.,
miR-146a-5p, miR-150-5p, miR-320, inflammation judgment 2018
miR-let-7b, miR-141-3p, miR-429-3p
and miR- 200 family
Amyotrophic lateral sclerosis Peripheral blood and CSF TDP-43 Neuronal Early diagnosis Iguchi et al., 2016
damage and
inflammation
Amyotrophic lateral sclerosis Plasma miR-183-5p, miR-9-5p, miR-193a-5p Neuronal Early diagnosis Saucier et al., 2019
and miR- 15a-5p damage
Huntington’s disease Plasma mHtt Neuronal Early diagnosis Wang et al., 2017;
damage and severity Denis et al., 2018
judgment
Huntington’s disease Plasma miR-877-5p, miR-223-3p, miR-30d-5p, Neuronal Early diagnosis Kumar et al., 2017
miR-128, miR-22-5p, miR-223-5p, damage

miR-222-3p, miR-338-3p,
miR-130b-3p, MiR-628-3p,
miR-361-5p, miR-425-5p

CSF, cerebrospinal fluid; Ap plaque, aggregation of beta-amyloid protein; NFT, neurofibrillary tangles; a-SYN, alpha-synuclein; DJ-1, oxidative stress sensor; PrPSc,
misfolded prion protein; TDP-43, a protein that helps regulate gene expression; mHtt, produces mutant Huntington protein.

that LAMP1 levels had changed. Changes in P-tau and Ap levels
were also detected in exosomes isolated from patients’ plasma
samples, which proved that they could be used as predictors of
AD long before the onset of AD (Malm et al.,, 2016). Goetzl
et al. (2015a,b) and Kapogiannis et al. (2015) also found that
there were some neurogenic exosome-related proteins in the
plasma of AD patients, including repressor element 1-silencing
transcription factor (REST), heat-shock factor 1 (HSF-1), Lamp
1 and phosphorylated type 1 insulin receptor substrate (IRS),
and that their levels would change within 10 years prior to
the formal diagnosis of AD. They are all therefore likely to be
reliable biomarkers for predicting and diagnosing AD. Yang et al.
(2018) compared the expression levels of miR-135a, miR-193b,
and -384 in serum-derived exosomes of patients with Alzheimer’s
dementia (DAT), Parkinson’s disease dementia (PDD), mild
cognitive impairment (MCI) and vascular dementia (VaD). Their
results showed that compared with the other two small RNAs,
microRNA-384 was best able to differentiate AD, PDD and VaD.
For the early diagnosis of AD, the combination of mir-384, mir-
193b, and mir-135a seems to be more useful (Yang et al., 2018).
These experiments not only prove the feasibility of the exosome

as a biomarker for the early diagnosis of AD, but also prove that
the exosome can provide a new direction for disease identification
and prevention.

It seems that exosomes secreted by different brain tissue cells
will play different roles in the development and change of AD
(Joshi et al., 2015). For soluble AB42 species (monomers formed
after cutting of amyloid precursors participate in the formation
of amyloid plaques), microglia can internalize and degrade them,
but they can also secrete exosomes that lead to the aggregation
of extracellular soluble AB42 species, and neuronal astrocytes,
or their exosomes, also promote the aggregation of soluble
AB42. However, exosomes released by neurons can enhance the
ability of microglia to scavenge AB42. These findings may be a
manifestation of the postsynaptic diffusion mechanism of A in
AD (Dinkins et al., 2014; Joshi et al., 2014, 2015). This proves the
complexity of the role of exosomes in AD and thus it is essential to
further clarify the interaction between different EV populations
and different forms of AP, and to understand the influence of
different EV populations on the diffusion of AB assembly between
cells to better provide accurate and effective markers for AD and
improve the quality of life of patients.
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EXOSOMES IN PARKINSON’S DISEASE

Parkinson’s disease (PD) 1is the second most common
neurodegenerative disease and the most common motor disorder
of the central nervous system (CNS) and its incidence increases
with aging (Leggio et al., 2017; Zagrean et al., 2018). The main
clinical manifestations are; static tremor, muscle stiffness, slow
movement, postural instability, and other symptoms caused by
dyskinesia. These symptoms are caused by the imbalance between
excitatory (acetylcholine) neurotransmitters and inhibitory (DA)
neurotransmitters in the substantia nigra of PD patients (Wu
et al., 2017). These motor symptoms do not occur immediately
after imbalance. The first motor symptoms are observed only
when the loss of DAergic neurons in SNpc reaches almost 70%
and at least 80% of that DA in the striatum. In addition, PD
patients also show a variety of non-motor symptoms, including
dementia, and depression (Leggio et al., 2017).

It has been shown that misfolded and aggregated alpha-
synuclein (a-syn) is the main component of Lewy bodies and
axons in inherited and sporadic forms of PD (Leggio et al.,
2017; Tofaris, 2017; Wu et al., 2017). The release of exosomes
is closely related to intracellular protein transport along the
endosomal-lysosomal pathway, so their biological functions may
be related to PD. The cause of PD is also reflected at the
molecular level, defective protein transport to endosomes and
lysosomes has become a potentially unifying cellular pathway in
the pathogenesis of sporadic PD. Because the release of exosomes
is closely related to intracellular protein transport along the
endosomal-lysosomal pathway, their biology may be relevant to
PD (Zagrean et al., 2018).

Studies have shown that exosomes transmit toxic a-syn
between cells and induce apoptosis, which is involved in the
pathological development of PD. It has also been reported
that exosomes have potential neuroprotective effects in PD
(Wu et al,, 2017). In addition to intercellular communication,
exosomes also have the ability to eliminate misfolded proteins
which hinder the formation of neural stem cells (Zagrean et al.,
2018). Brain neurons and glial cells can also eliminate and
reduce harmful metabolites and proteins (e.g., a-syn) in cells
by exosome extravasation (Ohmichi et al., 2018). Some studies
have shown that exosomes obtained from PD patients can
attenuate the neuronal stress response, for example, Tomlinson
PR and colleagues performed proteomic analysis of microvesicle
preparations from PD patients with inherited and sporadic
forms, and added microvesicles to cortical neurons of primary
rats deprived of nutrition to observe their biological effects
(Tomlinson et al., 2015).

At present, the diagnosis of PD still mainly depends on
assessing motor symptoms according to the British Brain Bank
Standard and the patient’s response to dopaminergic drugs
(Ohmichi et al., 2018). DAergic degeneration before the onset
of PD symptoms lasts for about 8-17 years (Leggio et al., 2017),
which means that there must be some compensatory mechanism
in the early development of PD and therefore, searching for
biomarkers of preclinical PD is key to treating and predicting
the disease and differentiating it from other diseases with the
same manifestations. Because oxidative stress and mitochondrial

dysfunction influence the underlying mechanisms of misfolded
a-syn aggregation (Picca et al., 2019), biomarkers such as DJ-
1 (mitochondrial dysfunction-related) and a-syn have potential
as clinical tools for early remission and accurate diagnosis of
PD. However, for mitochondrial dysfunction, the main focus is
on mitochondrial DNA (mtDNA) analysis with proinflammatory
properties (West et al., 2015), as systemic inflammation and
mitochondria in the CNS are not known under PD conditions.
Whether the disorder is related (Picca et al., 2019). Since there are
no defined ranges for a-syn levels in peripheral blood (Ohmichi
et al., 2018) no reliable quantitative diagnostic tests for PD have
been developed so far. As it is inconvenient to obtain invasive CSF
or postmortem (brain tissue) samples to collect these biomarkers
(Leggio et al., 2017), the development of specific, non-invasive
biochemical markers for the disease is the logical direction to
focus research on. Quantitative studies have been carried out
on exosomes derived from brain cells in patients with PD to
find the best biomarkers, these include neurone-, astrocyte-,
and oligodendrocyte-derived exosomes (NDE, ADE, and ODE).
One study showed that plasma NDE and ODE levels increased
significantly in early stage PD patients and that ODE levels were
positively correlated with the severity of the disease. This also
demonstrated brain cells” ability to remove neurotoxic substances
(Ohmichi et al., 2018).

With regard to using biomarkers for tracking the progress
of PD, Yuki et al. performed protein profiling of plasma-
derived exosomes from PD patients at Hoehn and Yahr (HY)
stages II and III, and found that in HY stage III PD patients
apolipoprotein Al expression was significantly lower than in
HY stage II PD patients. There was no significant difference in
fibrinogen gamma chain expression between HY stage II and
III PD patients. These results show that the plasma-derived
exosome proteins; clusterin, complement Clr subcomponent,
and apolipoprotein Al, and the fibrinogen gamma chain, are
potential biomarker candidates for PD diagnosis, and exosomal
apolipoprotein Al can be used as a biomarker for tracking
PD progression (Kitamura et al., 2018). The feasibility of using
peripheral circulating exosomes as biomarkers has been further
demonstrated. Recent studies have shown that brain insulin
signaling can regulate neuronal survival through the mitogen-
activated protein kinase (MAPK) and phosphoinositide 3-kinase-
protein kinase B (Akt) downstream pathways, and plays a role in
PD pathogenesis. It has also been shown that it is easier to assess
time-dependent changes in PD by measuring insulin-signaling
markers from brain-derived exosomes than neuroimaging and
CSF studies (Athauda et al,, 2019). Classical gene mutation is a
cause of PD and gene regulation is a topic that attracts people’s
attention for study. There are abundant miRNAs in exosomes
for diagnosis and treatment, such as miRNA - 124, - 7, - 126, -
155, and so on (Thome et al.,, 2016; Leggio et al., 2017; Yang J.
et al., 2017; Titze-de-Almeida and Titze-de-Almeida, 2018). Gui
etal. (2015) found 13 small RNAs in CSF-derived exosomes of PD
patients with significant changes, including the KEGG pathway
“Dopaminergic synapse,” which was also significantly altered in
PD patients with 9 miRNAs (miR-1, -153, -485-5p, -409-3p, -433,
-136-3p, -19b-3p, -10a-5p and let-7g-3p) targeting 41 genes in the
pathway map of Dopaminergic synapse and the KEGG pathway
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“Cholinergic synapse” which was significantly enriched in PD
patients with 11 miRNAs (miR-1, -153, -132-5p, -485-5p, -409-
3p, -433, -370, -873-3p, -19b-3p, -10a-5p and let-7g-3p) targeting
40 genes in the Cholinergic synapse pathway. This was compared
with the corresponding levels of miRNAs in AD patients, which
proved the reliability of RNA molecules in the exosome as a
biomarker and the robustness in distinguishing between PD and
AD. These experiments prove that exosomes can be used to help
develop new diagnostic and predictive tools.

At present, PD can’t be cured, we can only alleviate the
symptoms of patients and minimize the occurrence of dyskinesia.
The pre-symptomatic stage of PD emphasizes the importance of
early prediction and intervention of the disease (Wu et al., 2017)
and it is clear that these experiments also reflect the potential of
exosomes for use as biomarkers in AD.

EXOSOMES IN PRION DISEASES

Prion disease, also known as infectious spongiform
encephalopathy (TSEs), is characterized by spongiform
vacuolation and progressive loss of neuronal structure and
function. It is a fatal neurodegenerative disease that occurs
mainly in the central and peripheral nervous systems and can be
transmitted in animals and humans. The existence of detectable
misfolded prion protein (PrPSc) whose main structure is a
beta-sheet conformation, is the main pathological feature of
prion disease. It is produced by the misfolding of the normal
prion protein (PrPC) which is mainly alpha-helical in structure.

PrPC can be highly expressed in exosomes (Hartmann
et al.,, 2017) and disease-related forms of PrPC are also found
in exosomes and can be ingested by immature cells. This
indicates that exosomes carrying PrPSc can participate in the
transmission of viruses between different tissues and promote
the development of diseases. In addition, the exosome is also
rich in cholesterol, sphingomyelin, and sphingomyelin GPI
anchored proteins (which help PrPSc formation), which may
also participate in protein sorting in the exosome. Studies have
shown that injecting prion-infected exosomes into animals can
successfully spread the disease (Cervenakova et al., 2016).

At present, the most well-known transmission routes of
prions include cell-cell contact, tunnel nanotubes, and exosomes
(Hartmann et al.,, 2017; Cheng et al., 2018; Heisler et al., 2018).
Some studies have shown that PrPSc can come from different
cell types, tissues and infection stages, resulting in different
mechanisms or combinations of prion transmission, which is not
fixed. In other words, there may be multiple prion transmission
mechanisms (Guo et al., 2016).

Present research on the role of miRNAs in exosomes
with infectious prions is not complete, however, in the late
and clinical stages of prion infection, the up-regulation of
miR-142-3p, miR-143-3p, miR-145a-5p, miR-451a, miR-146a-
5p, miR-150-5p, miR-320 and miR-let-7b, as well as the
down-regulation of miR-141-3p, miR-429-3p, all members of
the miR-200 family and 182 other miRNA clusters, have all
been demonstrated (Boese et al, 2016; Cheng et al, 2018;
Shah et al., 2018). The involvement of miRNA in the regulation

of complex gene networks may affect various mechanisms of
prion disease development, but its key impact points and extent
are still unclear.

MiRNAs are valuable as biomarkers of prion diseases,
however, further high-throughput studies are needed to identify
specific the miRNA(s) in bodily fluids which have potential as
biomarkers for the diagnosis and treatment of prion diseases
(Kanata et al., 2018). The up- or down-regulation of miRNA
in prion-infected exosomes may also be altered in other
neurodegenerative diseases, for example, miR-146a-5p, besides
being down-regulated in prion diseases, can also be down-
regulated in serum of patients with primary progression (PPMS)
(Vistbakka et al., 2017), with PD (Wang et al,, 2016), and in
patients with AD.

Understanding the changes of PrPSc and other neurotoxic
proteins in vivo and their relationship with exosome release,
transport, and related miRNA will help us to manage prion-
related diseases from multiple levels (Cheng et al., 2018).

EXOSOMES IN AMYOTROPHIC
LATERAL SCLEROSIS

ALS is a serious neurological disease in which the cortex,
brainstem, and spinal motor neurons are affected by prion-like
misfolded proteins, e.g., superoxide dismutase-1 (SODI1) and
TDP-43, resulting in neurodegeneration and is disease marked
by protein dysfunction without RNA or DNA components (Lee
etal.,, 2016; Maguire, 2017). Symptoms include weakness, muscle
paralysis, atrophy, and eventually respiratory failure, leading
to death. In addition to dysfunction of the motor system,
50% of ALS patients may also have mental illness (Maguire,
2017). The pathophysiology of ALS is complex and there is
currently no definite analysis and explanation, nor effective
therapy. Most experts believe that its influencing factors may
include epigenetics, genetics, stress, poor diet, poor physical
fitness, and various environmental factors (Maguire, 2017). Data
show that about 5-10% of ALS patients are familial and we
can observe important mutations in the SOD1, FUS, TARDBP,
C90RF72, and bone morphogenetic protein modifier genes,
all of which increase the susceptibility for ALS, but it has
been made clear that the SOD1 mutation is the main genetic
factor of ALS (Bonafede et al., 2016; Sohrab et al., 2018).
TDP-43 (a protein that helps regulate gene expression) is the
main pathological feature of ALS and its level in brain tissue-
derived exosomes of ALS patients increases. Central nervous
system cells, such as motor neurons, are particularly sensitive
to the dysfunction of TDP-43 and incorrect folding of TDP-
43 also affects, to some extent, the function of mitochondria
(Maguire, 2017).

It is known that exosomes are involved in the transmission
of TDP-43 protein and Iguchi et al. believe that, although
exosomes contribute to the transmission of TDP-43 proteinosis,
they are also a key way to remove TDP-43 aggregates from the
neurons and primary neurons of ALS patients. They inhibited
the secretion of these exosomes by knocking out the GW4869
or RAB27A gene, which resulted in the aggregation of TDP-43
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in the Neuro2a cells of TDP-43A315T transgenic mice. These
results showed that the inhibition of exosomes aggravated the
disease phenotype of TDP-43A315T mutant transgenic mice,
and aggravated cognitive and motor neuron system dysfunction
(Iguchi et al., 2016). The exosome has proved to be an important
inflammatory mediator of blood mononuclear cells. In ALS, the
exosome can carry TDP-43 protein into the external environment
and be swallowed by mononuclear cells. Some cytokines, such
as IL-6, IL-10, IL-1B and MCP-1, are also secreted reactively
under the stimulation of exosomes containing TDP-43 and
participate in peripheral immune regulation (Zondler et al.,
2017). This illustrates that exosomes associated with ALS exist in
the peripheral circulation and interact with other cells and that
other substances contained in related exosomes have potential
as a biomarker as ALS in addition to TDP-43 protein. As
Saucier et al. noted, increased levels of 5 miRNAs were found
in plasma-derived exosomes from patients with ALS, levels of
22 miRNAs were reduced, and individual related miRNAs such
as miR-183-5p and miR-9-5p, were dysregulated. It has also
been shown that miR-193a-5p and miR-15a-5p are associated
with ALS progression and can contribute toward diagnosis
(Saucier et al., 2019).

EXOSOMES IN HUNTINGTON’S DISEASE

Huntington’s disease (HD) is a progressive dominant hereditary
neurodegenerative disease. It is caused by abnormal amplification
of CAG repeats in Huntington’s gene (HTT) and produces
mutant Huntington protein (mHTT). It has some neurotoxicity
and is one of nine neurodegenerative diseases caused by
polyglutamine (polyQ) amplification, however, the mechanism
of how mHTT ultimately causes HD remains unclear. It is a
great concern that there is no effective means of treatment at
present (Zhang et al., 2016; Lee et al., 2017; Wang et al., 2017).
Typical symptoms of HD include cognitive impairment and
unconscious dance movements (Lee et al., 2017). Although it
has been reported that mHTT can be transmitted across nerves
through “tunneling nanotubes” and/or vesicle mechanisms, there
is no data suggesting that mHTT is directly associated with the
exosome during trans-nervous transmission (Zhang et al., 2016;
Wang et al., 2017).

Zhang and his colleagues used a model culture system to
overexpress the HTT-exon 1 polyQ-GFP construct in 293T cells,
and showed that EV's contain polyQ-GFP protein and amplified
duplicate RNA. Striatal mouse neurons could ingest these EVs,
which led to an increase in polyQ-GFP RNA in the cells, although
it did not exhibit any significant toxicity during the experimental
period. They showed that EVs have the potential to deliver toxic
amplified trinucleotide repetitive RNA and so more work needs
to be done to assess the fate of the transferred RNA/protein and
its potential toxicity to receptor cells. This also seems to indicate
that exosomes can act as scavengers, eliminating polyQ proteins
from cells to help reduce toxicity. These disease-related amplified
RNAs in HD patients’ bodily fluids would seem to be a good
choice for finding biomarkers for monitoring disease progression
and treatment (Zhang et al., 2016). In another study, statistical

analysis revealed that 13 miRNAs were significantly up-regulated
in plasma-derived exosomes of HD patients, such as miR-877-
5p, miR-223-3p, miR-30d-5p, miR-128, miR-22-5p, miR-223-5p,
miR-222-3p, miR-338-3p, miR-130b-3p, miR-628-3p, miR-361-
5p, miR-425-5p, and miR-942 (Kumar et al., 2017).

EXOSOMES IN TRAUMATIC
ENCEPHALOPATHY

Chronic traumatic encephalopathy (CTE) is one of the main
causes of death and disability in the world (Xiong et al,
2017). Severe CTE can lead to long-term motor impairment,
cognitive impairment and even death, however, the molecular
mechanism of neuronal injury and recovery after CTE remains
unclear (Huang et al., 2018; Wang and Han, 2019). Currently,
the diagnosis of CTE relies on neuroimaging methods, such
as magnetic resonance imaging (MRI) and CT scans, and the
Glasgow Coma Scale (GCS) (Manek et al., 2018; Cheng et al,,
2019). Of these the GCS is the most commonly used, but
these diagnostic methods each have their own limitations and
difficulties (Manek et al., 2018), which compels us to look for a
more reliable diagnostic approach.

The symptoms of CTE can be recovered from in the first
year after injury in most cases because about 90% of CTE
patients have mild traumatic brain injury. Unfortunately, most
patients experience repeated mild traumatic brain injury (mCTE)
and thus present with long-term persistent symptoms and even
perpetual cognitive dysfunction (Cheng et al, 2019; Karnati
et al., 2019). At present, it is difficult to differentiate between,
and make a correct diagnosis for, mCTE and CTE (Moyron
et al,, 2017), but it is certain that neurons, vascular injuries, and
inflammatory reactions play key roles in the secondary injury
process (Kenney et al., 2018; Ojo et al., 2019), and that the timing
of each part is also characteristic (Agoston et al., 2017). There are
ongoing efforts to study the pathophysiology mechanism (Manek
et al., 2018; Cheng et al, 2019) and, accordingly, obtaining
efficient and beneficial biomarkers is essential as they can be
used to identify potential pathological changes (Karnati et al.,
2019). Promising results have been achieved in the detection of
markers from CSF. These biomarkers can be used to predict
clinical outcomes, monitor the progression of disease and the
persistent pathobiological changes in CTE (Atif and Hicks, 2019)
and include markers such as S100f, tau proteins, Neuron-
specific enolase (NSE), neurofilament heavy chain protein (NF-
H), myelin basic protein (MBP), spectrin breakdown product,
glial fibrillary acidic protein (GFAP) and its fragments, and pan
C-terminal hydrolase L1 (UCHLI1) (Taylor and Gercel-Taylor,
2014; Wang K.K. et al., 2018). However, the biomarkers in these
cycles appear very unstable (Kawata et al., 2018; Cheng et al,,
2019) and are not very useful in the diagnosis of mCTE.

In addition to these readily soluble proteins obtained by
invasive methods, interesting exosomes were later discovered
and easily quantified (Kenney et al., 2018). As they are part of
intercellular communication mechanisms, they naturally contain
a number of pathologically related biologically active substances.
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Compared to previously found markers, exosomes can better
protect the initial state of the contents from hydrolysis and
better characterize the time line and severity of CTE due to
its two-layer membrane structure (Agoston et al., 2017). In the
pathological state, by analyzing the changes in proteomics and
genomic profiles (Taylor and Gercel-Taylor, 2014; Karnati et al.,
2019) and using cell-specific non-coding RNA (Agoston et al.,
2017), we can identify the exosomes (such as form neurons and
glial cells) which we need to assess the degree of damage and
pathological changes of CTE faster and more accurately. This
non-invasive diagnostic approach offers a novel and exciting
path for painless diagnosis (Cheng et al., 2019) and opens a
new field of study. Studies have indicated that gene expression
in saliva-derived exosomes can be used as a biomarker for
the diagnosis of mCTE and also demonstrated the existence
of a variety of AD-related genes in mCTE patients (Cheng
et al., 2019), moreover, exosomes containing Tau are not only a
circulating biomarker of AD, they also exist as a biomarker of
chronic traumatic encephalopathy after CTE (Ling et al., 2017;
Manek et al., 2018). Kenney et al. measured amyloid beta (AB),
total tau, and phosphorylated tau (p-tau) in plasma and plasma-
derived exosomes from 195 veterans (some patients with chronic
neuropsychological symptoms). When comparing the results of
the mCTE and non-mCTE groups it was found that the exosomes
of mCTE soldiers have elevated levels of p-tau and exosome tau,
which suggests that blood-derived exosomes have the capacity to
be biomarkers of mCTE, and also proved that mCTE is related to
chronic neuropsychological symptoms (Kenney et al., 2018). As a
promising CTE biomarker, exosomes, if used in conjunction with
related physical examinations, will become useful in the early
diagnosis and prediction of injury (Karnati et al., 2019).

CONCLUSION AND OVERVIEW

Exosomes can be used as both therapeutic means and ideal
biological indicators in central nervous system diseases, and of
course, this ability can apply to other diseases as well. The non-
invasive nature of exosome analysis means that it can be safely
used for prenatal evaluation of fetal central nervous system injury
(Goetzl et al,, 2019), and diagnostic testing of elderly patients
(Cicognola et al., 2019).
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Age-related impairment of mitochondrial function may negatively impact energy-
demanding processes such as synaptic transmission thereby triggering cognitive decline
and processes of neurodegeneration. Here, we present a novel model for age-related
mitochondrial impairment based on partial inhibition of cytochrome ¢ oxidase subunit
4 (Cox4) of complex IV of the respiratory chain. miBNA-mediated knockdown of
Cox4 correlated with a marked reduction in excitatory and inhibitory synaptic marker
densities in vitro and in vivo as well as an impairment of neuronal network activity in
primary neuronal cultures. Transcriptome analysis identified the deregulation of gene
clusters, which link induced mitochondrial perturbation to impaired synaptic function
and plasticity as well as processes of aging. In conclusion, the model of Cox4 deficiency
reflects aspects of age-related dementia and might, therefore, serve as a novel test
system for drug development.

Keywords: cytochrome c oxidase, Cox4, mitochondria, aging, synaptic connectivity, neurodegeneration

INTRODUCTION

A large and complex set of parameters contributes to cellular aging including genomic instability,
epigenetic alterations, deregulated nutrient sensing, and impaired proteostasis (Lopez-Otin et al.,
2013). Additionally, an age-dependent decline in mitochondrial function may lead to a decrease
in cellular energy supply and dysregulation of calcium homeostasis. Mitochondrial deficits are
therefore expected to have a strong impact on energy-demanding processes such as synaptic
transmission and might represent a contributing factor for aspects of neurodegeneration (Grimm
and Eckert, 2017), e.g., synaptic dysfunction. In line with this, neurodegenerative diseases such
as Alzheimer’s disease (AD) and Parkinson’s disease (PD) have been linked to mitochondrial
dysfunction that might exacerbate the impact of aging. Likewise, brains from animal models for
aging display a decrease in oxygen consumption as well as ATP production, both tightly linked to
proper mitochondrial function (Xu et al., 2007; Hiona et al., 2010; Stefanatos and Sanz, 2018).

In the case of animal models of familial AD (FAD), that rely on inherited mutations driving
the pathology, mitochondrial impairments occur already early with respect to disease progression
suggesting mitochondrial physiology as an interesting therapeutic target (Hauptmann et al.,
2009; Yao et al., 2009). Accordingly, a FAD model shows a decreased expression of subunit 4 of
cytochrome ¢ oxidase (Cox), also termed complex IV, decreased Cox activity and decreased
mitochondrial respiration in parallel with an increase in oxidative stress (Yao et al., 2009).
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Importantly, activity of Cox was also shown to be reduced in
patients diagnosed with MCI or AD (Mutisya et al., 1994; Parker
and Parks, 1995; Bosetti et al., 2002; Cardoso et al., 2004; Valla
et al., 2006; Selfridge et al., 2013).

Cox is composed of 13 subunits encoded by three
mitochondrial and ten nuclear genes. The complex is the
terminal component of the mitochondrial respiratory chain
and serves for the transfer of electrons to oxygen. Cox4 was
previously suggested to be essential for the assembly of the
cytochrome c¢ oxidase complex and therefore indispensable
for proper respiration and concomitant ATP production
(Li et al., 2006).

Here, we characterize a model for age-related
neurodegeneration based on the downregulation of Cox4. We
show that the model exhibits synaptic loss and altered neuronal
network activity. Furthermore, transcriptomic profiling revealed
deregulation of gene clusters for synaptic function and plasticity
as well as processes of aging.

MATERIALS AND METHODS

Construction of Lentiviral and AAV miRNA

Expression Vectors

Target sequences for the miRNA-mediated knockdown of
Cox4 isoform 1 were identified with the help of the Block-
iT™ RNAi Designer'. Target sequences chosen were AT
AGTCTTCACTCTTCACAAC for miCox79 and TTCTTG
TTGTAGTCCCACTTG for miCox474. Synthetic double-
stranded polynucleotides harboring the target sequences
in a sense-loop-antisense configuration were designed and
ligated into pcDNA™6.2-GW/miR (Thermo Fisher Scientific,
Waltham, MA, USA). All constructs were validated by
sequencing before site-specific Gateway® recombination
(Thermo Fisher Scientific, Waltham, MA, USA) was applied
to transfer miRNA knockdown cassettes from newly generated
pcDNAT™6.2-GW/miR vectors or a negative control miRNA
from pcDNAT™6.2-GW/miR-neg control plasmid (Thermo
Fisher Scientific, Waltham, MA, USA) into pLenti04C/SEW or
pAAV-C1.3_mCherry_attR_WPRE. pLenti04C/SEW was based
on pLenti6/V5-DEST® (Thermo Fisher Scientific, Waltham,
MA, USA), pAAV_C1.3_mCherry_attR_WPRE was generated
from pAAV-CaMKIla-hM3D(Gq)-mCherry (gift from Bryan
Roth; Addgene plasmid #504762; RRID:Addgene_50476).

For the generation of pLenti04C/SEW, CMV promoter
sequences were exchanged for a functional mouse a-CaMKII
promoter fragment via restriction cloning using Clal and
Spel restriction sites on pLenti6/V5-DEST®. V5-epitope,
EM7 promoter and Blasticidin resistance from pLenti6/V5-
DEST® were replaced by an expression cassette driving EGFP
expression under the control of a rat synapsin I promoter
and WPRE using Xhol (PspXI) and BpullO2I restriction
sites (Dittgen et al, 2004). For the generation of pAAV-
C1.3_mCherry_attR_WPRE from pAAV-CaMKIIa-hM3D(Gq)-
mCherry, hM3D sequences were first removed by BamHI

Uhttps://rnaidesigner.invitrogen.com/rnaiexpress/
Zhttp://n2t.net/addgene:50476

digest and subsequent re-ligation of the vector. A Gateway®
recombination compatible cassette from pLenti6/V5-DEST®
containing attR1 and attR2 sites was inserted 3’ to the mCherry
sequence using EcoRV and HindIII restriction sites.

Preparation, Culture, and Treatment

of Primary Neurons

Primary hippocampal or cortical neurons were prepared
from E18 rat embryos of either sex by trypsin digestion and
subsequent trituration of respective tissues (Goetze et al., 2003;
Kriebel et al., 2011). Cells were seeded in serum-free MEM with
B27 supplement (Thermo Fisher Scientific, Waltham, MA, USA)
on polyethyleneimine (PEI) coated 6-Well cell culture plates
(Corning), 96-well wCLEAR® or SENSOPLATE microplates
(Greiner Bio-One) at a density of 2.0 x 10° cells/cm?. At
1 day in vitro (DIV1), the plating medium was replaced by
fresh serum-free MEM with B27 supplement. Cultures were
maintained at 37°C, 5% CO, in either serum-free MEM
with B27 supplement or in BrainPhys™ Neuronal Medium
containing SM1 supplement (STEMCELL Technologies)
depending on the downstream application. A 50% medium
change was performed every other day.

Lentiviral suspensions generated by lipofection of HEK239FT
with lentiviral expression vectors and packaging plasmids pLP1,
pLP2 and pLP/VSVG (Thermo Fisher Scientific, Waltham, MA,
USA) were used to transduce cultured neurons at MOIs up to
10 at DIV2. After the transduction of mouse neuroblastoma
Neuro-2a cells with lentiviral miRNA vectors coexpressing
EGFP, biological titers (TU/ml) were determined by flow
cytometry and detection of transduced, EGFP-positive cells. Each
viral suspension was additionally tested by the transduction of
primary rat neurons to assure quantitative transduction before
in vivo application. AAV suspensions were produced by the
Viral-Core-Facility (VCF) of the Charité—Universititsmedizin
Berlin after the provision of corresponding AAV miRNA
expression vectors. The transduction of cultured neurons was
carried out at DIV2 at MOI of 1 x 10%. SB216763 was applied
at a concentration of 5 WM for 24 h.

Stereotaxic Injection of Lentiviral

Suspensions

Adult female Sprague-Dawley rats (250 g at the time of surgery;
Janvier) were kept in compliance with the European Union
recommendations for the care and use of laboratory animals
and as approved by the responsible German regional council,
respectively. For stereotaxic injection of lentiviral suspensions,
animals were deeply anesthetized with 2-5% isoflurane/oxygen,
followed by s.c. injection of metamizole (50 mg/kg) for
intraoperative analgesia at least 30 min before the start of
surgical procedures. Bilateral injections of 2.5 pl of lentiviral
suspensions (2 x 107 TU/ml) into the dorsal dentate gyrus (AP:
—2.9 mm, ML: £2.5 mm, DV: —4.3 mm; all coordinates relative
to Bregma) were conducted using a Lab Standard™ Stereotaxic
Instrument (Stoelting) connected to a 701 RN Hamilton syringe
(10 w1, 30 gauge, pst 4; CS-Chromatographie Service). Injection
speed was set to 0.2 pl/min. To assure sufficient postoperative
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analgesia, 2 mg/kg meloxicam was administered by s.c. injection
at the end of surgical procedures.

For fixation of brain tissue, animals were deeply anesthetized
with ketamine (100 mg/kg i.p.) and xylazine (10 mg/kg i.p.) and
transcardially perfused with 100 ml of PBS followed by 250 ml
of freshly prepared 4% paraformaldehyde/PBS. Brain tissue was
collected and additionally fixed in 4% paraformaldehyde/PBS at
4°C for 60 min.

Quantitative RT-PCR

Total RNA of primary rat neurons quantitatively transduced
on DIV2 by lentiviral or AAV suspensions was prepared
at DIV14 using RNeasy Mini Kit (Qiagen) according to
manufacturer’s guidelines. DNase digestion as well as cDNA
synthesis were performed according to manufacturer’s protocols
using RQ1 DNase (Promega) as well as M-MuLV reverse
transcriptase (New England Biolabs). Quantitative real-time PCR
was performed on the 7500 Fast Real-Time PCR System (Thermo
Fisher Scientific, Waltham, MA, USA). The following TaqMan®
Gene Expression Assays (Thermo Fisher Scientific, Waltham,
MA, USA) were used: GAPDH (VIC-MGB), Rn01775763_g1;
Cox4 isoform 1 (FAM-MGB), Rn00665001-g1.

Determination of Cell Viability, Induction of
Apoptosis, ATP Content and Mitochondrial

Membrane Potential

Cell viability and induction of apoptosis were determined using
the ApoLive-Glo™ Multiplex Assay (Promega) according to the
manufacturer’s guidelines. ATP content was determined using
the CellTiter-Glo® Luminescent Cell Viability Assay (Promega)
according to the manufacturer’s protocols. For both assays,
primary rat neurons cultivated in 96-well \.CLEAR® microplates
were transduced with lentiviral suspensions at DIV2 and
cultivated until DIV16. Where applicable, cultures were treated
with picomolar concentrations of rotenone 30 min before
measurement. Fluorescence and luminescence were detected
with a Pherastar microplate reader (BMG Labtech).

Changes in mitochondrial membrane potential (MMP)
of rat primary neurons were assessed using JC-10 (Enzo
Life Sciences, Farmingdale, NY, USA). Neuronal cultures in
96-well WCLEAR® microplates were transduced with lentiviral
suspensions at DIV2, cultivated until DIV14 and incubated with
4 WM JC-10 in culture medium containing 0.02% Pluronic F127
(Merck) for 20 min. JC-10 emission ratio (590 nm/525 nm) was
determined with an EnVision 2102 Multilabel Reader. FCCP
(Merck) was added to the cultures after JC-10 labeling before
fluorescence measurements.

Immunocytochemistry,

Immunohistochemistry

Primary rat neurons cultured in 96-well SENSOPLATE
microplates fixed at DIVI6 using 4%
paraformaldehyde/PBS for 10 min at room temperature. After
blocking and permeabilization for 30 min at room temperature
in 0.2% Triton X-100/PBS containing 1x Blocking Reagent
for ELISA (Merck) cells were incubated overnight at 4°C with
primary antibodies diluted in blocking solution. Subsequently,

were

cells were washed three times in PBS before fluorescently labeled
secondary antibodies (1:500; Cy3/Cy5-coupled goat anti-mouse
and goat anti-rabbit, respectively; Dianova) were added for 2 h at
room temperature. Nuclei were stained using Hoechst Dye 33258
(1:1,000 in PBS; Merck). The following primary antibodies were
used: monoclonal mouse anti-Cox4 (Cell Signaling Technology,
Danvers, MA, USA, Cat. No. 11967), monoclonal mouse
anti-gephyrin (Synaptic Systems, Cat. No. 147021), monoclonal
mouse anti-MAP2 (Merck, Cat. No. M1406), polyclonal rabbit
anti-MAP2 (Merck, Cat. No. AB5622), monoclonal mouse
anti-NeuN (Merck, Cat. No. MAB377), polyclonal rabbit
anti-PSD95 (Abcam, Cat. No. ab18258), monoclonal rabbit
anti-PSD95 (Cell Signaling Technology, Danvers, MA, USA),
polyclonal rabbit anti-VGAT (Synaptic Systems, Cat. No.
131003), monoclonal mouse anti-VGlutI (Synaptic Systems, Cat.
No. 135511).

Perfusion-fixed brains were washed in PBS and cut into
free-floating sections using a vibrating microtome set at 70 pm
section thickness (Vibratom VT1000S; Leica Biosystems). After
permeabilization for 1 h at room temperature in 0.6% Triton X-
100/PBS slices were blocked in 1x Blocking Reagent for ELISA
(Merck) for 1 h before being incubated with primary antibodies
overnight at room temperature. Further immunohistochemical
staining of brain slices followed the procedure described above
for primary cells. Specimens were coverslipped on microscopic
slides using Dako Fluorescent Mounting Medium (Dako).

Image Acquisition and Analysis

Confocal fluorescence microscopy was performed using a Zeiss
LSM510 Meta confocal microscope equipped with a 63x
Plan-Apochromat oil immersion objective, NA 1.4 (Carl Zeiss
Microscopy). Confocal image stacks of stained neuronal cultures
and hippocampal slices were recorded with LSM510 software
[microns per pixel (x, y, z): 0.28 pm, 0.28 pm, 0.5 pm]
with excitation and emission settings kept constant during the
recording of sample material from different experimental groups.

Determination of Cox4 Immunoreactivity

in vitro

Protein expression levels of Cox4 in vitro were quantified with
ZEN 2 (Carl Zeiss Microscopy) in confocal images of lentivirally
transduced primary neuronal cultures immunocytochemically
stained against Cox4. To this end, mean gray value intensities
of Cox4 immunoreactivity in 50 pm? somatic regions of
interest (ROI) of EGFP positive neurons were quantified
with the help of ZEN’s measure function. ROIs were placed
in neuronal cytoplasm in confocal z-planes which showed
maximum diameters of neuronal somata.

Determination of Cox4 Immunoreactivity

in vivo

Quantification of Cox4 expression in vivo was carried out on
confocal z-stacks of lentivirally transduced hippocampal tissue
immunohistochemically stained for Cox4 and labeled with the
nuclear dye Hoechst 33258. Image stacks were loaded into
Imaris 8 (Bitplane) and 3-dimensional ROIs of EGFP positive
neuronal cell somata were generated using Imaris’ surface
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creation functionality. Respective ROIs were used to mask EGFP
fluorescent signals and to subsequently generate a new image
channel representative of the somatic EGFP signal (EGFP%°™?)
determined by the ROIs selected. To exclude nuclear regions
from the downstream quantification of Cox4 immunoreactivity,
additional ROIs for neuronal nuclei (positive for Hoechst 33258)
were generated using Imaris’ surface tool and subtracted from
the EGFP*°™® image channel resulting in another image channel
devoid of nuclear regions (EGFPY'°P3™)  Three-dimensional
ROIs of the EGFPYP™ jmage channels generated using
Imaris’ surface tool were finally used to quantify mean gray
value intensities of Cox4 immunoreactivity and to generate
another image channel representing Cox4 immunoreactivity
located inside the cytoplasm of EGFP positive neurons.

Determination of Neuronal Survival in vivo
Quantification of Draq5 positive nuclei in the granule cell layer
of the dentate gyrus was carried out using Imaris’ spots creation
functionality. Confocal image stacks of the hippocampal granule
cell layer immunohistochemically stained for NeuN and labeled
with the nuclear dye Draq5 were loaded into Imaris. Appropriate
values for expected spot size were set (7 pm) and nuclei were
individually detected as spots in defined ROIs [x, y, z (um):
70, 135, 30] inside the granule cell layer. To initially investigate
whether all nuclei present in the granule cell layer were of
neuronal origin, the colocalization of Draq5 signals and the
neuronal marker NeuN was analyzed. First, the number of
Drag5 signals was determined as described above. Resulting spot
structures were used to mask the NeuN channel creating a new
image channel. The new image channel was then used to run a
second round of spot detection detecting only NeuN positive cell
nuclei (see also Supplementary Figure S5). The reliability of the
method described above was confirmed by comparing the results
of a manual count with those of the automated determination.
Analysis of five different confocal z-stacks yielded an accuracy of
the automated protocol of 98.99% [+1.36 (SEM)].

Quantification of Clusters of Synaptic

Marker Proteins

Quantification of immunocytochemically/immuno-
histochemically labeled clusters of synaptic marker proteins
was carried out using confocal z-stacks of either additionally
MAP?2 stained primary rat neuronal cultures or hippocampal
tissue, both transduced with respective lentiviral suspensions.
Twenty micrometer segments of proximal dendrites were
defined as ROIs using Imaris’ surface creation tool and either
MAP2 immunoreactivity (primary neurons) or EGFP expression
(hippocampal tissue). The position of ROIs was solely based
on MAP2 immunoreactivity or EGFP fluorescence to avoid
any bias towards the distribution of synaptic marker protein
staining. Generated ROIs were used to mask image channels of
stained synaptic marker proteins allowing for the isolation of
the corresponding immunoreactivity located in the previously
defined ROIL The number of synaptic marker protein clusters
was then determined using the Imaris’ surface creation tool,
which was applied to the ROI-specific immunoreactive signals
of the synaptic marker protein analyzed.

Calcium Imaging

Cal520®-AM (AAT Bioquest) was originally dissolved in DMSO
containing 20% (v/v) Pluronic® F-127 to yield stock solutions
of 10 mM. At DIV14, primary rat neurons cultivated in 96-well
WCLEAR® microplates and transduced with AAV suspensions
on DIV2 were labeled by incubation with 1 uM Cal520®-AM
in culture medium for 30 min. Subsequently, calcium transients,
i.e,, temporal changes in green fluorescence, were recorded in
complete culture medium using an FDSS/pCell (Hamamatsu).
Raw data was analyzed using FDSS software and Origin 2015
(OriginLab Corporation, Northampton, MA, USA).

Western Blotting

Primary rat neurons were cultivated in 6-well plates and
harvested in lysis buffer (10 mM Tris-HCL pH 7.5, 100 mM
EDTA, 10 mM NaCl, 0.5% (v/v) Triton-X-100, 0.5% (w/v)
Sodium deoxycholate) on ice at DIV16. Protein concentrations
were determined with the Pierce™ BCA Protein Assay Kit
(Thermo Fisher Scientific, Waltham, MA, USA) according to
manufacturer’s guidelines. Lysates were separated by SDS-PAGE
and transferred to a nitrocellulose membrane followed by
incubation with the following primary antibodies: monoclonal
mouse anti-gephyrin (1:1,000; Synaptic Systems), monoclonal
mouse anti-B-actin (1:10,000; Merck). Bound primary antibodies
were detected using fluorescently labeled, mouse-specific
secondary antibodies (Dianova). Corresponding fluorescent
signals were acquired with a Typhoon Trio Variable Mode
Imager (GE Healthcare).

Transcriptome Sequencing

For transcriptome sequencing, primary rat neurons were lysed
in RLT buffer at DIV16 and total RNA was extracted using
the RNeasy Mini Kit (Qiagen). The quality and quantity of
RNA were measured using an RNA 6000 Nanochip on the
2100 BioAnalyzer (Agilent Technologies). Thirty nanogram
of total RNA was converted to ¢cDNA using the Ovation
RNA-Seq System V2 (Nugen Technologies) according to
manufacturer’s protocols. This cDNA was used to construct
libraries for next-generation sequencing using Ovation Rapid
DR Multiplex System (Nugen Technologies) according to
the manufacturer’s protocols. Sequencing was performed on
HiSeq2500 instruments (Illumina) with paired-end sequencing,
100 bp read length, yielding an average of 75 million read pairs
per sample.

Detection of Differentially Expressed

Transcripts

Sequencing data were processed with bcl2fastq (version 1.8.2,
Mlumina) to demultiplex sequencing reads. Sequencing adapters
were trimmed using Skewer [version 0.1.116 (Jiang et al,
2014)]. The trimmed reads were mapped to the rat reference
genome (RNor5, Illumina iGenomes) using STAR [version
2.3.0e_r291 (Dobin et al., 2013)] with default parameters.
Transcription was quantified on Ensembl transcripts [release
75 (Flicek et al., 2014)] and differential expression computed
using Cuffdiff [version 2.1.1 (Trapnell et al, 2013)] based
on the pooled dispersion model and geometric library size
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normalization. Differentially expressed genes were identified at
a significance threshold of p < 0.05 (FDR-corrected p-values) in
two comparisons: (1) miCox79 vs. miCTR; and (2) miCox474 vs.
miCTR. Mayday (Battke et al., 2010) was used for the heatmap
generation. Venn diagrams were generated using InteractiVenn
(Heberle et al., 2015).

Statistics
Statistical analyses (unpaired ¢-test, Mann-Whitney test,
multiple ¢-tests, one-way ANOV A, Kruskal-Wallis test, post hoc-
tests where applicable) were performed with GraphPad Prism 7
(GraphPad Software). Unless stated otherwise, experiments were
carried out three times. Apart from the quantifications in vivo,
results shown are representative of one of three experiments
conducted, which all replicated the respective experimental
findings. For analyses in vivo, three rats per experimental
condition, i.e., lentiviral suspension applied, were used. Error
bars indicate the standard error of the mean (SEM).

All experimental procedures described were conducted
according to standard Dbiosecurity and institutional
safety procedures.

RESULTS

RNAi-Mediated Knockdown of Cox4 for

Modeling Mitochondrial Impairment

A decline of complex IV activity has been detected in
individuals diagnosed with MCI (Mutisya et al, 1994;
Cardoso et al, 2004). To generate a corresponding model
of age-related mitochondrial impairment, we, therefore,
chose to interfere with the expression of subunit 4 (Cox4)
of cytochrome c oxidase, a subunit reported being essential
for assembly and respiratory function of complex IV
(Li et al, 2006). Lentiviral vectors were employed that
expressed Cox4-specific miRNAs, namely miCox79 or
miCox474, or a control miRNA under the control of a
mouse CaMKII promoter, which restricts miRNA expression
to neurons. Furthermore, the expression of EGFP under
the control of a rat synapsin promoter allowed for the
identification of successfully transduced cells in vitro and
in vivo (Figures 1A, 4A). Knockdown efficacies of either
miCox79 or miCox474 were first determined by qRT-PCR
after the quantitative transduction of rat primary neurons
in vitro. miCox79 and miCox474 significantly reduced
Cox4 mRNA levels to 34% and 73% of control transduced cells
(miCTR; Figure 1B). The functionality of both miCox79 and
miCox474 was confirmed on the protein level utilizing
quantitative immunocytochemistry using an antibody specific
for Cox4 (Figure 1C).

A salient problem of interference with components of
the mitochondrial respiratory chain is a potential effect on
general cellular viability. Decreased viability may systemically
and unspecifically affect cell survival and thereby preclude the
analysis of drugs designed to modulate cellular physiology,
e.g., intracellular signaling pathways. An analysis of cell
viability and induction of apoptosis (Figures 1D,E), overall
ATP content and MMP (Supplementary Figures S1A,B)

in cultures of rat primary neurons revealed no significant
differences between Cox4 knockdown and control. However,
ATP content was significantly decreased by up to 15% after
coincubation with a minimum of 20 pM of the complex I
inhibitor rotenone (Figure 1F). In conclusion, our observations
argue for a mild impairment of mitochondrial function after
partial Cox4 knockdown, which was detectable after additional
treatment with rotenone as a second stressor.

Cox4 Knockdown Impairs Synaptic

Connectivity

Synaptic loss is a hallmark of neurodegenerative diseases and
is mechanistically linked to early symptoms like MCI in the
case of AD. We, therefore, determined cluster densities of
synaptic marker proteins Gephyrin and PSD95 on dendritic
segments of rat primary neurons after knockdown of Cox4.
Quantitative immunocytochemistry revealed that miRNAs
for Cox4 knockdown decreased Gephyrin cluster densities,
indicative for GABAergic postsynaptic components, to 60%
and 66%, respectively. PSD95 cluster densities, indicative for
glutamatergic postsynaptic components, were decreased to
49% and 44% (Figures 2A-C). The significant reduction of
synaptic marker densities by two independent miRNAs targeting
Cox4 excluded potential off-target effects.

To additionally confirm that the observed reduction in
synaptic marker densities is not due to an unspecific, toxic effect
of mitochondrial impairment caused by knockdown of Cox4, the
efficacy of drugs suggested to modulate clustering of Gephyrin
was tested. We chose the GSK3B antagonist SB216763 since
GSK3B is known to negatively regulate Gephyrin clustering
(Wuchter et al., 2012; Tyagarajan et al., 2013). Likewise,
the AMPK inhibitor compound ¢ was applied to potentially
upregulate mTOR activity. AMPK, which is a negative regulator
of mTOR, the latter being required for Gephyrin clustering,
becomes activated upon mitochondrial deficits (Wuchter et al.,
2012; Beuter et al., 2016). Neither SB216763 nor compound ¢
significantly modulated Gephyrin cluster densities in rat primary
neurons expressing miCTR. By contrast, inhibition of GSK3f by
SB216763 significantly rescued the effect of Cox4 knockdown on
Gephyrin cluster density number, while compound ¢ remained
ineffective (Figure 2D, Supplementary Figure S2).

The observed reduction in Gephyrin clustering might be a
consequence of reduced Gephyrin expression and/or enhanced
cleavage by the calcium-dependent protease calpain after
the Cox4 knockdown (Tyagarajan et al, 2013). However,
Western Blot analysis revealed that Gephyrin protein levels
remained unaffected after knockdown of Cox4 (Supplementary
Figure S3).

In summary, partial knockdown of Cox4 expression in vitro
reduced the densities of excitatory as well as inhibitory synaptic
markers. Furthermore, the observed decrease in Gephyrin
cluster density is explained most likely by dissociation of
Gephyrin scaffolds from postsynapses rather than a depletion of
Gephyrin molecules.

The observed loss of essential synaptic components might
result in neuronal network perturbations at the functional level.
Therefore, calcium transients were measured in rat primary
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FIGURE 1 | Neuron-specific knockdown of Cytochrome C Oxidase subunit 4 (Cox4). (A) Determination of lentiviral transduction efficiency, i.e., percentage of cells
positive for both virally expressed EGFP and neuronal marker Microtubule-associated protein 2 (MAP2). Micrographs depict confocal images of a rat primary
neuronal culture transduced with Lenti04CmiCox79/SEW (miCox79) and counterstained for MAP2. n = 10 images for all groups. (B,C) Knockdown of rat

Cox4 expression as assessed by quantitative real-time PCR (B) and single-cell quantitative immunocytochemistry (C) in lentivirally transduced primary rat neurons
in vitro. One-way ANOVA, Dunnett’s multiple comparisons test. **p < 0.001; *p < 0.01. n = 6 wells for all groups (B). Kruskal-Wallis test, Dunn’s multiple
comparisons test. ***p < 0.001; **p < 0.01. n = 25 cells for all groups (C). (D,E) Determination of cell viability and activated caspase 3/7 (ApoLive-Glo™ Multiplex
Assay) in cultures of rat primary neurons after lentiviral transduction with either miCTR, miCox79 or miCox474 expressing lentiviral vectors. One-way ANOVA,
Dunnett’s multiple comparisons test. n.s., not significant. n = 6 wells for all groups. (F) Determination of ATP content in primary rat neurons transduced with miCTR
or miCox79 expressing lentiviral vectors and treated with picomolar concentrations of rotenone for 30 min before measurement. Multiple t-tests. ***p < 0.001;
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neurons loaded with the synthetic calcium sensor Cal520®-
AM. miCox79 and miCTR sequences were expressed after
transduction via AAV vectors (Figure 3A). Coexpression
of mCherry (transduction control) and functionality of
miCox79 was assured using fluorescence microscopy and
qRT-PCR analysis of transduced cultures (Figure 3B,
Supplementary Figure S4). At 14 DIV, control cultures
displayed robust network activity as shown by rhythmic and
synchronized peaks (Figure 3C, upper panel). In the presence
of Cox4 knockdown (Figure 3C, lower panel), the rhythmicity
of network activity decreased while network synchronicity
was retained. Accordingly, calculation of the coefficient of
variation (CV) of peak-to-peak interval revealed a significant
increase in the case of Cox4 knockdown, while no difference was

found between untransduced and miCTR transduced cultures
(Figure 3D). Determination of peak rates (peaks/minutes)
showed no significant differences between untreated and miCTR
or miCox79 expressing cultures (Figure 3F), pointing towards
high peak frequencies in episodes of elevated network activity in
the case of Cox4 knockdown (Figure 3C, lower panel). Indeed,
quantification of peak-to-peak intervals filtered for intervals
shorter than 10 s to address episodes of elevated network
activity revealed a highly significant decrease in the duration of
peak-to-peak intervals for miCox79 expressing cultures when
compared to either untreated or control transduced cultures
(Figure 3E). In summary, the decrease in synaptic density after
knockdown of Cox4 described above coincides with decreased
network rhythmicity.
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FIGURE 2 | Synaptic loss in vitro after knockdown of Cox4. (A) Micrographs of cultured primary rat neurons transduced with lentiviral suspensions for the
expression of either miICTR, miCox79, or miCox474 and stained for neuronal markers MAP2, Gephyrin (Geph), and PSD95, respectively. The respective left images
(EGFP/Geph, EGFP/PSD95) represent maximum intensity projections (MIP) of confocal z-stacks. The remaining tiles depict neuronal cultures after surface rendering
using immunofluorescent signals of marker proteins indicated. Segmentation of Gephyrin and PSD95 positive immunofluorescent signals was carried out on 20 um
segments of primary dendrites (dashed boxes). Scale bars, 20 wm, and 2 nwM, respectively. (B,C) Quantification of Gephyrin and PSD95 cluster densities on 20 um
segments of primary dendrites of hippocampal neurons transduced as indicated. n = 39 dendritic segments for all groups. Kruskal-Wallis test, Dunn’s multiple
comparisons test. “**p < 0.001; **p < 0.01. (D) Quantification of Gephyrin cluster densities on 20 um segments of primary dendrites. Hippocampal neurons were
transduced with lentiviral suspensions and treated with pharmacological inhibitors as indicated. SB, SB216763 (GSK3 inhibitor); CC, Compound C (AMPK inhibitor).
Kruskal-Wallis test, Dunn’s multiple comparisons test. ***p < 0.001. ns, not significant. n = 40 dendritic segments for all groups.

Knockdown of Cox4 Induces Synaptic
Loss in vivo

Employing stereotaxic injections of lentiviral suspensions
into the dentate gyrus of the hippocampus of adult female
rats we wanted to further examine potential effects of a
knockdown of Cox4 with respect to neuronal survival or
synaptic connectivity in vivo. Successful transduction of
hippocampal neurons and subsequent neuronal expression
of EGFP led to prominent labeling of the dentate gyrus
which allowed for a clear identification of its granule cell

layer and molecular layer (Figure 4A). We detected a
spread of viral transduction, i.e., EGFP-positive neurons,
1-2 mm in the anterior-posterior direction. Using quantitative
immunohistochemistry, the successful knockdown of Cox4 was
confirmed in somata of transduced granule cells (66% and
87% of residual Cox4 immunoreactivity for miCox79 and
mi474, respectively; Figures 4B,C). Of note and underlining
the findings in vitro, partial Cox4 knockdown did not show
any detectable impact on neuronal survival in vivo 4 weeks
after lentiviral transduction (Figures 4D-G) as assessed by
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FIGURE 3 | Altered network rhythmicity after knockdown of Cox4. (A) Structure of AAV constructs for bicistronic expression of mCherry and miRNA sequences
under the control of a functional mouse a-CaMKII promoter fragment. Respective miRNA sequences are transferred by Gateway cloning. ccdB, ccdB gene; CmR,
Chloramphenicol resistance; ITR, inverted terminal repeats; WPRE, Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element. (B) Successful transduction
of rat primary neurons using both AAV_C1.3_mCherry_miCTR_W (miCTR) and AAV_C1.3_mCherry_mi79_W (miCox79) viral suspensions as assessed by mCherry
expression. Scale bar, 50 um. (C) Recordings of intracellular calcium levels indicative of neuronal network activity after transduction of primary rat neurons with either
mICTR or miCox79 expressing AAVs. Intracellular calcium transients were detected using Cal-520® AM. Each graph depicts the Cal-520® AM intensity (F/FO ratio)
recorded from one well of a 96-Well plate using Hamamatsu’s FDSS/CELL. (D-F) Quantification of peak-to-peak interval coefficient of variation (CV), peak-to-peak
interval [s] filtered for intervals <10 s, and average peak rate (peaks/min) from recorded cultures transduced as indicated. One-way ANOVA, Dunnett’s multiple
comparisons test, n = 6 wells for all groups in (D,F). (E) Kruskal-Wallis test, Dunn’s multiple comparisons test, n = 168 (n.t.), 367 (MiCTR), and 321 (MiCox79) from

six wells each. ***p < 0.001. ns, not significant; n.t., not treated.

the number of neuronal somata in the granule cell layer.
We further assessed whether the phenotype of reduced
synaptic connectivity could be reproduced in vivo. To this
end, brain slices obtained from stereotaxically injected rats
were prepared for immunohistochemistry 4 weeks after
surgery and stained for inhibitory as well as excitatory pre-
and postsynaptic markers. Z-stacks of the dendritic trees of
hippocampal granule neurons extending into the molecular
layer of the dentate gyrus were recorded by confocal laser
scan microscopy and submitted to 3D reconstruction and
quantification of clusters of synaptic marker proteins (Figure 5).
Concurrent to our findings in primary cultures in vitro, both
miCox79 and miCox474 significantly reduced the densities of
postsynaptic Gephyrin (75% and 71%) and PSD95 clusters
(62% and 61%) compared to controls (Figures 5C,D).
Moreover, presynaptic clusters of VGAT (67% and 78%)
and VGIuT (71% and 68%) were also diminished in number
(Figures 5E,F). Thus, pre- and post-synaptic markers of
excitatory and inhibitory synapses were significantly reduced
after Cox4 knockdown in vivo. In conclusion, our in vivo
findings strongly corroborate the in vitro phenotype of impaired

synaptic connectivity and underscore the validity of the in vitro
test system.

Transcriptome Analysis

We analyzed the transcriptomes of lentivirally transduced
primary neuronal cultures to further assess phenotypic
changes after the Cox4 knockdown. As compared to
controls (miCTR), miCox79 and miCox474 significantly
induced upregulation of 612 and 207 annotated genes,
respectively. 567 (miCox79) and 274 genes (miCox474)
were found to be significantly downregulated (Figure 6B,
Supplementary Table S1). Of note, 173 downregulated
and 104 wupregulated transcripts were independently
identified in both miCox79 and miCox474 samples. This
already accounted for 63% of all downregulated and 50%
of all upregulated transcripts found in miCox474. In
addition, plotting of the top 10 downregulated and top
10 upregulated genes for miCox79 and miCox474 revealed
clear segregation from transcriptomic signatures of
miCTR treated samples (Figure 6A). As expected,
Cox4 expression was downregulated after the expression of
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FIGURE 4 | (A) Successful transduction of granule cells of the dentate gyrus in vivo as shown by EGFP expression after injection of Lenti04CmiCTR/SEW. Dashed
boxes indicate the areas of analysis for 1. Determination of Cox4 expression (B,C) and neuronal survival (D=G), i.e., the granule cell layer, and 2. assessment of
synaptic connectivity (Figure 5), i.e., the molecular layer of the suprapyramidal blade. Scale bar, 200 wm. (B) Knockdown of rat Cox4 expression as assessed by
single-cell quantitative immunohistochemistry in hippocampal granule cells after stereotaxic injection of respective lentiviral suspensions in vivo. One-way ANOVA,
Dunnett’s multiple comparisons test. ***p < 0.001; *p < 0.05. n = 40 cells for miCTR, n = 42 cells for miCox79, and n = 25 cells for miCox474. (C) MIP of confocal
image stacks from hippocampal granule cells after transduction with miCTR or miCox79 expressing lentiviral vectors. Asterisks mark successfully transduced granule
cells (EGFP positive) selected for quantification of Cox4 immunoreactivity. Scale bars, 10 pm. (D) High percentage of neuronal cells (98%) in the granule cell layer of
the dentate gyrus of the rat, as shown by the NeuN labeling of Dragb stained nuclei. Unpaired t-test. n.s., not significant. n = 3 animals. Average number of nuclei
detected per animal (12 confocal stacks): 653 (Drag5), 629 (Drag5/NeuN). Neuronal cell numbers are not affected under either control (E) or Cox4 knockdown
conditions (F). Unpaired t-test. n = 3 animals for both groups in (E,F). n.s., not significant. Average number of nuclei detected per animal (12 confocal stacks) in (E):
648 [n.t. (not treated)], 672 (MICTR). Average number of nuclei detected per animal (15 confocal stacks) in (F): 857 (miCTR), 820 (miCox79). (G) Dashed box
indicates the region of interest (ROI) delineating the granule cell layer which was used for quantifications in (D-F). Scale bar, 10 pm.

both miCox79 or miCox474. Moreover, we also identified Deregulated genes were assigned to gene ontology (GO)

further deregulated genes related to complex IV after expression
of miCox79, the miRNA with higher efficacy over miCox474
(downregulated: Cox14, UniProtKB=Q5XFV8); upregulated:
Cox6A2, UniProtKB=P10817; Cox11, UniProtKB=MOREO03;
Cox18, UniProtKB=D4A568).

clusters with the help of the PANTHER classification tool®
[(Mi et al, 2013); annotation data sets: biological process
complete, cellular component complete; GO Ontology database

3http://www.pantherdb.org
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FIGURE 5 | Synaptic loss in vivo after knockdown of Cox4. Micrographs of hippocampal granule neurons transduced with lentivirus expressing EGFP and miCTR
or miCox79 and stained for synaptic markers Gephyrin (Geph) and VGAT (A) or PSD95 and VGIUT (B). The respective left images (EGFP/Geph, EGFP/VGAT,
EGFP/PSD95, EGFP/VGIUT) represent MIP of confocal z-stacks. The remaining tiles depict hippocampal granule neurons after surface rendering using
immunofluorescent signals of the marker proteins indicated. Segmentation of synaptic markers was carried out on 20 pm dendritic segments (dashed boxes). Scale
bar, 2 pm. (C-F) Quantification of Gephyrin, PSD95, VGAT, and VGIUT cluster densities on 20 pm segments of primary dendrites of hippocampal granule neurons
transduced as indicated. Shown are combined results from three (MICTR, miCox79) and two animals (miCox474), respectively. Kruskal-Wallis test, Dunn’s multiple
comparisons test. **p < 0.001; *p < 0.01; *p < 0.05. (C) n = 150 for MiCTR and miCox79, n = 145 for miCox474; (D-F) n = 90 for miCTR and miCox79,

n = 60 for miCox474.

released 2020-01-03]. GO clusters obtained (FDR < 0.05;
Supplementary Table S1) were aligned between miCox79 and
miCox474 treated samples to identify clusters significantly
and independently enriched after application of both miRNAs
pointing towards a specific effect of Cox4 knockdown. 456
common GO clusters for biological processes emerged using
either (miCox79, miCox474) list of downregulated genes,

71 GO clusters were identified for cellular components. These
numbers made up 77% and 92% of all clusters identified for
miCox474, respectively. In comparison, only three common
GO clusters for biological processes and nine common
GO clusters for cellular components were found based on
upregulated genes (60% and 90% of all clusters identified for
miCox474, respectively).
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FIGURE 6 | Transcriptomic alterations after knockdown of Cox4. (A) Heatmap of top differentially expressed genes. The top 10 downregulated and top
10 upregulated genes (by fold change between conditions) were selected both for miCox79 and miCox474. Due to overlap in the lists between the miCox79 and
miCox474 conditions, 34 genes are included in the plot. Individual replicates are shown for each condition, log2 foldchange normalized to the average of the
expression in all MiICTR replicates is shown on a sigmoid red-blue gradient. Genes are sorted by hierarchical clustering on normalized log2 fold changes (euclidean
distance). *no gene symbol associated. (B) Venn diagrams showing the distribution of differentially expressed transcripts following miCox79 or miCox474 treatment
compared to control (MICTR). (C) PANTHER gene ontology (GO) analysis (statistical overrepresentation test) based on mRNAs significantly deregulated after the
Cox4 knockdown. Selected GO clusters from annotation data set “biological process” and “cellular component” are shown, that were identified in both miCox79 and
miCox474 datasets [Fisher’s exact test, false discovery rate (FDR) calculation]. For a complete list of GO clusters identified for miCox79 and miCox474 see
Supplementary Table S1. down/up, GO clusters identified based on a list of downregulated and upregulated transcripts, respectively.

GO clusters found after assignment of downregulated
genes were linked to synaptic function, cellular responses to
oxidative stress, as well as aging. This is in line with our
working hypothesis that an age-related decline of mitochondrial
function is linked to synaptic impairments that are faithfully
reproduced in our model (Figure 6C). Findings in the annotation
data set biological process complete was paralleled by the
GO cluster “synapse” (GO:0045202) for cellular components.
Besides, genes belonging to the GO cluster “mitochondrion”
(GO:0005739) were identified as significantly overrepresented
in both miCox79 and miCox474 lists of downregulated genes.
Concerning upregulated genes, the appearance of the cluster
“synapse” (GO:0045202) underlines a dysregulation of genes
involved in synaptic functioning as GO clusters for synaptic
functions and cellular compartment were also identified in lists
of downregulated genes.

DISCUSSION

Here, present a novel model for age-related

neurodegeneration based on mitochondrial impairment through

we

partial inhibition of Cox4 expression. The model displays
construct validity by interfering with complex IV known to be
impaired in AD. Face validity is suggested by reduced synapse
numbers and transcriptomic profiles that highlight aspects of
age-related neuronal dysfunction. Thus, the Cox4 knockdown
model appears to be a useful tool for phenotypic drug
testing in the context of neuronal malfunction caused by
mitochondrial impairment.

Aging is linked to mitochondrial dysfunction and
concomitant cognitive decline (Trifunovic and Larsson,
2008). Therefore, interference with mitochondrial function
and synaptic stability appears to be a reasonable starting point
for the development of a new model for age-related dementia.
Reduced synaptic connectivity in conjunction with a loss in
spatial memory is the most salient symptom associated with
dementia in general and AD (Lithfous et al., 2013; Spires-Jones
and Hyman, 2014). Further, the course of AD is characterized
by a loss of synaptic plasticity and connectivity before cell
death occurs (Terry et al., 1991; Coleman and Yao, 2003). Our
Cox4 knockdown model shows reduction of synaptic markers
in conjunction with altered neuronal network rhythmicity
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in vitro suggesting a representation of impaired synaptic
connectivity as observed in neurodegenerative phenotypes.
Direct measurements of mitochondrial function and integrity
like ATP content or MMP did not show major abnormalities
under basic load. However, co-treatment of neuronal cultures
with picomolar concentrations of the complex I inhibitor
rotenone revealed reduced levels of ATP in the presence of
Cox4 knockdown. Synaptic transmission is considered a cellular
process with a particularly high-energy demand. Failure of
mitochondria to respond to peaks of energy demand because of
a diminished spare respiratory capacity might lead to synaptic
malfunction and subsequent synaptic loss as observed in our
model in vitro as well as in vivo. Our in vitro model is likely
to reflect pathogenic phenotypes only partially due to an early
developmental stage of the neurons cultured as well as an
unknown absolute and spatial representation of interneurons.
However, results obtained using calcium imaging document
alterations in synaptic transmission, ie., overall network
rhythmicity, after synaptic loss. At his stage, however, it is
unclear, whether this parameter is predictive for the action
of drugs.

In a previous report, a similar strategy to reduce complex
IV activity was applied (Diaz et al., 2012). The Cox10 subunit
of cytochrome ¢ oxidase was deleted in conditional knockout
mice after CRE expression under the control of the CaMKII
promoter. These mice showed reduced survival starting at month
4 after birth and died between months 8 and 12 probably
due to cortical atrophy. Accordingly, Cox10 interference was
considered as a model for encephalopathy and was not applicable
as a model for age-related dementia. Our model based on partial
Cox4 downregulation in mature, tightly integrated neurons
appeared to be less harmful since no loss of transduced
neurons was observed in vivo throughout the investigation.
Possible effects of Cox4 knockdown at later stages than tested
in this report would have to be determined in subsequent
studies. Likewise, an application of Cox10 interference for the
development of in vitro test systems remains to be assessed.

Transcriptomic analysis disclosed changes in gene expression
after the Cox4 knockdown that nicely correlated with our
findings regarding impaired synaptic connectivity in vitro and
in vivo. Deregulated transcripts identified in both miCox79 and
miCox474 groups comprised important players of synaptic
plasticity such as the transcription factor Egrl, the motor
protein Myo6 enriched at the postsynaptic density and the serine
proteinase tissue-type plasminogen activator (Plat). For Egrl,
decreased expression has been reported in aged animals and
models of AD correlating with associated deficits in synaptic
plasticity (Koldamova et al., 2014; Penner et al., 2016). Also,
analysis of post-mortem brain tissue from non-demented
controls and individuals with AD revealed changes in
Egrl expression corresponding with disease progression
(Hu et al.,, 2019). Interference with Myo6 function, necessary
for proper postsynaptic AMPA receptor trafficking, was shown
to reduce synaptic numbers and impair AMPA receptor
recruitment to postsynaptic sites (Wu et al., 2002; Osterweil
etal., 2005; Nash et al., 2010). Likewise, a role for the stabilization
of postsynaptic AMPA receptors has been assigned to Plat and

the tPA-plasmin system (Diaz et al., 2019), the activity of which
is decreased in aged individuals and existing models of AD
(Ledesma et al., 2000; Melchor et al., 2003).

Besides further emphasizing our model’s phenotype of altered
synaptic connectivity, clusters of deregulated genes also shared
additional similarities with gene expression patterns observed in
AD. These comprised key players of the glutathione metabolic
process, e.g., members of the Gst-superfamily, which have been
reported to show decreased activity also in AD possibly leading to
increased oxidative stress, a process that precedes AD hallmarks
like the formation of senile plaques (Lovell et al., 1998; Ansari and
Scheff, 2010). In this regard, further studies would be required
to determine the degree of cellular oxidative stress after the
Cox4 knockdown.

Since, our model did not display neuronal loss and showed
responsiveness to pharmacological treatment as exemplified by
inhibition of GSK3p, phenotypes observed are unlikely to be
the consequence of decreased general cellular viability. We,
therefore, propose partial knockdown of Cox4 as a novel
strategy to model early phases of age-related neurodegeneration
characterized by impaired synaptic connectivity.
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Schizophrenia is a psychiatric disorder affecting ~1% of humans worldwide. It is earlier
and more frequently diagnosed in men than woman, and men display more pronounced
negative symptoms together with greater gray matter reductions. Our previous findings
utilizing a maternal immune activation (mIA) mouse model of schizophrenia revealed
exacerbated anxiety-like behavior and sensorimotor gating deficits in adult male
offspring that were associated with increased microglial reactivity and inflammation in
the hippocampal dentate gyrus (DG). However, both male and female adult offspring
displayed stereotypy and impairment of sociability. We hypothesized that mIA may lead
to sex-specific alterations in microglial pruning activity, resulting in abnormal synaptic
connectivity in the DG. Using the same mIA model, we show in the current study
sex-specific differences in microglia and synapses within the DG of adult offspring.
Specifically, microglial levels of cluster of differentiation (CD)68 and CD11b were
increased in mIA-exposed females. Sex-specific differences in excitatory and inhibitory
synapse densities were also observed following mlA. Additionally, inhibitory synaptic
tone was increased in DG granule cells of both males and females, while changes
in excitatory synaptic transmission occurred only in females with mlA. These findings
suggest that phagocytic and complement pathways may together contribute to a sexual
dimorphism in synaptic pruning and neuronal dysfunction in mlA, and may propose
sex-specific therapeutic targets to prevent schizophrenia-like behaviors.

Keywords: microglia, schizophrenia, maternal immune activation, complement, dentate gyrus, phagocytosis,
mice
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Hui et al.

Hippocampus Sex Differences Following mIA

INTRODUCTION

Schizophrenia is a psychiatric disorder that affects ~1% of
humankind. It is more frequently diagnosed in men than
women; additionally, men are more likely to have an earlier
age of disease onset and experience more negative symptoms
(Mendrek and Mancini-Marie, 2016). Microglia, yolk-sac derived
innate immune cells that inhabit the brain early during
development, potentially contribute to these sex differences.
Microglia are required for proper brain development, plasticity
and homeostasis (Tian et al., 2017). Their pruning of synapses
can be mediated through the complement (C) 3/Clq pathway
(Stevens et al., 2007; Paolicelli et al., 2011; Schafer et al., 2012),
which may contribute to an inadequate synaptic maintenance
when abnormally active in disease (Druart and Le Magueresse,
2019). In response to changes in homeostasis, microglia can
acquire reactive phenotypes, in which they increase their
secretion of inflammatory cytokines and neurotrophic factors,
as well as modify their phagocytic activity (Kettenmann et al,,
2011; Cherry et al., 2014). Microglial alterations were reported
throughout the post-mortem brains of schizophrenia patients,
specifically an increase in ionized calcium binding adaptor
molecule (IBA) 1-immunopositive (+) cells (Mongan et al,
2019). Animal models of schizophrenia induced by maternal
immune activation (mIA) show microglial alterations (Juckel
et al, 2011; Ratnayake et al, 2012; Pratt et al, 2013; Van
den Eynde et al., 2014; Giovanoli et al., 2016). Our previous
work revealed overall sex differences in microglial density, and,
utilizing a polyinosinic:polycytidylic acid (poly I:C) mIA mouse
model, increased morphological index (soma area/arborization
area) and interactions with synapses in the hippocampal
dentate gyrus (DG) of adult male offspring, correlating with
schizophrenia-like behavioral deficits (Hui et al., 2018).

In addition to sex differences in schizophrenia, there is
significant sexual dimorphism in embryonic migration, gene
expression and function of microglia throughout life (Bordeleau
et al., 2019). Microglial density and morphology differ between
sexes in the rat hippocampus: at embryonic day (E) 17 there are
no sex differences, but at postnatal (P) 0, females show increased
numbers of ameboid and stout microglia; whereas at P4, males
have more ameboid, stout and non-ramified microglia; then at
P30 and P60, females display more abundant microglia with
longer or ramified processes (Schwarz et al., 2012). Microglial
phagolysosomal activity is sexually dimorphic in the mouse
hippocampus: females at P3 have greater numbers of microglia

Abbreviations: ACSE, artificial cerebrospinal fluid; C, complement; CD, cluster
of differentiation; CR3, complement receptor 3; DAPI, 4',6-diamidino-2-
phenylindole; DG, dentate gyrus; E, embryonic; GABA, gamma aminobutyric
acid; GC, granule cells; GFAP, glial fibrillary acidic protein; GL, granule cell
layer; IBA, ionized calcium binding adaptor molecule; i.p., intraperitoneal;
MAP, microtubule-associated protein; mEPSC, miniature excitatory post-synaptic
currents; mIA, maternal immune activation; mIPSC, miniature inhibitory
post-synaptic currents; P, postnatal; PBS, phosphate buffered saline; PFA,
paraformaldehyde; PL, polymorphic layer; poly I:C, polyinosinic:polycytidylic
acid; ROI, region of interest; RT, room temperature; S, supplementary; SEM,
standard error of the mean; TBS, tris buffered saline; TEM, transmission electron
microscope; VGAT, vesicular GABA transporter; VGLUT, vesicular glutamate
transporter; 3-NT, 3-nitrotyrosine.

with phagocytic cups in which cluster of differentiation (CD) 68,
a marker of phagolysosomal activity, colocalizes with neuronal
elements (Nelson et al., 2017); while females at P8 and males
at P28 have greater staining intensity for CD68 (Weinhard
et al., 2018). Based on these findings, we hypothesized that mIA
induced with poly I:C may lead to sex-specific alterations in
microglial phagocytosis, resulting in abnormal synaptic pruning
in the DG, leading to the behavioral outcomes observed at
adulthood. The DG is a region that is greatly affected by
schizophrenia, as neuroimaging reports show reduced volumes
in patients and animal models (Tavitian et al., 2019). There is
also a potential arrestment of maturation of granule cells (GCs)
in the DG in both patients with and potentially in animal models
of schizophrenia (Tavitian et al., 2019), which may be the result of
defective synaptic elimination (Feinberg, 1982). We examined in
this study changes in microglial phagocytic markers, complement
system, neuronal oxidative stress, as well as synaptic density and
activity in the DG of adult male and female mouse offspring
exposed to mIA at E9.5.

MATERIALS AND METHODS

Animals

Animals were housed under a 12 h light-dark cycle at 22-25°C,
with free access to food and water. Experimental animals were
generated from C57Bl/6 mice (Charles River). All experiments
were approved by Université Laval’s animal ethics committees,
according to the Canadian Council on Animal Care’s guidelines.

Poly I:C Maternal Immune Activation
Model

Infection was simulated by intraperitoneal (i.p) injection of
poly I:C potassium salt (Sigma-Aldrich, P9582) (5 mg/kg in
sterile saline) at E9.5 as described (Hui et al., 2018). A vehicle
control group received sterile saline. Each analysis included
animals from three to five litters. Two to five mice per sex/group
were housed together until behavioral testing from P60 to P80
followed by sacrifice 48 h later (cohorts 1 and 2; detailed
in Hui et al, 2018), or sacrifice at P80-90 (cohort 3 for
electrophysiology). Cohorts 1 and 2 mice were anesthetized
with ketamine-xylazine (80/10 mg/mL), then cohort 1 mice
were transcardially perfused with ice-cold phosphate buffered
saline (PBS; 50 mM, pH 7.4). Right hemisphere hippocampi
were dissected and kept at —80°C for molecular studies. Left
hemispheres were fixed by immersion in 4% paraformaldehyde
(PFA; Electron Microscopy Sciences) at 4°C overnight. Cohort
2 mice were transcardially perfused with 0.2% glutaraldehyde
(Electron Microscopy Sciences)/4% PFA.

Fluorescent Immunohistochemistry

Left hemispheres were sectioned longitudinally at 30 pm
using a cryostat. Sections containing the dorsal hippocampal
DG (Bregma 0.36-1.00) (Paxinos and Watson, 1998) were
processed for fluorescent immunohistochemistry. Sections were
incubated in 0.1 M citrate buffer at 85°C for 8-10 min
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for antigen retrieval. After the slides cooled, they were
washed with PBS and incubated in blocking buffer for 1 h
at room temperature (RT). Sections were then incubated
with primary antibodies overnight at 4°C, rinsed in PBS
and incubated with secondary antibodies for 2 h at RT
(see Supplementary Table S1 for antibody information).
Sections were then washed in PBS, counter-stained with

4',6-diamidino-2-phenylindole (DAPI) (1:20,000; Thermo
Fisher Scientific) and coverslipped in Fluoromount-G
(SouthernBiotech).

Confocal Imaging
All imaging analyses were performed by an investigator unaware
of experimental conditions.

Confocal Imaging and Quantitative Analysis of
Microglia, Astrocytes and Neurons

Using a Quorum WaveFX Spinning disc confocal microscope,
Z-stacks (~50 slices, Az = 0.5 pm) were acquired at 20x
magnification with an ORCA-R2 camera (Hamamatsu, 1,344 X
1,024 pixels) in two regions of interest (ROI) in the DG for
each section, covering the GCs layer (GL) and polymorphic
layer (PL). Two sections per animal were imaged and the results
averaged. Focus stacking was performed with Volocity (Version
5.4, PerkinElmer). Colocalization of CD68 in IBA1+ microglia
was assayed with Image] (National Institutes of Health). Twenty
to thirty microglia were analyzed per animal. The analysis focused
on cell bodies, as staining was diffuse in processes. Data are
presented as CD68 counts per IBAI+4 microglial cell. Signal
intensity was assayed for glial fibrillary acidic protein (GFAP),
Clq, C3, CDI11b, and 3-nitrotyrosine (3-NT) using Image].
For each combination of antibodies, sections were imaged with
the same laser intensity and were quantified using the area
measurement tool keeping the threshold values constant. Data
are expressed as percent area.

Confocal Imaging for Synaptic Density and Staining
Intensity Analysis

Confocal imaging of the DG was performed with a Carl Zeiss
LSM-800 laser scanning confocal microscope. Z-stacks (15 steps
(Az=0.33 pm) were acquired using a Plan-Apochromat 63 x/1.4
oil immersion objective (1,024 x 1,024 pixels). Two regions of
interest (ROI) were imaged in the PL of two to three sections
per animal. Synaptic puncta analysis was performed manually
with Image]J in locations devoid of DAPI staining. For inhibitory
puncta analysis, a ROI of 30 x 30 pm was selected. Vesicular
gamma aminobutyric acid (GABA) transporter (VGAT) and
gephyrin puncta were counted individually before merging
channels to count overlapping puncta. For excitatory puncta
analysis, a ROI of 20 x 20 pm was selected. Maximum
intensity projections were created from 4 z-steps. All puncta
were counted in individual channels for Homerl and vesicular
glutamate transporter (VGLUT) 1 before merging channels to
identify overlap. See Supplementary Materials and Methods for
additional information.

Tissue Preparation and
Immunoperoxidase Signaling for

Electron Microscopy

Fifty micrometer transverse sections from Bregma 2.12-1.64
(Paxinos and Watson, 1998) were cut using a vibratome.
They were processed as described (Bisht et al., 2016). Briefly,
sections were washed in Tris-buffered saline (TBS), quenched,
and processed for CD68 immunostaining. They were blocked
and incubated overnight in primary antibody (Supplementary
Table S1) at 4°C, washed, incubated with secondary antibody
for 1.5 h at RT, and then incubated with ABC Vectastain (1:100;
Vector Laboratories, #PK—6100), diaminobenzidine (0.05%) and
hydrogen peroxide (0.015%). The sections were post-fixed in
1% osmium tetroxide, dehydrated in ethanol, and embedded
with Durcupan at 55°C for 72 h. Areas of the DG (PL and
GL) were cut at 70-80 nm using an ultramicrotome (Leica
Ultracut UC7?). Ultrathin sections were examined at 80 kV with a
FEI Tecnai Spirit G2 transmission electron microscope (TEM).
Imaging was performed at 6,800X, using an ORCA-HR digital
camera (10 MP; Hamamatsu). Dark neuronal cell bodies and
dendrites were identified ultrastructurally as described previously
(Tremblay et al., 2012; Audoy-Rémus et al., 2015). Their density
was expressed as numbers per mm? of screened tissue surface,
using the systematic approach developed for dark microglia
analysis (Bisht et al., 2016; Hui et al., 2018).

Gene Expression Analysis Using
Quantitative Real-Time PCR

Tissue was homogenized using the QIAzol lysis reagent (Qiagen)
and total RNA was extracted by phenol-chloroform method.
One microgram of total RNA was reverse transcribed into
cDNA using the iScript cDNA synthesis kit (BioRad). Real-
time PCR was performed with the SsoAdvanced universal SYBR
Green supermix kit (BioRad) in a Lightcycler 480I1 (Roche).
Primers (Supplementary Table S2) were designed using NCBI
Primer Blast (Hui et al., 2018). Relative expression was calculated
with the 2722CT method using Gapdh for normalization
(Yuan et al., 2006).

Electrophysiological Patch-Clamp

Recordings

Cohort 3 mice were anesthetized with ketamine-xylazine
(10/100 mg/mL) and perfused intracardially with an ice-cold
sucrose-based solution (Supplementary Table S3). Transverse
hippocampal slices (300 pm) were obtained using a vibratome
(Microm HM 650V, Thermo Scientific) in the same sucrose-
based solution oxygenated with 95%0,/5%CO,, and transferred
into the heated oxygenated recovery solution (Supplementary
Table S3) until use.

For electrophysiological recordings, slices were transferred
to the recording chamber perfused continuously with an
oxygenated artificial cerebrospinal fluid (ACSF) and maintained
at near physiological temperature (Supplementary Table S3).
The GCs within the DG were visually identified using a
Nikon (Eclipse FN1) microscope with infrared differential
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interference contrast microscopy using a 40x (NA 0.8) water-
immersion objective. Patch pipettes (3.5-6 M) were made
from borosilicate glass capillaries using a Flaming/Brown
micropipette puller (Sutter Instrument Co.). Whole-cell patch-
clamp recordings (5-10 min) were performed in voltage-clamp
at -70 mV for miniature excitatory post-synaptic currents
(mEPSCs) and at +10 mV for miniature inhibitory post-synaptic
currents (mIPSCs). The passive membrane properties were taken
immediately upon membrane rupture. The same intracellular
solution (Supplementary Table $3) and ACSF with tetrodotoxin
(TTX; 1 wM; Alomone Labs; for blocking action potentials)
were utilized in all experiments. Data acquisition (digitized at 10
kHz; Digidata 1550A, Molecular Devices) was performed using
the MultiClamp 700B amplifier and the pCLAMP 10.5 software
(Molecular Devices). The resting membrane potential was taken
immediately upon membrane rupture. The input resistance and
the membrane capacitance were detected automatically during
the first minute of whole-cell configuration using a 5 mV square
pulse in Membrane Test of Clampex 10.7 software. More than
200 events per neuron were selected using an automated template
search algorithm in Clampfit. All events were counted for
frequency analysis as described previously (David and Topolnik,
2017). Anatomical analysis of biocytin-filled neurons was also
performed (Supplementary Materials and Methods).

Statistics

Data were analyzed using Prism (GraphPad, Version 8), Clampfit
10.7, Excel, IGOR Pro (Wavematrics) and Statistica (Tibco).
Two-way ANOVAs with post hoc analyses using Bonferroni
corrections were used to determine interactions between poly
I:C exposure and sex effects. Outliers were determined using the
ROUT test (Q = 0.1%; GraphPad) for cohort 1 and 2 animals.
For cohort 3 animals, data distributions were tested for normality
using Shapiro-Wilcoxon test, and Kolmogorov-Smirnov test was
used for comparison of pooled data from individual cells. p < 0.05
was considered statistically significant. All data are reported as
mean =+ standard error of the mean (SEM).

RESULTS

mlA Increases CD68 Levels in IBA1+
Microglia of Female but Not Male

Offspring

We first assessed microglial phagolysosomal activity by
immunofluorescent confocal microscopy against CD68 in the
DG of adult offspring. In response to mIA, IBA1+4 microglia had
increased numbers of CD68 puncta in female vs. male offspring,
in both the GL and PL (Figures 1A-C), indicating an increased
phagocytic activity in the DG of female offspring. The baseline
levels of CD68 also differed between sexes, with males showing
greater immunoreactivity than females in the GL and PL of
saline offspring (Figures 1A-C). Immunocytochemical TEM
confirmed the localization of CD68 protein in microglial soma
and processes from mIA and control offspring, across the GL
and PL. CD68 staining was particularly found on endosomes,

lysosomes and the plasma membrane, suggesting extracellular
digestion or “exophagy” (Figure 1D). CD68 was not found,
however, in GFAP+ astrocytes (Figure 1E). These data indicate
that microglia from mIA-exposed female but not male offspring
display increased phagolysosomal activity in the DG, with more
pronounced changes observed in the PL.

mlA Is Associated With Changes in the
Complement System in Male and Female
Offspring

One hemisphere of the whole hippocampus of adult offspring was
examined by quantitative real-time PCR. Overall, there were no
changes with mIA or between sexes in the expression of genes
related to synaptic development or maintenance (StxIa, Vamp2,
Snap25, Bdnf, Fmrl, and Shank2) (Supplementary Table S4).
For genes involved in phagocytosis or synaptic pruning, there
was a reduction with mIA in the expression of complement
system components Clq (Figure 2A) and C3 (Figure 2B),
without changes in the expression of Axl, MerTK, Gas6, and C4a
(Supplementary Table S4).

We then used immunofluorescent staining to examine by
confocal microscopy protein levels of complement components
in the DG of adult offspring. Clq staining did not localize
to IBA1+ microglia (Supplementary Figure S1A) or GFAP+
astrocytes (Supplementary Figure S1B). Complementary to
gene expression, Clq protein levels in microtubule-associated
protein (MAP) 2+ neurons were lower in mIA-exposed offspring
(Figures 2C-D). C3 protein levels, unlike gene expression
data, were also greater in mIA-exposed offspring (Figures 2E-
H). Confocal microscopy additionally revealed that C3 protein
localizes to GFAP+ astrocytes (Figure 2E), while GFAP staining
intensity was increased in mIA-exposed offspring (Figure 2G).
Proteins levels of complement receptor 3 (CR3)’s component
CDI11b were assayed, revealing increased staining in mIA-
exposed offspring and overall in females (Figures 2LJ). Together
these data reveal alterations of the complement system following
mlA, without a clear pattern emerging regarding sex differences,
except for greater levels of CD11b in females.

mlA Increases the Density of Excitatory
and Inhibitory Synapses in Males While
Reducing Excitatory Synapses in

Females

To provide functional insights into these changes in
phagolysosomal activity and the complement system, we
measured synaptic density by immunofluorescent confocal
microscopy, in the PL of adult offspring. Inhibitory synapses
were assessed via colocalization of VGAT (presynaptic) and
gephyrin (post-synaptic) (Figures 3A,B). Excitatory synapses
were assessed by colocalization of VGLUTI1 (presynaptic)
and Homerl (post-synaptic) (Figures 3A,C). There was
potential increased density (Figure 3D) and staining intensity
(Supplementary Figures S3A,B) of inhibitory synapses with
mlA in males but not females; additionally, there were potential
baseline sex differences in inhibitory synapses, with males
having fewer than females (Figure 3D). For excitatory synapses,
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FIGURE 1 | Male (left); female (right); saline (black outlined white bars with black outlined circles); poly I:C (black bars with black outline squares). n = 4-5
animals/group. *p < 0.05; **p < 0.01; **p < 0.001. CDG8 levels were increased in IBA1+ microglia in the hippocampal DG of female mice exposed to maternal
poly I:C. (A) Representative images (20x) (left of each pair) and 5x magnified pictures (100x) (right of each pair) of IBA1+ microglia containing CD68 puncta from each
condition (left half: males, right half: females; saline: top, poly I:C: bottom). Each image was from the DG and includes the granule cell layer (GL) and polymorphic
layer (PL). IBA1+ microglia are shown in red, CD68 puncta in green and DAPI stained nuclei in blue. Scale bar = 50 wm (20x) and 10 pm (100x). (B) CD68 puncta
counts per IBA1+ microglia in the GL. There was an increase in CD68 counts in female offspring exposed to poly I:C [interaction: F(1, 14) = 5.41, p = 0.04; p = 0.05],
but not male offspring (o > 0.99). There were less microglial CD68 puncta in females than males from saline exposed dams (p = 0.009), but not poly I:C exposed
dams (p > 0.99). There was also a main effect of sex [F(1, 14) = 5.88, p = 0.03] with males having greater CD68 counts in total; but not between saline and poly I:C
[F(1, 14) = 2.02, p = 0.18]. (C) CD68 counts per IBA1+ microglia in the PL. As with the GL, there was an increase in CD68 levels in females prenatally exposed to
poly I:C [interaction: F(1, 14) = 7.99, p = 0.01; p = 0.0008], contrary to males (p > 0.99). Males whose dams were exposed to saline had greater CD68 levels than
females (p = 0.002), but there were no sex differences in the poly I:C exposed offspring (o > 0.99). There was a main effect of sex [F(1, 14) = 9.14, p = 0.009], with
males having greater CD68 counts overall, and of poly I:C administration also leading to greater CD68 puncta counts overall [F(1, 14) = 18.09, p = 0.0008].

(D) Representative electron micrograph (left) confirming the association of CD68 to lysosomes inside microglial cell bodies in mice exposed to mIA. White arrows
indicate CD68 signal surrounding lysosomes and white asterisks represent CD68 signal adjacent to extracellular digestion. Scale bar = 2 pm. Representative
electron micrograph (right) (6,800x) showing CD68 staining in a microglial process. Scale bar = 2 um. (E) CD68 signal did not colocalize with GFAP+ astrocytes.
Representative image from saline and poly I:C conditions. Each image was taken of the DG and included the GL and PL. GFAP+ astrocytes are show in red, CD68
puncta in green and indicated by white arrows, and DAPI stained nuclei in blue. Scale bar = 50 pm.
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between males and females and following mIA, there was a
potential interaction; pattern-wise, males showed an increase,
and females a decrease in their density (Figure 3E); for
staining intensity, there was only an effect of mIA on VGLUT1
but no effect on Homerl (Supplementary Figures S2C,D).
Similarly, there were baseline sex differences, with females
having more excitatory synapses than males (Figure 3E). These
data indicate that following mIA, there is a dynamic synaptic
reorganization taking place in the PL, where inhibitory and

excitatory synapses both increase in male offspring, and where
inhibitory synapses are unchanged while excitatory synapses
decrease in female offspring.

mlA Increases Dark Neurons Without
Affecting 3-NT Levels in Both Sexes

To determine whether these changes of synapses are associated
with altered neuronal health, we next examined the occurrence
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FIGURE 2 | Male (left); female (right); saline (black outlined white bars with black outlined circles); poly I:C (black bars with black outline squares). n = 4-5 animals per
group. *p < 0.05, **p < 0.01. mlIA led to decreased expression of C71g and C3 in the hippocampus, reduced levels of C1qg and increased levels of C3 in the DG in a
sex independent manner, while increasing CD11b levels in the DG of female offspring. (A) Relative expression of C7q in the DG. There was an overall reduction from
maternal poly I:C exposure [F(1, 15) = 5.19, p = 0.04]. There was not an overall effect of sex [F(1, 15) = 0.65, p = 0.43] or interaction between the two factors
[F(1,15) =2.70, p = 0.12]. (B) Relative expression of C3 in the DG. As with C1q, there was an overall reduction in offspring whose dams were exposed to
(Continued)
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FIGURE 2 | Continued

poly I:.C [F(1, 14) = 7.16, p = 0.02]. There was not an effect of sex [F(1, 14) = 0.06, p = 0.81] or an interaction between the two [F(1, 14) = 0.25, p = 0.63]. (C) C1q
levels were lower in offspring whose dams were exposed to poly I:C [F(1, 15) = 4.89, p = 0.04]. There was not an overall effect of sex [F(1, 15) = 0.009, p = 0.93] or
interaction between the two [F(1, 15) = 1.81, p = 0.20]. (D) Representative images (left half: males, right half: females; saline: top, poly I:C: bottom) of C1q levels in
the hippocampal DG (MAP2 (neurons; red, left); C1q (green, middle); merged [MAP2 (red)/C1q (green)/DAPI stained nuclei (blue); right)]. Each image was from the
DG and includes the granule cell layer (GL) and polymorphic layer (PL). Scale bar = 50 um. (E) Representative images (left half: males, right half: females; saline: top,

15) = 1.34, p = 0.26].

poly I:C: bottom) of C3 levels in the DG [GFAP (astrocytes; red, left); C3 (green, middle); merged (GFAP (red)/C3 (green)/DAPI stained nuclei (blue); right)]. Each
image was from the DG and includes the GL and PL. Scale bar = 50 um. (F) C3 levels were greater in offspring from poly I:C exposed mothers [F(1, 13) = 10.01,

p = 0.008]. There was not an effect of sex [F(1, 13) = 0.008, p = 0.93] or an interaction between the two [F(1, 13) = 0.04, p = 0.84]. (G) GFAP levels were also
greater in offspring following maternal poly I:C administration [F(1, 13) = 14.65, p = 0.002]. There was not an effect of sex [F(1, 13) = 2.37, p = 0.15] or interaction
between the two [F(1, 13) = 0.33, p = 0.57]. (F) The levels of C3 in GFAP+ positive cells was also greater in offspring when dams were exposed to poly I:C [F(1,

13) = 9.65, p = 0.008]. There was not an effect of sex [F(1, 13) = 0.31, p = 0.59] or an interaction between the two [F(1, 13) = 0.04, p = 0.84]. (H) Representative
images of CD11b (green) levels in the DG (left: males, right half: females; saline: top, poly I:C: bottom). Each image was from the DG and includes the GL and PL.
Scale bar = 50 um. (I) CD11b levels were greater in offspring following maternal poly 1:C administration [F(1, 15) = 4.61, p = 0.05]; furthermore, female offspring,
from dams who were exposed to either saline or poly I:C had greater CD11b levels [F(1, 15) = 11.57, p = 0.004]. There was not an interaction between the two [F(1,

of dark neurons in the DG of adult offspring. Dark neurons
are recognized by cellular stress markers: increased nuclear and
cytoplasmic condensation, loss of heterochromatin pattern, as
well as dilation of endoplasmic reticulum/Golgi apparatus; and
are not necrotic or apoptotic (Turmaine et al., 2000; Tremblay
et al, 2012; Henry et al, 2018). In the GL, the density of
dark neuronal soma/dendrites was unchanged following mIA
(Figures 3E,G). In the PL, however, there was a general effect
of mIA increasing the numbers of dark neuronal soma/dendrites
(Figures 3F,H). By immunofluorescent confocal microscopy, the
levels of 3-NT, a biomarker of reactive nitrogen species formation
(Walker et al., 2001), was also examined in the DG of adult
offspring. 3-NT was only observed in MAP2+ neurons. There
was no effect of mIA on 3-NT levels in both males and females
(Figures 3LJ). These data combined point to potential neuronal
stress following mIA, without any change in the oxidative stress
marker 3-NT in neurons of the DG.

mlA Induces Sex-Specific Alterations in
mIPSCs and mEPSCs of GCs

Lastly, we investigated whether the observed changes in
microglia and synapses are associated with functional or
morphological alterations in the DG GCs of adult offspring.
While no changes were revealed in the passive membrane
properties (Supplementary Table S5) or the morphological
features of GCs (Supplementary Figure S3), both mEPSCs
and mIPSCs showed sex-specific differences. Specifically, while
the amplitude of mIPSCs was increased in both males and
females exposed to mlA, the frequency of mIPSCs was only
increased in males (Figures 4A,B), consistent with a higher
inhibitory synapse density in the PL of males (Figure 3A).
Contrastingly, there was no effect of mIA on mEPSCs in
males (Figure 4C). However, with mIA, mEPSC amplitude was
increased while frequency was decreased in females (Figure 4D),
which could be associated with a loss of excitatory synapses,
and compensatory increase in conductance at the surviving
contacts. Together, these results revealed an increased inhibitory
tone in both sexes, as well as female offspring-specific changes
in GCs excitatory synaptic transmission following maternal
exposure to poly I:C.

DISCUSSION

This study highlights differences in  microglial
phagolysosomal activity, complement system, neuronal health,
and excitatory and inhibitory synapse density and activity, in
the DG of adult offspring exposed to mIA with poly I:C. Most
of the observed changes were likely sex independent, including
the alterations in Clq and C3 expression and levels; increase
in dark neuron and dendrite density; and increase in mIPSC
amplitude. However, a number of changes were sex specific,
including the increase in CD68 and CDI11b levels (both in
general and following mIA) observed in female offspring, and
the reorganization of inhibitory and excitatory synapses number
and activity following mIA.

CD68 is a marker of phagolysosomal activity that is often used
to assess the reactivity of microglia (Korzhevskii and Kirik, 2016).
In our data, CD68 was exclusively expressed by IBA1+ cells,
which likely represented microglia, but could also be infiltrating
macrophages (Gonzalez Ibanez et al., 2019). This is the first
example of baseline sex differences in CD68 levels measured
in the DG at adulthood; but there are previous reports of sex
differences in which microglial CD68 is greater in females among
hippocampus CA1 and forebrain regions earlier in development
(Weinhard et al., 2018; Yanguas-Casas et al., 2018). Specifically,
females had lower CD68 levels that increased with mIA, whereas
males had stable levels that remained unchanged following mIA.
This could indicate a ceiling, where the amount of CD68 is
already higher in males, and thus is unable to manifest a sustained
response to mIA at the time point analyzed in this study; or
an earlier, transient change in phagolysosomal activity in males.
Alternatively, we previously observed an increased density of
dark microglia, which downregulate IBA1 and display high
phagocytic activity, in males with mIA (Hui et al,, 2018), it is
possible that males could recruit different microglial subsets. This
change in CD68 levels in females could be related to the mIA-
induced reductions in excitatory synapses and mEPSC frequency.

In addition to mounting an increase in CD68 following
exposure to mIA, females had greater CD11b levels, both basally
and in response to mIA. This pattern was observed in the
hippocampus of an Alzheimer’s disease model (Gallagher et al.,

sex
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FIGURE 3 | Male (left); female (right); saline (black outlined white bars with black outlined circles); poly I:C (black bars with black outline squares). n = 3-5 animals per
group. o < 0.1; *p < 0.05. Maternal poly 1:C administration led to increased excitatory and inhibitory synapse levels in the PL in males, but reduced excitatory
synapse levels in females, as well as increased dark neurons in the PL, without changing levels of the neuronal oxidative stress marker, 3-NT in the DG.

(A) Representative image of inhibitory and excitatory markers in the DG. Overview of the DG (left) (DAPI stained nuclei in blue; scale bar = 200 pm). Magnified
images (63x) containing the polymorphic layer (PL) of the DG. The middle shows a representative image of inhibitory puncta (VGAT in green; Gephyrin in red; and
DAPI stained nuclei in blue; scale bar = 10 um). The right image shows a representative image of excitatory puncta (VGLUT in red; Homer1 in green; DAPI stained
nuclei in blue; scale bar = 10 wm). (B) Representative images (63x) of components of inhibitory synapses (left, VGAT in green; middle, Gephyrin in red; right, merged;
scale bar = 1 um). (C) Representative images (63x) of components of excitatory synapses (left, VGLUT in red; middle, Homer1 in green; right, merged; scale bar = 1
wm). (D) There were potential baseline sex differences in inhibitory synapses between males and females [main effect, sex, F(1, 12) = 3.31, p = 0.09; p = 0.06], with
males having less than females, but not following mIA (o > 0.99). There was no significant effect of poly I:C on excitatory synapses [interaction, F(1, 12) = 2.72,

(Continued)
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FIGURE 3 | Continued

p = 0.13]; main effect, poly I:C [F(1, 12) = 1.71, p = 0.22]; males (p = 0.12); females (o > 0.99). (E) There were potential differences in excitatory synapses between
males and females and following maternal poly I:C administration [interaction, F(1, 12) = 4.61, p = 0.06], although specific comparisons revealed no significant
changes (males saline vs. poly I:C, p = 0.41; females saline vs. poly I:C, p = 0.23; saline males vs. females, p = 0.30; poly I:C males vs. females, p = 0.32), the
pattern was males had lower levels compared to females at baseline, which was increased following poly I:C, whereas females had reduced levels following poly I:C.
(F) Representative electron micrographs (6,800x) from the PL showing a healthy neuron (nucleus pseudocolored yellow; left), dark neuron (nucleus pseudocolored
yellow; middle) and a dark dendrite (right). Scale bar = 2 pm. (G) There was no overall effect of maternal poly I:C administration or sex differences on the density of
dark neuronal soma/dendrites in the granule cell layer (GL) of the DG [interaction, F(1, 8) = 1.57, p = 0.25; main effect of sex, F(1, 8) = 4.53, p = 0.07; main effect of
poly I:C, F(1, 8) = 1.88, p = 0.21]. (H) In the polymorphic layer (PL) of the DG, maternal poly I:C administration increased dark neuronal soma and dendrites numbers
[main effect, F(1, 8) = 7.47, p = 0.03]. There was not an effect of sex [main effect, F(1, 8) = 0.18, p = 0.68] or interaction between the two [F(1, 8) = 1.19, p = 0.31].
(I) There was no overall effect of maternal poly I:C administration or sex differences on the levels of 3-NT in the DG [interaction, F(1, 15) = 0.15, p = 0.70; main effect
of sex, F(1, 156) = 1.31, p = 0.27; main effect of poly I:C, F(1, 15) = 0.07, p = 0.80]. (J) Representative images from each condition (left half: males, right half: females;

saline: top, poly I:C: bottom) of dentate gyri with immunohistochemistry for 3-NT (oxidative stress marker; red, left), MAP2 (neuronal markers; green, middle) and
merged [3-NT (red)/MAP2 (green)/DAPI (nuclei; blue)]. Each image was from the DG and includes the GL and PL. Scale bar = 50 pm.

2013). CD11b is part of CR3, and phagocytosis can be triggered
by iC3bs (C3’s cleavage product) interaction with CR3 (Fu
et al., 2012). In our work, we saw reductions in hippocampal
expression of CIg and C3 following mIA, across sexes, and also
with protein levels of Clq, in neurons. These reductions could
reflect a decrease in complement-mediated synaptic elimination
(Stevens et al., 2007; Druart and Le Magueresse, 2019; Sellgren
et al., 2019; Magdalon et al., 2020; Tenner, 2020). However,
unlike the gene expression, C3 protein levels are increased
with mIA across both sexes. These differences could highlight
differences between DG and whole hippocampus; or could be
protein driving gene regulation. C3 islocated further downstream
along the classical complement cascade, but is also activated
by the alternative and lectin complement cascades (Druart and
Le Magueresse, 2019). It is possible that increases in these
multiple pathways drive synapse elimination differently across
neuronal subtypes or regions. A parsimonious explanation may
be that in males the mIA-induced reduction of neuronal Clq
leads to reduced microglia-mediated synapse elimination (as
inhibitory and excitatory synapses were more abundant in the
PL with mIA), whereas in females there is an increase in C3,
and greater still an increase in CD11b, that leads to elimination
of excitatory synapses with mIA. Interestingly, C3 levels in
our data were increased in GFAP+ astrocytes. Astrocytic C3
production may modulate synaptic density, as observed in
models of Alzheimer’s disease (Lian et al., 2015, 2016; Luchena
et al., 2018), amyotrophic lateral sclerosis (Heurich et al., 2011),
perioperative neurocognitive disorder (Xiong et al.,, 2018) and
diabetes (Zhao et al., 2018). We now show that there may be a
similar phenomenon in the mIA model of schizophrenia.

As we previously observed altered microglial homeostasis
and activation states (Hui et al., 2018), we investigated whether
synaptic density changed after mIA. Imbalances in excitatory and
inhibitory synaptic activities, notably in the hippocampus, are
recognized as pathophysiological mechanisms in schizophrenia
(Harrison et al., 2003; Coyle et al., 2012; Nakazawa et al., 2012;
Tamminga et al, 2012; Li et al, 2015; Roberts et al., 2015;
Matosin et al., 2016). In our data, for male offspring, we observed
increased levels of mature inhibitory and excitatory synapses
in the hippocampal DG, specifically the PL, following mIA.
Furthermore, we saw an increase in only mIPSCs (amplitude
and frequency) but not mEPSCs in DG GCs of male offspring.
Therefore, it appears that despite potential increases in both

mature inhibitory and excitatory synapses density in the PL,
there is a net increase in functional inhibitory drive onto DG
GCs in males. It is also possible that changes in excitatory
synapses in the PL represent increased excitation of mossy
cells or GABAergic interneurons that inhibit GCs (Scharfman,
2016). In addition, these data indicate that the perforant path,
which is the major excitatory input to GCs (Witter, 2007;
Treves et al, 2008), remains functionally unaltered in male
offspring. Whereas in female animals, we observed no change
in mature inhibitory synapses in the PL following mIA, but
a potential reduction in mature glutamatergic synapses. There
was also a concomitant increase in the amplitude of both
mIPSCs and mEPSCs, and a decrease in mEPSC frequency.
We cannot exclude a loss in functional excitatory synapses
followed by a compensatory increase in the neurotransmitter
content per quanta or in the density of the post-synaptic
glutamate receptors (Pinheiro and Mulle, 2008) in female
offspring. Future work is required to delineate specific changes
with regards to pre- and post-synaptic site and specific inputs;
as well as whether these effects are due to differences in
microglial phagocytic activity. Additionally, as both excitatory
and inhibitory currents on DG GCs are increased in females
(perhaps compensatory evening out the output of these cells),
but only inhibitory drive onto GCs is increased in males, this
may contribute to sex differences in behavior observed following
mlA (i.e., the prepulse inhibition deficits observed only in males)
(Hui et al., 2018).

Our data reveals sex-dependent and -independent changes
in the complement system and DG synapses following mIA.
Despite some changes as a result of mIA, differences in other
parameters may lead to sexual dimorphisms in structural and
behavioral outcomes. For example, in males, changes in Clq
but not CD68 could indicate less microglia-mediated synapse
elimination, as there are perhaps increased synapse number in
the PL and increased inhibitory input onto GCs. Contrastingly,
in females, there were increases in CD68 and CD11b throughout
the DG, potentially contributing to the potential reduction in
excitatory synapses in the PL as well a decrease in GC mEPSC
frequency, perhaps indicative of activity-dependent synaptic
pruning. Through understanding the mechanisms underlying
these sexual dimorphisms, we hope to provide new insights into
novel therapies for schizophrenia or other diseases in which mIA
is an environmental risk factor.
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FIGURE 4 | Saline (top, black; male: n = 7 cells/5 mice; female: n = 9 cells/6 mice) or poly I:C (bottom, red; male: n = 5 cells/4 mice; female: n = 10 cells/5 mice).
mIA led to increased mIPSC amplitude in GC of both males and females, together with increased mIPSC frequency in males, while increasing mEPSC amplitude but
decreasing mMEPSC frequency in females, without altering mEPSCs in males. (A-D) Representative traces from the GCs of the DG for miniature inhibitory
post-synaptic currents (mIPSCs) in male (A) and female (B) offspring whose dams were exposed to saline or poly I:C. Representative traces from the DG GCs for
miniature excitatory post-synaptic currents (mEPSCs) in male (C) and female (D) offspring whose dams were exposed to saline (top, black) or poly I:C (bottom, red).
Scale bars indicate 20 pA (vertical) and 100 ms (horizontal). (A) Maternal poly I:C exposure increased the amplitude (median: saline, 27.6 pA; poly I:C, 38.6 pA; p <
0.0001) and frequency (median: saline, 1.75 Hz; poly I:C, 2.85 Hz; p < 0.0001) of mIPSCs in male offspring. (B) As with males, in female offspring of dams exposed
to poly I:C, there was an increase in the amplitude (median: saline, 28.3 pA; poly I:C, 47.0 pA; p 0.0001), but not the frequency of mIPSCs (median: saline, 2.10 Hz;
poly I:C, 2.60 Hz; p > 0.05). (C) There was no effect of maternal poly I:C administration in male offspring on either the amplitude (median: saline, 23.6 pA; poly I:C,
21.0 pA; p > 0.05) or frequency (median: saline, 5.4 Hz; poly I:C, 5.9 Hz; p > 0.05) of miniature excitatory post-synaptic currents (mEPSCs). (D) Maternal poly I1:C
exposure increased the amplitude (median: saline, 22.2 pA; poly I:C, 31.7 pA; p 0.0001) but decreased the frequency (median: saline, 3.25 Hz; poly I:C, 1.90 Hz;

p 0.01) of MEPSCs in females.
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Synapse loss is the strongest correlate for cognitive decline in Alzheimer’s disease. The
mechanisms underlying synapse loss have been extensively investigated using mouse
models expressing genes with human familial Alzheimer’s disease mutations. In this
review, we summarize how multiphoton in vivo imaging has improved our understanding
of synapse loss mechanisms associated with excessive amyloid in the living animal brain.
We also discuss evidence obtained from these imaging studies for the role of cell-intrinsic
calcium dyshomeostasis and cell-extrinsic activities of microglia, which are the immune
cells of the brain, in mediating synapse loss.

Keywords: dendritic spines, microglia, two-photon, in vivo imaging, amyloid mouse models

INTRODUCTION

Immunohistochemistry of postmortem brain from Alzheimer’s disease (AD) patients revealed that
synapse loss is the strongest correlate for the cognitive deficit (Terry et al., 1991; DeKosky et al.,
1996; Scheft and Price, 2006; Scheft et al., 2007; de Wilde et al., 2016). Mouse models that express
familial AD-associated mutations in genes coding for amyloid precursor protein and presenilin that
increase amyloid levels in the brain or that express mutated Tau leading to neurofibrillary tangles
provide an entry point to study mechanisms of synapse loss associated with prominent AD related
pathologies, such as amyloid plaques and neurofibrillary tangles (Jankowsky and Zheng, 2017).
Morphological and electrophysiological studies done on ex vivo and postmortem preparations
from these mice have confirmed that human familial AD associated mutations cause synaptic
dysfunction, ranging from impaired plasticity to increased loss of synapses (Selkoe, 2002; Knobloch
and Mansuy, 2008; Spires-Jones and Knafo, 2012; Yu and Lu, 2012; Pozueta et al., 2013; Forner et al.,
2017). Postmortem preparations only offer a snapshot of pathology that does not capture dynamic
events that precede or follow the observed deficits. Ex vivo preparations, on the other hand, allow
for monitoring dynamic events but not in the context of the intact neural circuitry of a living brain.
In addition, the functions of microglia, which are the immune cells of the brain, are severely affected
by experimental procedures (Hellwig et al., 2013; Gosselin et al., 2017).

The advent of fluorescence labeling technologies and two-photon microscopy enabled direct
visualization of synapse dynamics in vivo in the living mouse brain (Grutzendler et al., 2002;
Trachtenberg et al., 2002). Typically, neurons are sparsely labeled with a fluorescent cell fill to
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visualize the morphology of subcellular structures, such as
dendritic spines (postsynapse) or axonal boutons (presynapse).
Fluorescence labeling is achieved by expressing fluorescent
proteins through transgene integration, viral delivery, or in utero
electroporation. Optical access to fluorescently labeled neurons
is achieved by replacing part of the skull with a glass coverslip
or thinning it. Though two-photon excitation provides higher
depth resolution than traditional single-photon excitation, it is
still limited to ~450 wm from the surface of the brain (Takasaki
etal., 2020). Therefore, non-invasive two-photon imaging studies
are restricted to superficial layers of the cortex, however synaptic
imaging in the hippocampus has been achieved using more
invasive approaches, such as removal of overlying cortical tissue
or micro-endoscopy (Mizrahi et al., 2004; Gu et al., 2014; Attardo
et al., 2015). Two-photon imaging in mouse models of AD has
allowed for the interrogation of synaptic dysfunction associated
with amyloid and tau pathology in the intact circuitry of living
animals (Tables 1, 2). More importantly, in vivo imaging of
synapses allows for chronic monitoring of synaptic changes in
the same neurons over time, thereby enabling the visualization
of synaptic dynamics. In this review, we focus on how in
vivo imaging using two-photon microscopy has revealed the
properties and mechanisms of synapse loss in mouse models
of AD, emphasizing mouse models of amyloidosis. Due to the
depth limitations of two-photon imaging, most of these studies
tracked synaptic changes in the somatosensory cortex (unless
otherwise mentioned).

AMYLOID ASSOCIATED NEURITE
PATHOLOGY

After its development for in vivo imaging (Grutzendler et al,
2002; Trachtenberg et al., 2002), two-photon microscopy was
quickly adopted to visualize neurite dystrophy associated with
amyloidosis (D’Amore et al., 2003). The initial study confirmed
findings from postmortem AD patient brains (Onorato et al.,
1989) and amyloid mouse models (Richardson and Burns, 2002)
that plaques alter the trajectory of neurites and are associated
with their dystrophy (D’Amore et al., 2003). Consistently, many
subsequent in vivo imaging studies confirmed the existence of
dystrophic neurites (variably defined as swelling >2.5pum or a
volume 2-fold over normal neurites) near plaques (Tsai et al.,
2004; Brendza et al., 2005; Spires et al., 2005; Spires-Jones et al.,
2007, 2011; Kuchibhotla et al., 2008; Meyer-Luehmann et al.,
2008; Bittner et al, 2010, 2012; Wu et al,, 2010; Zou et al,
2015, 2016; Schmid et al., 2016; Blazquez-Llorca et al., 2017;
Peters et al., 2018). The presence of dystrophic neurites near
plaques could either mean that plaques cause neurite dystrophy
or dystrophic neurites promote plaque formation. Addressing
this question requires monitoring the dynamics of neurites and
plaques over time, which is not possible with traditional imaging
approaches on postmortem brain slices. Longitudinal imaging of
dystrophic neurites and plaques shows that plaque formation
precedes dystrophic neurites (Meyer-Luehmann et al., 2008;
Blazquez-Llorca et al., 2017; Peters et al., 2018). In one of the
mouse models, APPswe/PS1E9 mice, dystrophic dendrites were
present in regions with no apparent plaques (Meyer-Luehmann

et al., 2008). Longitudinal imaging of these regions did not
identify any de novo plaque formation near the dystrophic
dendrites. Interestingly, during this time, some of the neurites
returned to normalcy or disappeared. Only 60% of the dystrophic
neurites remained stable over 2 weeks (Meyer-Luehmann et al.,
2008). If dystrophic neurites do not promote plaque formation, it
is more likely that plaques increase the abundance of dystrophic
neurites. This possibility is supported by the observations that
the appearance of dystrophic neurites follows plaque appearance
(Meyer-Luehmann et al., 2008; Blazquez-Llorca et al., 2017). The
curvature of neurites across the plaque continues to increase
following plaque formation, with damaged neurites appearing in
the subsequent days (Tsai et al., 2004; Meyer-Luehmann et al,,
2008). Only ~25% of neurites near plaque developed dystrophy,
and more detailed analyses of their dynamics revealed that they
are highly stable with a mean lifetime of 76 days (Blazquez-
Llorca et al., 2017). The volume of dystrophy is highly variable,
and interestingly, is also highly dynamic, with dystrophies
undergoing both shrinkage and expansion (Blazquez-Llorca
et al., 2017). Plaques smaller than 4 jum are not associated with
dystrophic neurites, and as the plaque size increased, the extent
of dystrophy also increased (Blazquez-Llorca et al., 2017; Peters
et al., 2018).

Though dystrophic neurites do not appear to promote plaque
formation, they may still contribute to the growth of preformed
plaque. Plaque growth occurs over a long period, exhibiting
sigmoidal growth kinetics (Christie et al., 2001; Yan et al., 2009;
Burgold et al., 2011, 2014; Condello et al., 2011; Hefendehl et al.,
2011; Bittner et al.,, 2012). One of the contributing factors for
plaque growth is the local concentration of the enzyme BACE-1,
whose cleavage of amyloid precursor protein results in amyloid
peptides present in the plaque (Hussain et al., 1999; Sinha et al.,
1999; Vassar et al, 1999; Yan et al., 1999; Lin et al., 2000).
BACE-1 levels are increased in dystrophic neurites in cultured
neurons and brain sections of AD patients, and 5XFAD amyloid
mouse model (Zhang et al., 2009; Kandalepas et al., 2013; Sadleir
et al., 2016), and therefore, dystrophic neurites can contribute to
plaque growth. Consistent with this idea, inhibition of BACE-
1 decreased the growth rate of plaques (Peters et al, 2018),
which, in turn, reduced the formation of dystrophic neurites
associated with plaque (Peters et al., 2018). The vicious cycle of
amyloid plaque growth, the formation of neurite dystrophy, and
accumulation of BACE-1 in dystrophic neurites also results in the
formation of satellite plaques (Peters et al., 2018). Interestingly,
the deletion of the gene coding for microtubule binding protein
Tau reduces the accumulation of BACE-1 in dystrophic neurites
and reduces the formation of satellite plaques (Peters et al., 2019).
Thus, in vivo two-photon imaging approaches have allowed us to
understand the kinetics of plaque formation and growth and its
relevance to the appearance of dystrophic neurites in a manner
not feasible with traditional postmortem analyses.

AMYLOID ASSOCIATED DENDRITIC SPINE
PATHOLOGY

Dystrophic neurites near plaques have a reduced density of
dendritic spines (Spires et al., 2005). Since neurite dystrophy is
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TABLE 1 | Studies examining dendritic spine and neurite pathology in mouse models of amyloidosis using in vivo two-photon microscopy that are discussed in this review.

Model strain Method of neuronal Age at imaging Brain region Interval between Dendritic spine/bouton Presence of References
labeling imaged imaging sessions changes (compared to neurite dystrophy
control)
PDAPP Alexafluor-594-Dextran 19-22 months Non-specified - - Yes D’Amore et al., 2003
cortical regions
PSAPP Crossed with Thy1-YFP 6 months Non-specified cortex 2—4 days, 1-2 Increased spine gain and loss Yes Tsai et al., 2004
transgenic mice weeks, 4-5 weeks but loss greater than gain
Tg2576 Viral delivery of GFP 21-24 months Somatosensory 1 week - Yes Spires et al., 2005
cortex
Tg2576 Viral delivery of GFP 8-10 months; 18-24 Somatosensory Minutes to 1 hour Increased spine loss in 18-24 Spires-Jones et al.,
months cortex but not 8-10 months 2007
Tg2576; PS1AE9; Viral delivery of a calcium Tg2576: 17-20 Somatosensory - Elevated intracellular calcium Yes Kuchibhotla et al.,
APP/PS1; PS1M146V indicator YC3.6 months; PS1AE9: cortex and disrupted calcium 2008
5- 6 months; compartmentalization.
APP/PS1: 3-3.5
months.
APPswe/PS1d9; Crossed with Thy1-YFP 5—6 months Non-specified cortex One day or one - Yes Meyer-Luehmann
Tg2576; PDAPP transgenic mice week et al., 2008
3xTg-AD Crossed with Thy1-YFP 4-6, 8-10, 13-15 Somatosensory Few days 8-10 month - no change, Yes Bittner et al., 2010
transgenic mice and 18-20 months cortex 13-15 and 18-20 month -
increased spine gain and loss
APP1PS1 Viral delivery of GFP 6 month Somatosensory - - Yes Wu et al., 2010
cortex
APP PS1 Crossed with Thy1-YFP 3-4 months and Somatosensory One week Increased spine loss but same — Bittner et al., 2012
transgenic mice 18-19 months cortex spine gain
5X-FAD Crossed with Thy1-YFP 3-4 months Somatosensory Few days Not reported. No gross deficit Buskila et al., 2013
transgenic mice cortex observed.
APP PS1 mice Crossed with Thy1-GFP 3-4 months Somatosensory One week Increased spine gain and loss — Liebscher et al.,
transgenic mice cortex 2014
APP23 and Crossed with Thy1-GFP 4-5 months Somatosensory One week Decreased spine gain and no — Zou et al., 2015
APPswe/PS1deltaE9 transgenic mice cortex change in loss.
APPPSA Crossed with GAD1-GFP 4-11 months Hippocampus Weekly, monthly Increased spine loss with age. - Schmid et al., 2016
mice Decreased spine stabilization
after learning.
APPswe/PS1deltaE9 Crossed with Thy1-GFP 4-5 months Somatosensory One week Enriched environment does — Zou et al., 2016
transgenic mice cortex not change spine turnover
whereas it is increased in
controls.
APP swe/PS1deltaE9 Viral delivery of calcium 3 months Primary motor Hours Longer duration calcium — Baiet al., 2017
sensor GCaMP6 cortex transients in dendrites,
decreased spine size in
dendrites with long duration
calcium currents.
(Continued)

168

‘e 18 ueluewelignsg

8sess|(] SJewieyz)y Ul sso ondeuig


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Subramanian et al.

Synaptic Loss in Alzheimer’s Disease

TABLE 1 | Continued

References

Presence of

Dendritic spine/bouton
changes (compared to

control)

Interval between
imaging sessions

Brain region
imaged

Age at imaging

Method of neuronal

labeling

Model strain

neurite dystrophy

Heiss et al., 2017

Increase in both spine gain

Somatosensory 2 weeks
and loss.

cortex

3-4 months; 10-11

months

Crossed with Thy1-GFP

transgenic mice

APPswe/PSen1AE9

Blazquez-Llorca
et al., 2017

Yes

One week

Somatosensory

cortex

APPswe/PS1deltaE9:
7-183 months;
APP-PS1: 3-10
months

Crossed with Thy1-GFP

transgenic mice

APPswe/PS1deltaE9
and APP-PS1

Peters et al., 2018

Yes

Bouton density reduced

One week
closer to plague

Somatosensory

cortex

Crossed with 3-7 months

APP-PS1

VGLUT1venUs knockin

mice

Peters et al., 2019

Yes

One week

Somatosensory

cortex

Crossed with 3-6 months

APP-PS1

VGLUT1Ye"US knockin

mice

Stephen et al., 2019

No

Bouton but not spine density

One week
reduced

Somatosensory

7-10and 11-14
cortex

months

Viral delivery of GFP

J20

increased after plaque appearance, is the reduction in synapses
triggered only after plaque formation? One of the consensuses
from the different in vivo imaging studies performed in mouse
models of amyloidosis is that the density of dendritic spines is
lower within 50 wm from the plaque compared to farther away
from the plaque or non-transgenic controls (Spires-Jones et al.,
2007; Kuchibhotla et al., 2008; Zou et al., 2015) but see Stephen
et al. (2019). Though less pronounced, a reduction in spine
density (Spires et al., 2005; Bittner et al., 2010) or a reduction
in mature spine morphology (Zou et al., 2015) compared to
non-transgenic controls was observed in dendrites > 50 pm
away from plaque. A smaller reduction in spine density farther
away from plaque could be due to reduced local concentration
of soluble amyloid compared to the vicinity of a plaque. The
reduction in spine density did not correlate with the size of
the plaque (Spires et al., 2005), supporting the idea that soluble
amyloid in the periphery of the plaque rather than the plaque
itself is responsible for synapse loss (Mucke et al., 2000; Koffie
et al., 2009). Consistently, spine loss is observed in ex vivo
preparations following exposure to amyloid peptides (Hsieh et al.,
2006; Shrestha et al., 2006; Shankar et al., 2007), and in vivo 1
day after the injection of soluble amyloid in non-transgenic mice
(Arbel-Ornath et al., 2017).

Soluble amyloid is present even in the absence of plaques;
therefore, if soluble amyloid alone were sufficient for spine loss,
one would expect a significant reduction in spine loss prior to
plaque formation. Longitudinal imaging of spines before and
following de novo plaque formation reveals that spine density
begins to reduce only 4.5 weeks after plaque formation (Bittner
etal,, 2012). Consistently, multiple imaging studies show normal
spine density before plaque formation (Spires-Jones et al., 2007;
Kuchibhotla et al., 2008; Bittner et al., 2010). Though these
observations tend to support a role for amyloid plaque itself
in spine loss, a more parsimonious explanation is that spine
loss requires a high enough concentration of amyloid peptides
that becomes available at an age when plaques are formed in
the strains used for in vivo imaging (Maia et al, 2013). The
less dramatic effect of soluble amyloid in transgenic mouse
models of amyloidosis on overt spine loss in vivo compared
to ex vivo preparations indicates possible resistance to spine
loss when the buildup of amyloid is gradual compared to a
sudden spike used in bath applications of ex vivo preparations. In
addition, the lack or alteration of clearance mechanisms, such as
microglial phagocytosis (Mandrekar et al., 2009), may exacerbate
the synaptotoxic effect of amyloid in ex vivo preparations. These
explanations, however, are at odds with the findings that brain
slices from some mouse models of amyloidosis show synapse
loss prior to plaque formation (Hsia et al., 1999; Moechars et al.,
1999; Mucke et al., 2000; Lanz et al., 2003; Jacobsen et al., 2006).
One plausible explanation for this discrepancy is that the brain
regions examined for synapse loss using in vivo imaging (mostly,
somatosensory cortex) and brain slices (mostly, hippocampus)
are not the same. The vulnerability of synapses or the local
concentration of amyloid could differ between brain regions
and contribute to the plaque dependence for spine loss in brain
regions imaged using two-photon microscopy. However, this
may not be the sole reason because, in 3xTg-AD mouse strain,
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TABLE 2 | Studies examining dendritic spine and neurite pathology in mouse models of Tauopathy using in vivo two-photon microscopy that are discussed in this review.

Model Method of Age at imaging Brain region Interval between Dendritic spine/bouton changes Presence of References

strain neuronal labeling imaged imaging sessions (compared to control) neurite dystrophy

rTg4510  Crossed with 9-10 months Somatosensory — Reduced spine density - Kopeikina et al.,
Thy1-YFP cortex 2013a
transgenic mice

P301S Tau Crossed with 4 months Somatosensory 3-4 days Reduced spine density. Decreased — Hoffmann et al.,
Thy1-YFP cortex spine gain and slightly decreased 2013
transgenic mice loss

rTg4510  Viral delivery of 8-9 months Somatosensory — Reduced spine density did not - Kopeikina et al.,
calcium indicator cortex correlate with calcium levels in 2013b
YC3.6 parent dendrite

rTg4510  Viral delivery of GFP 4, 5, and 6.5 Somatosensory One week Reduced spine density. Both gain - Jackson et al., 2017

months cortex and loss are increased. Bouton
turnover decreased.
rTg4510  Viral delivery of GFP 4,5,6 and 7 Somatosensory One week Reduced spine and bouton density. — Jackson et al., 2017

months cortex

Spine turnover increased and
bouton turnover decreased.

spine loss was observed in brain slices of the hippocampus and
frontal cortex only after plaque formation, though these areas did
not exhibit a characteristic plaque-distance dependence for spine
loss (Bittner et al., 2010).

Pre- and postsynaptic terminals may exhibit differential
plaque distance dependent vulnerability. The evidence for the
vulnerability of presynaptic terminals in amyloid mouse models
has been contradictory. Some histological studies found evidence
for the loss of synaptophysin (Rutten et al., 2005; Dong et al.,
2007; Tampellini et al., 2010) whereas others have not (King and
Arendash, 2002; Rutten et al., 2003; Boncristiano et al., 2005;
Hong et al., 2016), even in the same amyloid mouse model. In
vivo imaging of presynaptic boutons in amyloid model mice show
increased dynamics of boutons near the plaque compared to
farther away from the plaque (Liebscher et al., 2014; Blazquez-
Llorca et al.,, 2017; Stephen et al., 2019). The plaque distance-
dependent synaptic loss and dystrophy holds up even when a
presynaptic protein (Vglutl) is directly visualized in vivo (Peters
et al,, 2018). One of the reasons for the lack of consensus
with respect to loss of presynaptic terminals in amyloid models
could be due to variations in the sampling of different cell types
between studies.

The plaque distance dependence of synapse loss observed
in in vivo imaging studies using amyloid mouse models is in
stark contrast to the observed loss of synapses affecting both
pre- and postsynaptic elements across postmortem cortex (Terry
et al., 1991; DeKosky et al., 1996; Sze et al., 1997; Scheft and
Price, 2006; Scheff et al.,, 2007; de Wilde et al., 2016), despite
plaques occupying only 5-10% of cortical volume in AD patients
(Terry, 2000). Multiple differences between AD patients and
mouse models of amyloidosis can account for the difference in
plaque distance-dependent effect on synapses. One remarkable
feature of mouse models of amyloidosis is that they exhibit
limited or no neuronal death (Wirths and Bayer, 2010; Jankowsky
and Zheng, 2017). The death of a neuron whose axons travel
far will be accompanied by synapse loss farther from the soma.
Thus, the lack of synapse loss farther away from plaque could

be a consequence of limited or no plaque-associated cell death
in these mouse models. Another possibility for preferential loss
of synapses closer to plaques is that most mouse models of
amyloidosis do not display the Tau pathology observed in human
AD patients. When Tau mutation is combined with amyloidosis,
as in the triple transgenic 3xTg-AD mice, spine loss was observed
closer to and farther away from the plaque (Bittner et al., 2010).

SPINE LOSS AND COGNITIVE DECLINE

If spine loss increases only at the age when plaques are
present, then one would expect cognitive deficits to be apparent
only after plaque formation. However, cognitive deficits are
observed before plaque formation in many amyloid mouse
models (Holcomb et al., 1998; Wisniewski and Sigurdsson, 2010).
In one of the strains, APP23, where cognitive decline precedes
plaque formation, it was found that amyloid precursor protein
accumulates intracellularly, and the amount of intracellular
accumulation correlates with spine loss (Zou et al, 2015).
Another caveat in reconciling cognitive studies with in vivo
spine imaging studies is that most in vivo imaging studies
in amyloid mouse models are restricted to the somatosensory
cortex. Typically used cognitive tests, such as spatial or
contextual memory tasks, may not elicit synaptic remodeling
in the somatosensory cortex. In contrast, changes to sensory
experience have been shown to cause synaptic remodeling in
the somatosensory cortex (Trachtenberg et al., 2002). In the
one of the amyloid mouse models, synaptic remodeling elicited
by exposure to an enriched environment is disrupted in the
somatosensory cortex before plaque appearance when spine
density is normal (Zou et al., 2016; Heiss et al., 2017).

One of the main reasons most in vivo imaging studies are
restricted to the somatosensory cortex is that it is easily accessible
for non-invasive imaging. Imaging hippocampus, located ~1 mm
deep in the brain, is out of the range for conventional two-
photon imaging. Two-photon imaging of dendritic spines in the
hippocampus is achieved by microendoscopy or by removing the
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overlying cortex (Mizrahi et al., 2004; Gu et al.,, 2014; Attardo
etal, 2015). To date, to our knowledge, spine imaging in vivo in
the hippocampus has not been performed in excitatory neurons
of amyloid mouse models. However, a group of inhibitory
neurons in the hippocampus, positive for somatostatin, that
possess dendritic spines, has been studied using in vivo two-
photon imaging in an amyloid mouse model (Schmid et al,
2016). The density of spines on these interneurons is reduced
near the plaque. This reduction is due to a decrease in input from
cholinergic neurons, which are lost due to cell death. In these
somatostatin positive interneurons, new spines are formed in
response to fear conditioning; however, this process is disrupted
in the amyloid model (Schmid et al., 2016).

Most in vivo imaging studies use dendritic spines as a proxy
for excitatory synapses. The maturation status of the spine is
inferred from their shape, stability, and age. Newly formed spines
are usually thin and are transient. If they persist for more
than 4 days, they are highly likely to carry synapses (Knott
et al., 2006). Mature persistent spines resemble mushroom-
like structures and are called mushroom spines (Bourne and
Harris, 2007). Though age, shape, and stability of dendritic
spines could be a good predictor for the maturation status of a
synapse, they are not entirely reliable. Spines that persist for 4
days may not contain synaptic proteins associated with mature
synapses (Subramanian et al., 2019). Even if the plaque-associated
spine loss observed in the superficial cortical regions is globally
true, structural alterations, such as changes to AMPA receptors
concentration, not captured by imaging spine alone could
underlie cognitive decline. Therefore, synaptic abnormalities
associated with cognitive decline may not require overt spine loss
and the mechanisms could differ depending on the brain region
and the model strains.

MECHANISMS OF AMYLOID ASSOCIATED
SPINE LOSS

In adult mice, spine formation and elimination are balanced to
maintain spine density (Villa et al., 2016; Subramanian et al.,
2019). A reduction in the density of spines under amyloid
pathology could result from the decreased formation of new
spines or increased elimination of preexisting spines or both. No
consensus has emerged on whether amyloid pathology triggers
spine reduction by regulating formation or elimination. In vivo
imaging studies have found increased spine elimination with
no change in formation or smaller increase in formation (Tsai
et al., 2004; Spires-Jones et al., 2007; Bittner et al., 2012),
decreased spine formation with no change or an increase in
elimination (Zou et al., 2015), or an increase in both formation
and elimination (Bittner et al., 2010; Liebscher et al., 2014;
Heiss et al., 2017). How could an increase in both formation
and elimination result in reduced spine density? Newly formed
dendritic spines could mature into stable synapses or disappear
without forming synapses (Subramanian et al., 2019). If amyloid
pathology reduces synapse stabilization, neurons will continue
to make futile attempts to form synapses, whereas under non-
pathological conditions, due to synapse stabilization, there would
be fewer futile attempts. Each futile attempt will be counted as a

dynamic event, and therefore, APP mice would have higher spine
dynamics and yet have lower spine density.

How could amyloid pathology induce neurite dystrophy
and spine loss? Calcium signaling regulates synaptic plasticity
and dendritic arbor development (Konur and Ghosh, 2005),
and growing evidence suggests that amyloid pathology disrupts
neuronal calcium homeostasis (Holscher, 1998; Kawahara, 2004;
Small, 2009; Brawek and Garaschuk, 2014; Popugaeva et al.,
2017). Consistent with ex vivo preparations (Mattson et al.,
1992; Guo et al., 1999; Demuro et al., 2005; Smith et al., 2005;
Mattson, 2007), in vivo imaging of calcium reveals that dendrites
closer to plaque have increased intracellular neuronal calcium in
the intact brain of amyloid mouse models (Kuchibhotla et al.,
2008). Before plaque formation, dendritic calcium levels in an
amyloid mouse model are not different from non-transgenic
mice (Kuchibhotla et al., 2008). In non-transgenic mice, calcium
concentration within the spine does not correlate with that of
the parent dendrite, whereas under amyloid pathology, there
is a linear relationship between the two, suggesting that the
compartmentalization of calcium in spines is lost (Kuchibhotla
et al,, 2008). Amyloid peptides can increase intracellular calcium
within an hour after exposure, but spine loss occurs only 24h
later (Arbel-Ornath et al., 2017). Interestingly, spines that shrink
following the application of amyloid peptide in the motor cortex
are the ones that were activated during the prolonged dendritic
calcium current elicited by the amyloid peptide (Bai et al., 2017).

A ROLE FOR TAU IN SYNAPSE LOSS

The in vivo imaging studies described thus far are mostly focused
on how amyloidosis associated with familial AD cases influence
synapses. The effect of accumulation of hyper-phosphorylated
Tau, another prominent AD-related pathology, on synaptic
structure integrity is relatively less studied using in vivo two-
photon imaging. The effect of overexpressing mutant Tau on
synapse density has yielded mixed results in the histological
analysis (Shahani et al., 2006; Eckermann et al., 2007; Yoshiyama
et al., 2007; Hoover et al., 2010; Rocher et al., 2010; Crimins
et al., 2011; Jaworski et al., 2011; Kremer et al., 2011; Alldred
et al,, 2012). In contrast, there is consensus among in vivo two-
photon imaging studies that dendritic spine density is reduced in
Tau mouse models (Bittner et al., 2010; Hoffmann et al., 2013;
Kopeikina et al., 2013a,b; Jackson et al., 2017, 2020). The first in
vivo imaging study describing the effect of Tau on synapses was
done in triple transgenic 3xTg-AD mice that also had mutations
associated with amyloidosis (Bittner et al., 2010). However, later
studies using Tau models also showed a decrease in spine density.
In a Tau model with P301S mutation, spine gain is reduced and is
not matched by an equivalent reduction in spine loss, whereas,
in the control mice, formation and elimination of spines are
balanced. As a consequence, spine density is reduced in the Tau
mutant model. Interestingly, the spine deficits are present at an
age when no neurofibrillary tangles are apparent, and Tau itself
is not localized to dendritic spines (Hoffmann et al., 2013). In
vivo imaging also revealed decreased spine density in 8-9 month-
old rTg4510 mouse model with P301L mutation. Surprisingly,
in the same study, array tomography revealed no difference in
synaptic density compared to wild-type control mice (Kopeikina
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et al., 2013a). Later in vivo imaging studies using this model
confirmed a progressive decline in spine density between 4 and
6.5 months of age (Jackson et al., 2017, 2020). The decline in
spine density is not uniform in all dendrites, with some dendrites
exhibiting complete loss of spines. Higher turnover of dendritic
spines, in some instances, is followed by the loss of associated
dendritic branches. Over 6 months, ~35% of the dendrites are
lost. In contrast, the axonal loss is preceded by a decreased
turnover of boutons. The loss of synapses in this model also
occurred at an age when neurofibrillary tangles are not yet
present (Jackson et al., 2017, 2020). Interestingly, unlike amyloid
models, spine loss in the rTg4510 model is not associated with
elevated intracellular neuronal calcium (Kopeikina et al., 2013b).

Multiple cellular pathologies, such as intracellular calcium
homeostasis, mitochondrial dysfunction, energy metabolism,
and reactive oxygen species, associated with amyloidosis, have
been imaged in vivo using two-photon microscopy (McLellan
et al., 2003; Xie et al., 2013; Arbel-Ornath et al., 2017; Bai et al.,
2017; Gomez et al., 2018; Lerdkrai et al., 2018; Calvo-Rodriguez
et al., 2020). However, the dynamics of synapse loss in relation
to these different cellular deficits resulting from amyloidosis
remains to be explored by in vivo two-photon imaging. Synapse
loss may not occur solely due to these cell-intrinsic factors.
Growing evidence indeed suggests that microglial phagocytosis
may be a key player in synaptic loss in amyloid and/or Tau mouse
models. Below, we discuss how two-photon in vivo imaging has
also uncovered a novel role for microglia during amyloid and
Tau pathology.

MICROGLIAL IMPLICATION IN AD:
INSIGHTS FROM TWO-PHOTON /N VIVO
IMAGING STUDIES

Microglia, which are the resident innate immune cells of the
brain, have been intimately associated with AD since the
disease was first described. In his landmark studies, Dr. Alois
Alzheimer described glial cells developing excess fibers and
containing “adipose saccules” (Alzheimer et al., 1995). Over 80
years later, studies conducted on postmortem AD brain samples
revealed that microglia surrounding plaques express elevated
levels of histocompatibility antigens and the pro-inflammatory
cytokine IL-1 (Rogers et al., 1988; Griffin et al., 1989; Overmyer
etal,, 1999). Ultrastructural studies further uncovered microglia’s
intimate relationship with plaques, and even posited that
microglia were responsible for amyloid deposition (Wisniewski
et al, 1989; Perlmutter et al, 1990). Though it was later
discovered that neurons produce amyloid precursor protein and
amyloid (Wisniewski et al., 1989; Alzheimer et al., 1995), the role
of microglia in AD has remained largely elusive. Over the past 30
years, microglia in the AD brain have vacillated between valiant
protectors, powerless observers, and indiscriminate destroyers.
In this section of the review, we cover the insights into their
roles in synaptic loss that were provided using two-photon in vivo
imaging (Table 3) and complementary techniques.

LOSS OF MICROGLIAL PHAGOCYTIC
ABILITIES IN AD

Two-photon in vivo studies in the APP/PS1Ae9 and Tg2576
models demonstrated that removing microglia during the
chronic disease stage causes significant growth of existing plaques
(Zhao et al,, 2017). Combining these data with the fact that
microglia (including the dark microglia, a subset identified by its
markers of cellular stress including the condensation state of its
cytoplasm and nucleoplasm resulting in a dark appearance under
electron microscopy; Bisht et al., 2016) are occasionally seen
containing amyloid deposits led to conclude that while microglia
may be competent phagocytes, they are unable to control amyloid
levels late during AD pathology. Of note, the dark microglia
are rare in the healthy mature brain, but increase in number
up to 10-fold with pathological conditions that include chronic
stress, aging and amyloid deposition (in APP/PS1Ae9 mice; Bisht
et al., 2016). This microglial subset discovered with electron
microscopy displays hyper-ramified processes that extensively
ensheath and engulf synaptic elements (pre- and postsynaptic),
suggesting their role in the pathological remodeling of neuronal
circuits in AD (Stratoulias et al., 2019; St-Pierre et al., 2020).

While neuroinflammation is a main hallmark of AD,
alongside amyloid deposition and tangle formation, prolonged
exposure to pro-inflammatory cytokines inhibits microglial
phagocytic ability (Koenigsknecht and Landreth, 2004). Two-
photon imaging in APP/PS1Ae9 mouse slices demonstrated that
microglia lose their mobility and phagocytic capabilities as plaque
deposition increases (Krabbe et al., 2013). Slice culture studies
further determined that microglia from aged APP/PS1Ae9 and
5XFAD mice have reduced phagocytic capacity, possibly due
to an impaired MerTK signaling (Savage et al., 2015). Work
by others has determined that acute exposure to amyloid
does not affect microglial phagocytic competence, whereas
prolonged exposure in later disease stages results in reduced
phagocytosis (Wendt et al., 2017). Together these data suggest
that while microglial response to amyloid may be beneficial
in the short-term, chronic exposure to amyloid may stunt
microglia and prevent them from performing their normal
phagocytic duties required to clear the brain from toxic or
inflammatory debris.

Environmental enrichment has been shown using two-
photon in vivo imaging to increase microglial amyloid clearing
capacities thus preventing prion-like seeding of amyloid in a
mouse model, while also reversing the deficits in neurogenesis
and memory (Ziegler-Waldkirch et al., 2018). Environmental
enrichment is well-known to promote beneficial neuroprotective
microglial activities (Savage and Tremblay, 2019). However,
increasing microglial phagocytosis with other strategies should
be undertaken with extreme caution, as microglia could
phagocytose the incorrect cargo. The same complement-
mediated pathway which prunes excess synapses during normal
brain development causes mistargeted phagocytosis of synapses
early in mouse models of amyloid pathology, before plaques are
deposited (Hong et al., 2016). Inhibiting C1q, C3, or microglial
complement receptor CR3 in amyloid mouse models was
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TABLE 3 | Studies examining microglial interactions with neuronal or synaptic loss in mouse models of amyloid or Tau pathology using in vivo two-photon microscopy

that are discussed in this review.

Model Method of Age at imaging Brain region Interval between Neuronal/synaptic changes Presence of Reference
strain neuronal labeling imaged imaging sessions (compared to control) neurite dystrophy
3xTg-AD  Crossed with 4-6 months Somatosensory 7 days Reduced neuronal loss in the — Fuhrmann et al.,
CX3CR1-GFP and cortex absence of CX3CR1 (knockout) 2010
Thy1-YFP
transgenic mice
5xFAD Crossed with 10-12 months ~ Somatosensory 5 days Increased neurite dystrophy in the  Yes Condello et al., 2015
Thy1-YFP and cortex absence of microglial coverage
CX3CR1-GFP
APP-PS1  Crossed with >12 months Motor, 7 days Increased loss of spines and shaft  Yes Zhao et al., 2017
Thy1-YFP and somatosensory, atrophy associated with amyloid
CX3CR1-iDTR to and visual plagues during microglial depletion
deplete microglia cortices

shown to prevent synaptic loss, as well as cognitive impairment
(Hammond et al., 2019). The microglial receptor TREM2, which
displays various genetic variants in AD and is expressed by dark
microglia, was also shown to mediate synaptic pruning during
normal development, in cooperation with astrocytes (Filipello
etal., 2018; Jay et al., 2019). Determining the outcome of TREM2
gene loss, haplodeficiency or variants on microglia-mediated
synaptic loss in mouse models of amyloid and Tau pathology is
an important topic of investigation (Yuan et al., 2016; Gratuze
et al., 2020).

Similarly, fractalkine signaling between the
chemokine fractalkine and its unique receptor CX3CR1, which
is expressed by microglia, is a main mode of neuron-microglia
communication in the brain. During normal physiological
conditions, fractalkine signaling plays key roles in synaptic
maturation, pruning, and plasticity, and mediates the adaptation
of the brain and behavior to environmental challenges (Paolicelli
et al., 2014; Tay et al.,, 2017). In AD pathology, evidence from
complementary techniques revealed that fractalkine signaling
is detrimental during amyloid pathology, yet beneficial in Tau
pathology (Lee et al., 2010; Chen et al., 2016; Bemiller et al.,
2018). In vivo, two-photon imaging indicates that 3xTg-AD
mice deficient in fractalkine signaling are protected from
neuronal loss, contrary to 3xTg-AD controls with an intact
fractalkine signaling (Fuhrmann et al., 2010). In the 3xTg-
AD mice, microglia were also shown to display an increased
process velocity around the disappearing neurons, suggesting
a possible involvement in their elimination, at early stages of
pathology still devoid of plaques and Tau pathology (Fuhrmann
et al,, 2010). Similarly, using two-photon in vivo imaging in a
zebrafish model of Tau pathology, in which neurons express
hTauP3"t, microglia were recently shown to transform their
morphology (retraction and reduced number of processes,
enlarged cell bodies), while increasing their migration and
phagocytic activity toward dying neurons. Nevertheless,
microglial phagocytosis failed in this context to remove all the
dying neurons (Hassan-Abdi et al., 2019).

neuronal

EMERGENCE OF NEUROPROTECTIVE
PHENOTYPES

While microglia are not sufficient to prevent AD pathology,
synaptic loss, and cognitive impairment, they nonetheless form a
barrier around plaques and slow disease progression, at least early
on during disease pathogenesis. A major avenue of therapeutic
research is focused on restoring proper microglial metabolism
and physiological function, thus enabling them to clear amyloid,
remove apoptotic neurons as well as provide trophic support
for synaptic maintenance. Two-photon in vivo imaging of
healthy mice revealed that microglia play an important role in
the formation of dendritic spines, through their secretion of
brain-derived neurotrophic factor, which is required for motor
learning (Parkhurst et al., 2013). Microglia were also well-
shown to dynamically contact pre- and postsynaptic elements
by two-photon in vivo imaging during normal physiological
conditions, and these interactions were frequently followed by
the elimination of dendritic spines during experience-dependent
plasticity (Tremblay et al, 2010). Whether microglia could
exert similar beneficial roles at synapses in AD remains to
be determined.

Recent studies identified a number of neuroprotective
microglial phenotypes present on a subset of microglia within
the AD brain, and these provide further potential for specific,
microglia-targeted therapeutics. Two-photon in vivo imaging in
5XFAD mice revealed that microglia “wall off” plaques and likely
promote neuronal and/or synaptic survival in regions affected by
the amyloid pathology (Condello et al., 2015). In fact, dystrophic
neurons were much more commonly seen in regions near plaques
that were not covered by microglia, as these regions contained
increased levels of toxic amyloid oligomeric and protofibrillar
species. Microglial ability to seal off amyloid plaques from the
surrounding neuropil is dependent on TREM2, as knockout
mice had significantly reduced plaque area covered by microglia,
while displaying increased plaque-associated neuronal dystrophy
(Yuan et al., 2016).
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Recent technical advances in the field now allow researchers
to study populations of microglia from specific brain
microenvironments, and thus characterize differences between
microglia associated with plaques and those from nearby brain
regions. These studies have begun to uncover the specifically
and differentially-regulated transcriptome of microglial cells
associated or not with plaques. When plaque-associated
microglia were microdissected from amyloid mouse models,
transcriptomic analysis identified increased genes associated
with priming (i.e., immunological alert) and cellular metabolism
as well as lysosomal activity (Kamphuis et al., 2016; Yin et al.,
2017). While two-photon in vivo imaging of the primed
microglia in particular and their dynamics at synapses is
currently lacking, these studies indicate that plaque-associated
microglia are not dystrophic or senescent, but rather highly
active cells attempting to digest the amyloid, as supported by
ultrastructural studies (El Hajj et al., 2019). These data support
the idea that microglia surrounding plaques prevent plaque
growth by removing oligomeric and protofibrillar amyloid from
their immediate surroundings.

Additional work using single-cell RNAseq uncovered a
disease-associated microglial (DAM) subtype in amyloid
mouse models and human brain tissues (Keren-Shaul
et al, 2017). A similar subtype was subsequently named
the microglia-associated with neurodegeneration (MGnD)
(Krasemann et al, 2017). These disease-associated subsets
lose homeostatic microglial markers and upregulate genes
associated with phagocytosis of apoptotic cells. The authors
posit that MGnD microglia require contact with, if not
phagocytosis of, dystrophic neurons like those associated with
plaques, while depending on Trem2 and Apoe expression
(Krasemann et al., 2017). These disease-associated phenotypes
echo the ultrastructurally-defined dark microglia, but further
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