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Editorial on the Research Topic
Glia in Health and Disease

Half a billion of years of evolution of the central nervous system (CNS) resulted in emergence
of two highly integrated and interconnected cellular networks (Verkhratsky and Nedergaard,
2016) of neurones (executive arm of the CNS) and neuroglia (CNS homoeostatic and defensive
division). Concerted activity of these networks underlies CNS function and output including
behavior, intelligence, emotions and consciousness. Evolutionary specialization produced division
of function in which neurones provide for information processing and creation of circuit-mediated
behavior, whereas neuroglia assume full responsibility for homeostatic support of the nervous
system. In addition, neuroglia provide (through conserved programmes of activation) for the
defense of the nervous tissue. These distinct functions are reflected by distinct physiology of these
two types of cells. Neuronal signaling relies on electrical excitability mediated by voltage-gated ionic
channels and fast (millisecond range) synaptic transmission. Glia employ controlled fluctuations
in intracellular ions and messengers; intercellular fluxes of these molecules underlie long-range
signaling in glial syncytia that occur (within seconds) in the form of propagated ionic or metabolic
(slow) waves (Verkhratsky and Nedergaard, 2018). Intercellular communications between the two
networks are mediated by chemical transmission and a complement of receptors; neuroglial cells
are capable to perceive neuronal activity and to secrete ions and signaling molecules [although
secretion mechanisms/tool sets differ from that in synaptic terminals—(Verkhratsky et al., 2016)].

The homeostatic and defensive capacity of neuroglia stipulates their fundamental role in
neuropathology. Conceptually, the glial component is present in every type of neurological
disease, with glial contribution being either primary and/or secondary. Astrocytes undergo several
types of pathological transformation from pathological remodeling and atrophy/degeneration
with a loss of function to astrogliotic transformation (Verkhratsky et al, 2013; Sofroniew,
2014b; Pekny et al, 2016; Verkhratsky and Parpura, 2016); the latter producing numerous
reactive phenotypes with neuroprotective or neurotoxic features (Pekny and Pekna, 2014;
Sofroniew, 2014a; Liddelow et al., 2017). Microglial cells, that constantly scan brain parenchyma
for damage or pathogen-associated molecular patterns, respond to lesions by highly complex
activation that produces multiple neuroprotective or neurotoxic phenotypes (Kettenmann et al.,
2011; Salter and Stevens, 2017). Finally, oligodendroglia and their precursors (also known as
NG2 glia) respond to pathology with Wallerian degeneration, proliferation, and remyelination
(Sun et al., 2010; Catenaccio et al., 2017).
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This Research Topic aims to address the role of neuroglia
in healthy and diseased nervous tissue through a collection of
28 articles that include 2 mini-reviews, 4 reviews, 1 opinion, 19
original research article, 1 Perspective, and 1 Protocol. These
articles provide a comprehensive overview on a broad spectrum
of molecular and cellular basis of glial function in normal and
pathological CNS.

The Research Topic discusses some of the physiological
functions of neuroglia. The opinion on Ca?*-dependent and
Ca’*t-independent release of ATP from murine astrocytes
is discussed by Xiong et al. while several articles discuss
the regulation and molecular mechanisms of glial plasticity
(Boerboom et al; Lalo et al; Wang and Parpura). Glial
metabolism and other aspects of murine glial function were also
included. A new signaling pathway associated with extracellular
lactate, lactate receptor, and subsequent increase in cyclic-AMP
was found to modulate astroglial metabolism by enhancing
aerobic glycolysis (Vardjan et al.). In Zebrafish (Zhang et al.),
microglial cells were shown to mediate clearance of apoptotic
endothelial cells associated with vessel pruning. A novel
method to study micropinocytosis in fly, Drosophila, hemocytes,
phagocytic cells similar to microglia in mammals has been also
described (Chen et al.).

Both astrocytes and microglia contribute to acute pathology
such as ischemic stroke and epilepsy. Astrocytic Kj;4.1, an
inwardly rectifying K* channel, is central to regulation of K*
buffering to rebalance the blast of increased extracellular K+
concentration during ischemic conditions (Milton and Smith).
In ischaemic conditions, microglia get activated by microRNA
miR-145-5p/ Nuclear receptor related 1 protein (Nurrl)/Tumor
necrosis Factor-a cascade which can be used to define a
novel therapeutic strategy to relieve neuronal damage as a
consequence of microglial activation (Xuemei et al.). In the rat
lithium-pilocarpine model of status epilepticus (SE), a significant
reduction in the number of distal astrocytic branches were
detected upon SE induction, suggesting that astrocytic atrophy
correlates with SE-induced epileptic pathological conditions
(Plata et al.). During central post-stroke pain, the Stromal
cell-derived factor (SDF)-1 (CXC chemokine ligand-12)—
(CXC chemokine receptor CXCR4) signaling is up-regulated
and provide positive feedback to regulate glial-glial and glial-
neuronal interactions (Fei et al.). Astrocytes are also involved in
chronic pathologies; in particular they can mediate noradrenergic
pathways responsible for neurodegeneration and cognitive
decline in Alzheimer’s disease (Leanza et al.).

Microglia-mediated response of the CNS significantly
contributes to various chronic pathologies, including
neurodegeneration. Articles assembled in this Research
Topic indicate that microglial activation (induced by exposure
to lipopolysaccharide, LPS) can be ameliorated by the natural
plant compounds polyphenols and the glucagon like peptide-1
receptor (GLP-1R) agonist exendin-4 (EX-4) upon LPS exposure
(Gullo et al.). Similar effects were exerted by caffeine/modafinil
in a rat model of sleep deprivation; the treatment led to a
significant improvement of the anxious behavior (Wadhwa
et al). As for the identification of molecular components

involved in microglia-mediated pathological processes, the
Dendritic cell-derived factor 1 (Dcf1), a factor in neural stem cell
differentiation, glioma apoptosis, and dendritic spine formation,
microglial lectins including galectins, siglecs, mannose-binding
lectins (MBLs) as well as other glycan binding proteins, all play
pivotal role in regulating microglia contribution to pathology
(Siew and Chern; Wang et al.).

Glia contribute to many diseases. For instance, methyl CpG
binding protein 2 (MeCP2) deficiency in various types of glia
causes various defects and anomalies that contribute to Rett
syndrome (Xu-Rui et al.). Activation of P2X; purinoreceptor
triggers microglial response through autophagy and mammalian
target of rapamycin (mTOR) pathway in amyotrophic lateral
sclerosis (ALS) mouse model with mutated (G93A) superoxide
dismutase; this signaling cascade could represent a potential
target for modulating ALS progression (Fabbrizio et al.).
Microglial expression of lipoprotein lipase is required for
supporting remyelination and repair through the clearance
of lipid debris, a feature crucial for demyelinating disorders,
including multiple sclerosis (Bruce et al.). An overview on the
proteomic and metabolic profiling of vanishing white matter
mouse astrocytes has been provided by Wisse et al.

The cell adhesion molecule with homology to L1 (CHL1)
promotes cell proliferation, metastasis and migration in
human glioma cells both in vitro and in vivo (Yang et al.).
The origin of glioblastomas can be potentially associated wit
adult neural stem cells (NSCs) and oligodendrocyte precursor
cells (OPCs) serving as cells of origin for glioblastoma, as
reviewed by Shao and Lui. In this aspect, another important
finding demonstrates that ryanodine receptors (RyR3) mediate
Ca’t release from the endoplasmic reticulum in order to
regulate OPC differentiation (Li et al.). Several other factors
affect glial transformations. B-cell chronic lymphocytic
leukemia (CLL)/lymphoma 11B f(Bcll11b) protein, a C2H2-
type zinc finger transcriptional factor, negatively regulates
glial progenitor cell differentiation through the repression
of oligodendrocyte differentiation-associated genes (Wang
et al), whereas epithelial growth factor (EGF) enhances
oligodendrocyte differentiation from glial progenitor cells (Yang
et al.). Finally, Cloarec and colleagues show that administration
of clodronate liposomes or maternal feeding with doxycyline,
both result in alternation of microglial activity and abundance,
improved survival in a rate model of cytomegalovirus infection
(Cloarec et al.).

Glial cells were long thought to serve merely as the supporting
cast and scenery behind the neuronal stars of the show. Relatively
recent evidence, however, indicates that the glial cells are
intimately involved in many of the brain’s functions in health
and disease. The intent of this Research Topic was to provide an
update on recent developments in glial biology be that in health
and disease.
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Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative disease characterized by
progressive degradation of motoneurons in the central nervous system (CNS). Astrocytes
are key regulators for inflammation and neuromodulatory signaling, both of which
contribute to ALS. The study goal was to ascertain potential temporal changes in
astrocyte-mediated neuromodulatory regulation with transgenic ALS model progression:
glutamate, GTL-1, GluR1, GIuR2, GABA, ChAT activity, VGF, TNFa, aspartate, and
IGF-1. We examine neuromodulatory changes in data aggregates from 42 peer-reviewed
studies derived from transgenic ALS mixed cell cultures (neurons + astrocytes). For each
corresponding experimental time point, the ratio of transgenic to wild type (WT) was
found for each compound. ANOVA and a student’s t-test were performed to compare
disease stages (early, post-onset, and end stage). Glutamate in transgenic SOD1-G93A
mixed cell cultures does not change over time (p > 0.05). GLT-1 levels were found to be
decreased 23% over WT but only at end-stage (p < 0.05). Glutamate receptors (GIuR1,
GluR2) in SOD1-G93A were not substantially different from WT, although SOD1-G93A
GluR1 decreased by 21% from post-onset to end-stage (p < 0.05). ChAT activity
was insignificantly decreased. VGF is decreased throughout ALS (p < 0.05). Aspartate
is elevated by 25% in SOD1-G93A but only during end-stage (o < 0.05). TNFa is
increased by a dramatic 362% (p < 0.05). Furthermore, principal component analysis
identified TNFa as contributing to 55% of the data variance in the first component. Thus,
TNFa, which modulates astrocyte regulation via multiple pathways, could be a strategic
treatment target. Overall results suggest changes in neuromodulator levels are subtle in
SOD1-G93A ALS mixed cell cultures. If excitotoxicity is present as is often presumed,
it could be due to ALS cells being more sensitive to small changes in neuromodulation.
Hence, seemingly unsubstantial or oscillatory changes in neuromodulators could wreak
havoc in ALS cells, resulting in failed microenvironment homeostasis whereby both
hyperexcitability and hypoexcitability can coexist. Future work is needed to examine local,
spatiotemporal neuromodulatory homeostasis and assess its functional impact in ALS.

Keywords: glutamate, GABA, GLT-1, ChAT, VGF, TNF«, aspartate
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INTRODUCTION

Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative
disease characterized by the progressive degradation of
motoneurons, which results in muscle paralysis, respiratory
failure, and ultimately death. Its multifactorial nature, population
heterogeneity, and inherent complexity has made both clinical
survival prediction (Pfohl et al., 2018) and intervention
optimization (Khamankar et al., 2018) extremely difficult.

Because the multi-factorial nature of ALS is difficult to
study in humans, experimental mouse models are critical for
etiological and treatment elucidation. The superoxide dismutase
1 glycine 93 to alanine (SOD1-G93A) transgenic mouse is
currently the predominant means of investigating the preclinical
pathophysiology of ALS (Pfohl et al., 2015) because it of its rich
publication history and reproducibility. ALS pathophysiology
has multi-scalar disturbances that impact numerous processes,
including inflammation, apoptosis, energetics, excitability,
genetic transcription, cellular chemistry, oxidative stress,
proteomics, and systemic function (Irvin et al, 2015; Kim
et al., 2016). While ALS is a motoneuron disease, non-neuronal
tissues are also affected, including astrocytes, glia, and muscle.
In fact, inflammation, a process that is predominantly driven by
non-neural tissue, is the most published etiology examined in
SOD1-G93A ALS mice (Kim et al., 2016).

Evidence suggests that non-neuromuscular cells, such as
astrocytes, play one of the earliest roles in ALS and are being
considered as therapeutic targets (Vargas and Johnson, 2010;
Pehar et al., 2017). Astrocytes are the most abundant subtype of
glial cells found in the central nervous system (CNS), comprising
20-50% of the brain volume (Rossi and Volterra, 2009). One
function of astrocytes is to stabilize the neural microenvironment
after an injury through the release of cytokines (Rossi and
Volterra, 2009). Ideally, the inflammatory regulators of astrocytes
stimulate the healing process and lay down a protective glial
scar (Sofroniew and Vinters, 2010). However, inflammation
is also negatively implicated across neuropathology, where its
consequences can expand the lesion volume (Mitchell and Lee,
2008) or perpetuate local dysregulation. For example, in SOD1-
GI93A ALS, there is a dynamic imbalance of cytokines that
inappropriately amplifies inflammation (Jeyachandran et al,
2015). Glial fibrillary acid protein (GFAP) levels in SOD1-G93A
mice are almost double those of wild type (WT) mice prior
to onset and continue to significantly increase with disease
progression. Furthermore, ITPR2 gene expression is significantly
upregulated before and after the induction of inflammation
(Staats et al., 2016).

Another key function of astrocytes is to assist in reuptake
of neuromodulatory agents. It has been proposed that the
hyperexcitability of motoneurons is caused by overstimulation
by the main excitatory neurotransmitter, glutamate, which leads
to a large influx of calcium (Ca2+) and sodium (Na+) into
the cell through glutamate transporter 1 (GLT-1) (Van Den
Bosch et al., 2006; Do-Ha et al., 2017). Intracellular Ca2+ levels
are further increased as Na+ is passed out through the Na+-
Ca2+ exchanger (Van Den Bosch et al, 2006). Motoneurons
possess little ability to counteract the effects of Ca2+ influx, so

overstimulation can easily lead to excitotoxicity and cell death
(Do-Ha et al,, 2017). Glutamate excitotoxicity and impaired
intracellular calcium signaling in astrocytes is theorized to
significantly impact disease progression in ALS and other types
of neuropathology (Staat and Van Den Bosch, 2009; Kawamata
et al., 2014). Yet, such neuromodulatory regulation mediated by
astrocytes is much lesser-studied than inflammation.

Astrocyte neuromodulatory dysregulation, resulting in
failed neuromodulatory homeostasis, is thought to contribute
significantly to neuronal depolarization, hyperexcitability,
excitotoxicity, and subsequent neuronal death in ALS (Lin
et al, 2013). Increased levels of glutamate and reduced
levels of excitatory amino acid transporter 2 (EAAT2) have
been found in the CNS of ALS patients, suggesting EAAT2
dysfunction and glutamate excitotoxicity is involved in the
disease progression (Rothstein et al., 1990, 1995). It is still
unknown as to what causes the glutamate to initially collect
within the CNS. One possible explanation is that, prior to
functional onset of the disease, the astrocytes fail to reuptake
the extracellular glutamate at the proper homeostatic rate,
resulting in a slow accumulation. Another explanation is that
the motoneurons, or another nearby cell, releases glutamate
at a significantly higher rate than normal. As part of the latter
explanation, astrocytes do not compensate for the increased
glutamate release and, rather, simply continue to reabsorb
at a normal rate, resulting in glutamate accumulation over
time. Many studies (Li et al., 2015) have sought to increase
GLT-1 levels in astrocytes to increase astrocyte reuptake, albeit
unsuccessfully.

The inhibitory neurotransmitter gamma-Aminobutyric
acid (GABA) also has therapeutic potential. Mildly reduced
expression of GABAergic markers and interneurons have been
found in some SOD1 mice and ALS patients (Nihei et al., 1993;
Hossaini et al., 2011). GABA transmission can decrease levels
of glutamate and protect against excessive neuronal damage
(Brockington et al., 2013). However, clinical trials of gabapentin,
a pharmaceutical anti-epileptic drug that modulates GABA,
did not extend life span or slow the rate of muscle decline or
respiratory function (Diana et al., 2017). Elucidation of temporal
relationships among glutamate levels, transporter proteins, such
as GLT-1 and glutamate receptors (GluR), and GABA is needed
to determine therapeutic timing and efficacy. For example,
if glutamate-related treatment must occur well before ALS
symptom onset to have a functional impact, its clinical treatment
value is greatly diminished.

The adjunctive regulation of intracellular Ca2+ by astrocytes
is vital for cell signaling. Astrocytes are able to signal neurons
by Ca2+ dependent release of glutamate (Appel et al.,, 2001;
Rossi and Volterra, 2009). Intracellular concentrations of
Ca2+ are characteristically elevated in response to pathological
signaling (Rossi and Volterra, 2009; Guerra-Gomes et al., 2018).
The glutamate-mediated excitotoxicity of astrocytes relies on
intracellular concentrations of Ca2+ but has also been found
to be accompanied by the cytokine TNFa (Rossi and Volterra,
2009). The blockage of the formation of TNFa and endoplasmic
reticulum (ER) Ca2+ overload have a significant negative
effect on astrocyte glutamate release (Rossi and Volterra, 2009;
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Kawamata and Manfredi, 2010). Other cytokines, such as VGF
nerve growth factor (VGF), insulin-like growth factor 1 (IGF-1),
aspartate, and choline acetyltransferase (ChAT) can also be linked
to intracellular calcium levels (Palmieri et al., 2001; Ferndndez
et al., 2004; Kandinov et al., 2013).

An examination of dynamic, temporal interactions among
key players in astrocyte-mediated neuromodulatory regulation is
necessary to better evaluate ALS etiology and therapy. Of course,
pathological extracellular increases of glutamate, calcium, and
other co-factors does lead, or minimally contribute, to co-existing
pathology, like oxidative stress, inflammation, and excitotoxicity.
Such pathological overlap makes detangling the multi-factorial
ALS etiology all the more difficult (Kim et al, 2016). Due
to the large number of variables, a single all-encompassing
in vivo experiment is not feasible. The goal of this study is
to determine temporal trends of intrinsic astrocyte-mediated
compounds that contribute to neuromodulatory regulation
over the disease progression of preclinical ALS, with the
primary focus on regulation of glutamate, GABA, and related
compounds. Specifically, this metadata analysis is comprised of
temporal neuromodulatory data compiled from 42 peer-reviewed
studies that utilized mixed cultures of astrocytes and neurons
predominantly derived from in vivo SOD1-G93A ALS mice and
normal WT mice.

METHODS

A metadata analysis was performed to construct a macroscopic
view of astrocyte-mediated neuromodulatory regulation over the
course of transgenic ALS mouse model disease progression. The
general method involved (1) mining, selecting and recapturing
published data from preclinical ALS experiments examining
astrocytes; (2) normalizing recaptured data to enable aggregation
across studies; (3) analyzing aggregate data using appropriate
statistical methods.

Data Source Identification and Inclusion

Criteria

Keywords were used to identify potential data sources in
PubMed/Medline. All potential data sources were initially
searched using key words “Amyotrophic Lateral Sclerosis” OR
“ALS” AND “transgenic mouse.” Searches were limited to articles
published in English and with publication dates through June
2018. Primary search articles were downloaded into a Filemaker
Pro relational database (Mitchell et al., 2015a; Kim et al., 2016)
and had relevant data recaptured using our lab’s highly accurate
biocuration process (Mitchell et al., 2015a). Secondary searches
on relevant sub-topics were performed within the Filemaker Pro
database including all synonyms (see Table 1). We specifically
utilized the “high-copy” transgenic SOD1-G93A mouse model,
which is not only more common but also has less implicit
outcome heterogeneity (Pfohl et al., 2015). Recaptured data
included measures of glutamate, GTL-1, GluR1, GluR2, GABA,
ChAT activity, VGE TNFa, aspartate, and IGF-1, which were
identified using searches of figure axis labels and figure/table
captions. As astrocytic compensation can only be studied in the

TABLE 1 | Keywords for “Astrocytes” and terms associated with each subtopic.

Category Keywords

Glutamate Nitric oxide, NO* conc*, synth*, glutamate, glutamate* conc*,
GLT1, GLT1* transporter*, GIURA, GluR1, GluR2, GIuR3,
GluR4, GIuR*, excitotoxicity, excito*

Calcium Membrane potential, cyto* cal* conc*, cal* buffer* capacity,

mito* cal* conc*, cal* uptake, cal* conc*, cal* transient,
permeability transition pore, acetylcholine, voltage-gated,
calcium channel*, calcium pump*, GABA, ER([Cal]),
endoplasmic reticulum, AMPA receptor*, VDAC, CypD, FCCP,
IGF-1, VGF, TNF-alpha, TNF*, aspartate, ChAT*

The subtopics were broad topics that were used to categorize articles discussing ALS
studies. The keywords were used in searches in the database to determine article
numbers and potential data points for each subtopic. The searches were performed on
figure axis labels and captions. *indicates that pieces of the word/phrase or synonyms
were included in the search.

presence of neurons, most data was taken from mixed cultures.
Only studies that presented quantified data for both transgenic
and age-matched WT control mice were included. A total of 42
articles with quantifiable experimental data had data extracted for
analysis. A diagram of the literature review structure is shown in
the Supplementary Figure 1.

Data Normalization and Aggregation
Recaptured quantified data was used to construct ratios of
ALS-representative mouse models to WT (such as, SODI-
G93A/WT) for each included metric at each temporal
disease stage. The genetic background, onset, survival, tissue
origin/measurement procedure of each included study is
detailed in Supplementary Table 1. Temporal data points were
aggregated into three disease stages; pre-onset (0-96 days),
post-onset (97-116 days), and end stage (1174 days). Disease
stages were determined by finding the average age of onset (97
days) and survival duration (1174 days) for the included mice
in the present study. Non-aggregated raw data can be found in
Supplementary Figure 2. Six of the post-onset glutamate data
points were empirically extrapolated using standard statistical
regression to obtain the necessary sample size determined by a
standard power analysis. Table 2 illustrates the breakdown of
the 264 data points (e.g., ratios of transgenic to WT for each
included factor for each temporal disease stage). Aggregation
is an inherent limitation to meta-analysis, and this is further
discussed in the context of this study in the Limitations.

Not every included journal article expressed the mouse sample
size corresponding to each of their data points. Thus, each data
point (e.g., ratio of transgenic to WT for the included factor
measured at a specific temporal disease stage) in the present
metadata analysis is weighted equally on a per-article basis rather
than the corresponding mouse sample size comprising the data
point.

To determine the ALS disease stages, the average onset
(97 days) and time of death (117 days) was calculated using
all included onset and time of death data from the original
experimental studies (see Supplementary Data Sheet). Note that
these averages are within what is expected for high copy SOD1-
G93A ALS mice (Pfohl et al., 2015).
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TABLE 2 | Number of data points used in each sub-category.

Sub-Category Time bin Sample References
size
Glutamate Pre-onset 22 Alexander et al., 2000; Guo et al.,
Post-onset 12¢ 2000, 2003; Bendotti et al., 2001;
End-Stage 15 Raiteri et al., 2004; Niessen et al.,
2007; Choi et al., 2009; Gu et al.,
2010; Milanese et al., 2011; Albano
et al., 2013; Valbuena et al., 2016;
Tefera and Borges, 2018
GLT-1 Pre-onset 22 Alexander et al., 2000; Bendotti et al.,
Post-onset 10 2001; Deitch et al., 2002; Chen et al.,
End-Stage 16 2004; Rothstein et al., 2005;
Boston-Howes et al., 2006; Pardo
et al., 2006; Yang et al., 2009; Gu
et al., 2010; Benkler et al., 2013;
Morel et al., 2013
GluR1 Pre-onset 24 Petri et al., 2005; Spalloni et al.,
End-Stage 7 2006; Martinez et al., 2008; Zhao P.
et al., 2008 Caioli et al., 2011
GluR2 Pre-onset 17 Petri et al., 2005; Spalloni et al.,
End-Stage 5 2006; Tortarolo et al., 2006; Zhao P.
et al., 2008
GABA Pre-onset 4 Raiteri et al., 2004; Tsai et al., 2010;
End-Stage 11 Caioli et al., 2013; Tefera and Borges,
2018
ChAT Activity Pre-onset 24 Crochemore et al., 2005, 2009;
Post-onset 12 Kalmar et al., 2012
End-Stage 23
VGF Pre-onset 12 Zhao Z. et al., 2008
End-Stage 6
TNFa Pre-onset 8 Fang et al., 2010; Yang and Cheng,
End-Stage 3 2010; Song et al., 2013; Cai et al.,
2015; Jeyachandran et al., 2015; Lee
etal, 2015
Aspartate Pre-onset 7 Alexander et al., 2000; Niessen et al.,
2007; Choi et al., 2009; Tefera and
Borges, 2018
IGF-1 Pre-onset 4 Kaspar et al., 2005; Wu et al., 2006;

Messi et al., 2007; Fergani et al., 2011

* To reach the desired sample size, 6 of the 12 data points were linearly extrapolated for
this time bin.

Statistical Analysis

The distributions of all data sets were tested with Shapiro-
Wilks tests to assure sufficient distribution normality for
the corresponding statistical tests. To determine statistical
significance of differences between disease stages, an ANOVA
was performed using the Bonferroni correction. To compare
protein levels, a Student’s t-test with a Bonferroni correction
was performed for each disease stage. Error bars on figures
correspond to the standard deviation. All statistical tests
were performed with built-in functions in MATLAB (version
R2016a). Correlation matrices were constructed to visualize
the relationships between the analyzed measures. A principal
component analysis (PCA) was used to evaluate contributions
to data variance and visualized reduced data structure. The
correlation matrices and PCA were generated in MATLAB
(version R2016a).

RESULTS

A total of nine astrocyte-mediated neuromodulatory regulators
were examined from 42 peer-reviewed articles. As stated in the
Introduction, nearly all of these factors still have secondary
ties to inflammation. However, the focus of the present study
was not on the inflammatory roles of astrocytes but rather
neuromodulatory regulation of GABA, glutamate and calcium
related co-factors. Table 2 lists the measures along with the
included sample size (number of data points). The glutamate
excitotoxicity sub-categories included glutamate, GLT-1, GluR1,
GluR2, and GABA concentrations. The calcium homeostasis sub-
categories included ChAT activity, VGE TNFa, aspartate, and
IGF-1 levels.

Glutamate and Glutamate Transporter

Proteins

Glutamate and glutamate transporter levels from mixed cell
cultures from SOD1-G93A ALS mice are compared to WT. There
was no significant difference in glutamate concentrations over
disease progression (Figure 1A). Glutamate concentrations were
also not significantly increased from WT concentrations at any
disease stage. GLT-1 and GluR1 levels decrease over disease
progression. At end-stage, GLT-1 levels were 23% lower than end-
stage WT values (p = 0.008) (Figure 1B). GluR1 concentrations
at end-stage were 21% decreased from pre-onset levels (p
0.035) (Figure 1C). There was no significant difference in GluR2
concentrations over disease progression (Figure 1C).

GABA

Next, GABA levels were compared in ALS mice and WT
mice (Figure 2). GABA concentrations showed no significant
difference between WT and ALS transgenic values. Moreover,
there was no significant change in GABA over the course of ALS
disease stage or progression.

Other Neuromodulatory Factors

Other calcium-related cytokines and neuromodulatory factors
were examined over temporal SOD1-G93A disease progression
(Figure 3). Choline acetyltransferase (ChAT), a transferase
enzyme, is responsible for producing the neurotransmitter,
acetylcholine (ACH). ChAT activity did not significantly vary
over disease progression (Figure 3A). The lack of a significant
trend in ChAT, which otherwise qualitatively appears to be
depressed in SOD1-G93A compared to WT, is confounded by
the large variance in experimental sample population. Nerve
growth factor (VGF) is a secreted protein and neuropeptide
precursor that may play a role in regulating energy homeostasis,
metabolism and synaptic plasticity. VGF levels are depressed in
SOD1-G93A ALS mixed cultures. VGF levels are significantly
decreased from WT levels at both pre-onset (p = 0.0036)
and end-stage (p < 0.0001), with end-stage being further
significantly decreased from pre-onset (p = 0.0002; Figure 3B).
Tumor necrosis factor alpha (TNFa) is a cytokine involved
in inflammation, apoptosis, and synaptic function. TNFa
expression in ALS mixed cultures significantly increased 362%
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FIGURE 1 | Glutamate, GLT-1, and GIuR complex levels in mixed cultures over
ALS disease progression. (A) Glutamate level average in SOD1-G93A mice
normalized to wild-type (ratio presented as SOD1-G93A/WT) in three temporal
stages: 0-96 days, 97-116 days, and 117+ days. There was no significant
change in glutamate levels between any of the temporal stages. (B) GLT-1
average in SOD1-G93A normalized to wild-type (ratio presented as
SOD1-G93A/WT) in three temporal stages: 0-96 days, 97-116 days, and
117+ days. GLT-1 is significantly decreased from WT (o = 0.0075) at 117 +
days. (C) GluR1 (solid bars) and GIuR2 (stripped bars) average in SOD1-G93A
normalized to wild-type (ratio presented as SOD1-G93A/WT) in three temporal
stages: 0-96 days, 97-116 days, and 117+ days. There was no significant
change in GIUR2 levels between temporal stages. GIuR1 at 117+ days was
significantly decreased from 0-96 (“p = 0.0346). Error bars represent SD.

from WT at end-stage (Figure 3C). Aspartate concentrations also
significantly increased 25% from WT (Figure 3D).

Glutamate, GABA, and Cytokine
Relationships

A series of cross-correlation matrices were used to examine
the correlations between various neuromodulatory regulators

examined in this study (Figure4). A cross-correlation matrix
with correlations was constructed for each disease stage: 0-
96 days (pre-onset); 97-116 days (post-onset); and 1174 days
(end-stage). Highly negatively correlated factors are closer to
—1, uncorrelated factors are closer to 0, and highly positively
correlated factors are closer to 1; the illustrated gray scale
represents the degree and sign of corresponding correlation. Only
factors with a sample size calculated as having sufficient statistical
power were included in each disease stage matrix. Thus, not every
matrix included all factors. The pre-onset matrix included the
most factors. The notable result from this analysis is that ChAT
and VGF levels are high positively correlated at pre-onset (p =
0.0003; Figure 5).

A principal component analysis (PCA) was used to determine
the individual components, which contribute the most to
variance in the data (Figure 5). PCA is a type of exploratory and
dimensionality reduction analysis. It is mathematically defined as
an orthogonal linear transformation that transforms the data to
a new coordinate system such that the greatest variance by some
projection of the data comes to lie on the first coordinate (called
the first principal component), the second greatest variance on
the second coordinate, etc. The biplot displays how much the
variables contribute to the variance of the first two principal
components while also identifying reduced variable clusters
(Figure 5A). The length of each factor’s vector corresponds to
the variance explained. Component 1 accounted for 55% of
the variance and was almost completely comprised of TNFa
(Figure 5B). Component 2 accounted for 17% of the variance
and was mostly comprised of GABA and aspartate (Figure 5C).
Interestingly, TNFa was nearly orthogonal to GluR1, indicating
a lack of relationship.

Finally, an analysis was performed to determine which
normalized cytokine co-factor levels were significantly different
than either glutamate or GABA in mixed cultures across each
temporal disease stage (Figure 6). VGF levels were significantly
decreased from glutamate at pre-onset and end-stage (p =
0.0331 and p = 0.0028; Figure 6A). TNFa was significantly
increased from glutamate levels at pre-onset (p = 0.0018;
Figure 6B). GABA levels were not significantly increased from
glutamate at any ALS disease stage (Figure 6C). ChAT activity
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FIGURE 3 | Calcium-related cytokine levels over ALS disease progression. ChAT activity (A), VGF (B), TNFa (C), and aspartate (D) averages in SOD1-G93A
normalized to wild type (ratio presented as SOD1-G93A/WT) in three stages: 0-96 days, 97-116 days, and 117 + days. SOD1-G93A VGF levels were significantly
decreased compared to WT at 0-96 days (#p = 0.0036) and 117+ days (#p < 0.0001). SOD1-G93A VGF levels at end-stage are also significantly lower than
early-stage (*p = 0.0002). TNFa ("o = 0.0488) and aspartate (#p = 0.0350) levels were significantly increased at end-stage compared to WT. Error bars represent SD.
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FIGURE 4 | Temporal relationships between non-inflammatory regulators of astrocytes visualized as a cross-correlation matrix. Average concentrations of glutamate,
GABA, and related cytokines for ALS mice were normalized to wild-type mice with data aggregated across three temporal stages: (A) 0-96 days, (B) 97-116 days,
and (C) 117+ days. Highly positive correlations were found between VGF and ChAT at 0-96 days. Note that only factors with sufficient sample sizes (calculated using
standard statistical power analysis) were included.

was significantly lower than GABA at pre-onset (p = 0.0033)  significantly decreased throughout the ALS disease course. Other

and end-stage (p = 0.009; Figure 6D). Aspartate concentrations  than TNFa, directly measured changes in neuromodulators are

were not significantly lower than GABA at any disease stage  modest at best. Below we discuss what these results suggest about

(Figure 6E). the role of astrocyte-mediated neuromodulatory regulation in
ALS etiology and potential treatments.

DISCUSSION Evaluating the Case for and Against ALS

The metadata analysis results do not paint a picture of [EXcitotoxicity

widespread, overt glutamate-mediated excitotoxicity in  Astrocytes play a critical role in reabsorbing excess extracellular
preclinical ALS as measured in mixed cell cultures. The key = glutamate and maintaining homeostasis for the motoneurons,
neuromodulators, namely glutamate, glutamate receptors, and  which normally prevents excitotoxicity. There has been ongoing
transports, GABA, and ChAT, showed no so significant changes  debate as to the presence or source of possible excitotoxicity
in ALS compared to WT or significant changes over the course  (e.g., Leroy and Zytnicki, 2015; Rosenblum and Trotti, 2017;
of ALS disease progression. GLT-1 and GluR1 were significantly =~ Martinez-Silva et al., 2018), especially given some animal model
decreased at end stage, whereas aspartate was significantly  experiments suggest ALS motoneurons are hyperexcitable (Jiang
increased at end stage. TNFa was significantly and drastically et al., 2017) whereas other work suggests they are hypoexcitable
increased throughout ALS disease duration, whereas VGF was  (Martinez-Silva et al., 2018).
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Previous clinical work illustrated evidence of increased
glutamate levels in the CNS of ALS patients (Rothstein et al.,
1990). Lack of resorption results in glutamate being left in the
extracellular fluid resulting in continuous over-stimulation of the
postsynaptic neurons (Rosenblum and Trotti, 2017). However,
there was no identified increase in the excitatory transmitter,
glutamate, in the preclinical ALS model mixed cell cultures
examined in this study. As improved technology enables further
examination, future experimental studies should focus on the
specific localization of neurotransmitters to determine if key
neurotransmitter changes are a function of spatial resolution,
specific cell type, or a function of the type of ALS model.

Astrocytes use the enzyme glutamine synthetase (GS) to
convert glutamate to glutamine as part of the glutamate/ GABA-
glutamine cycle (Norenberg and Martinez-hernandez, 1979; Bak
etal., 2006). It is possible the constant levels of glutamate indicate
SOD1-G93A astrocytes are reuptaking glutamate at higher
rates and immediately converting it to maintain homeostasis.
However, if glutamate was being taken in at higher rates it would
require significant increases in GLT-1 and GluR to transport it
into the cells. No such increases were found in this analysis.
Rather, GLT-1 and GluR1 levels actually decreased compared to
WT near end stage.

There are a few possible explanations for the decrease
in GLT-1 and/or GluR1 levels. First, GLT-1 decreases could
possibly be attributed to the difference in metabolic needs of
astrocytes and neurons. Since GLT-1 activity in astrocytes leads
to an influx of Ca2+ through the energy powered Na+-Ca2+
exchanger (Bazargani and Attwell, 2016), metabolic impairment
in astrocytes would also lead to decreased GLT-1 activity. A
second explanation for the decrease of GLT-1 and GluR1 over
ALS disease progression could simply be due to the lower number
of living or fully functioning cells in later stages of ALS. Finally, if
there are potential cell-specific or spatially localized increases in
excitation [spatial differences were not able to be examined in the
present work], decreases in GLT-1 could suggest failed regulation
or an inadequate compensatory response.

Beyond glutamate-related findings, there were several
other neuromodulatory findings in the present study that
provide further insight. For example, GABA, an inhibitory
neurotransmitter, is not upregulated over the course of ALS
in mixed cell cultures. If glutamate and other excitatory
transmitters were in excess (either due to over-production or
do to impaired re-uptake), it would be expected that GABA
follow a similar trend due to innate compensatory mechanisms
to balance excitation and inhibition. In the present study, neither
GABA nor glutamate were significantly different in preclinical
ALS compared to WT. Notably, aspartate, another excitatory
neurotransmitter similar to glutamate, did show a slight increase
in end stage preclinical ALS. However, ChAT, which is used to
make the neurotransmitter acetylcholine, showed no significant
difference.

In summary, there were no major changes in key
neuromodulators that would point to very obvious glutamate-
related excitotoxicity. Rather, the evidence presented here
for mixed ALS cell cultures would suggest that direct
neuromodulatory changes are subtle to modest, at least in
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FIGURE 5 | PCA to determine variance contribution of non-inflammatory
regulators of astrocytes. Biplot showing variable contributions to the first two
PCA-determined components (A) broken down to the first two components
and the comprising variables (B,C). Component 1 accounted for 55% of the
variance and was almost completely comprised of TNFa (B). Component 2
accounted for 17% of the variance and was mostly comprised of GABA and
aspartate (C).

SOD1 G93A ALS mixed cell cultures. This would suggest that,
if excitotoxicity is present, it could be due to the fact that
ALS neurons and astrocytes have properties that make them
simply more susceptible or sensitive to even small changes in
neuromodulation. Thus, even small or seemingly insignificant
oscillatory increases or decreases in neuromodulators, which
could easily be rectified with compensatory regulation in normal
cells, could potentially wreak havoc in ALS cells. In fact, as
discussed in more detail in the Section Astrocyte GluR as a
Potential Pre-onset ALS Treatment Target, motoneurons are
mathematically and functionally more susceptible to such
instability (Mitchell and Lee, 2012; Irvin et al, 2015). Other
recent work has also illustrated that motoneuron microcircuits
are more prone to homeostatic dysregulation (Brownstone and
Lancelin, 2018). Given the large variance in experimental data,
small changes that were statistically insignificant may actually
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FIGURE 6 | Cytokine levels compared to glutamate and GABA levels in mixed cultures over ALS disease progression. VGF (A), TNFa (B), GABA (C), and glutamate
(D) averages normalized to wild-type (ratio presented as transgenic/WT) in three temporal stages: 0-96 days, 97-116 days, and 117+ days. ChAT activity (D),
aspartate (E), and GABA average normalized to wild-type (ratio presented as transgenic/WT) in two temporal stages: 0-96 days and 117+ days, as insufficient data
was available for 97-116 days. VGF levels were significantly decreased from glutamate levels at both stages ("o < 0.05). TNFa levels were significantly increased from
glutamate levels at 117+ days (‘o = 0.0018). GABA levels were significantly decreased from ChAT levels at 0-96 days (**p = 0.0033) and at 117+ days ("o = 0.009).

be physiologically significant to ALS cells. If ALS cells are not
able to sufficiently control their microenvironment, there could
be spatial “pockets” or temporal phases of both hyperexcitability
and hypoexcitability. This could mean that both hyperexcitability
and hypoexcitability could co-exist in ALS, which could explain
the discrepancies seen in previous literature.

Astrocyte GLT-1 as a Potential Post-onset
ALS Treatment Target

Due to the modest success of Riluzole, a drug used to treat
ALS that is thought to increase glutamate reuptake, there has
been significant focus on finding ways to increase the reuptake
of glutamate by astrocytes (Do-Ha et al., 2017). Additionally,
post-mortem studies of ALS tissue and mice have found reduced
levels of EAAT2 and GLT-1, respectively (Rothstein et al., 1995;
Pardo et al., 2006). It is believed that decreased GLT-1 levels
are contributing to the accumulation of extracellular glutamate
and increasing the levels could help prevent the hyperexcitability
of the motoneurons. Few experiments have had any notable
success, however, due to the complex interaction and timing of
the pathophysiology (Li et al., 2015). The present study found

that GLT-1 levels only decrease significantly from post-onset to
end-stage (Figure 1B). This finding suggests that increasing GLT-
1 levels before ALS end-stage may increase glutamate reuptake,
thereby prolonging survival or minimally prolonging muscle
function after ALS onset.

If cell-specific or spatially localized excitation is present,
extrinsically increasing GLT-1 levels before ALS end-stage may
increase glutamate reuptake, thereby prolonging survival or
minimally prolonging muscle function after ALS onset. Recent
analysis has illustrated the potential impact of treatments that can
increase patient quality of life by preserving muscle function for
as long as possible even if corresponding survival increases are
not dramatic. For example, similar metadata analysis of oxidative
stress treatments in high copy SOD1-G93A ALS mice prolong
limb muscle function by 59.6% but only prolong survival by
11.2% (Bond et al., 2018).

Astrocyte GIuR as a Potential Pre-onset
ALS Treatment Target

The influx of Ca24 caused by the overstimulation of
motoneurons leads to cell death as Ca2+ is involved in
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many apoptotic pathways. The permeability of glutamate
receptors is determined by GluR subunits. Glutamate receptors
with GluR1 subunits are highly permeable to Ca2+ and causes
the mobilization of intracellular Ca2+ when activated (D’antoni
et al, 2011). GluR2 lacking glutamate receptors are highly
permeable to Ca2+ (Grosskreutz et al, 2010). Studies have
shown that a lack of GluR2 increased motoneuron degeneration
(Van Damme et al., 2005) in mice and increasing GluR2 levels in
motoneurons prolonged survival of mice (Tateno et al., 2004).
While decreased GluR2 levels were not observed in ALS mixed
cultures in this study, there was a decrease in GluR1 levels at
end-stage when compared to post-onset (Figure 1C), possibly
from the high levels of cell death that have occurred by that
point. Additionally, GluR1 is elevated from WT at post-onset,
though this difference was not found to be significant, likely
owing to small sample size. These findings suggest that reducing
GluR1 levels in astrocytes at pre-onset, prior to their elevation
post-onset, could reduce intracellular Ca2+ levels and Ca2+
dysregulation effects. Due to the limited number of data points
available for intracellular Ca2+ measured, the relationships of
Ca2+ and the GluR subunits were unable to be examined.

Of course, treatment at “pre-onset” in clinical terms would
mean treatment in familial or genetic cases of ALS, referred to
as FALS, where disease predisposition or the presence or pre-
symptomatic ALS could be identified well before symptoms. Such
a treatment is not realistic at this point because precise, reliable
tests for explicit ALS identification [prior to symptom onset] are
not yet available, even for FALS. The ability to identify more
reliable biomarkers, genetic or otherwise, that predict future
onset of ALS would open up the possibility of prophylactic
treatment pre-onset. Such an approach would be similar to the
familial amyloid-p treatments being tested prophylactically in a
known Colombian family where genetic tests can predict with
certainty who will get a very specific form of familial Alzheimer’s
Disease well before cognitive symptoms appear (Reardon, 2018).
Early preclinical evidence illustrates that infamous amyloid-f
treatments, when used alone, may require prophylactic treatment
to be successful (Huber et al., 2018). While many FALS markers
have been identified, albeit SOD1, C9orf72, or the even more rare
mutations like FUS/TLS, VAPB, etc. (Ajroud-Driss and Siddique,
2015), no such marker has yet been identified that definitively,
with great sensitivity and specificity, can pre-determine a future
FALS onset.

Elucidating Etiology of Ca2+ Increase in
ALS

Measuring intracellular calcium can be very complicated. Ca2+
transients are spatially localized within the astrocyte (Bazargani
and Attwell, 2016). Due to methodological constraints, the full
intracellular Ca2+ store may not be found by simply looking at
the soma, which complicates experimental Ca2+ examination
in astrocytes at the present time. Given the complications of
local, spatial, and temporal Ca2+ experimental examination, it
is difficult to determine what mechanism is most directly related
to the increases in Ca2+ that have been previously identified in
ALS (Irvin et al., 2015).

In healthy astrocytes, glutamate transporter activity leads to
an increased entry of Na+ as GLT-1 couples glutamate and

Na+ (Bazargani and Attwell, 2016). In addition to the Na+-
K+ ATPase pump, the Na+-Ca2+ exchange provides a way for
this Na+ to exit while Ca2+ enters. Therefore, an increase in
glutamate uptake through GLT-1 activity can lead to increase
in intracellular Ca2+. ALS astrocytes do not appear to increase
glutamate uptake over disease progression and, consequently,
do not increase intracellular Ca2+ concentrations. Neurons,
however, can become increasingly more susceptible to glutamate
excitotoxicity over time and, thus, see a rise in intracellular Ca2+.

Interestingly, early pre-onset elevation of intracellular Ca2+
in SOD1-G93A mixed cell cultures occurs without a concurrent
increase in intracellular glutamate. Thus, the mechanisms
causing failed astrocytic Ca2+ regulation is not explicitly tied
to glutamate. Exocytosis of GABA is, in part, dependent on the
influx of Ca2+ through voltage-gated calcium channels (VGCCs)
(Sitges and Chiu, 1995). However, we found no increase in
GABA in ALS preclinical model mixed cell cultures. Thus, unless
there are localized changes in excitatory neurotransmitters that
have not yet been experimentally measured, the increase in
Ca2+ appears to not be directly tied to changes in excitatory
neurotransmitter balance—at least not in preclinical ALS mixed
cell cultures analyzed in the present study. Interestingly, a recent
study showed that clinical patients with the COORF72 mutation
had motoneurons that were more vulnerable to Ca2+ permeable
AMPA receptors (Selvaraj et al., 2018).

Ca2+ increases could come from a variety of mechanisms
beyond direct or significant changes in neuromodulatory
transmission. As proposed in prior work (Mitchell and Lee,
2012; Mitchell et al., 2015b; Hollinger et al., 2016; Kim et al.,
2016), failed homeostasis in nearly ten different major pathways
could explain how a variety of different perturbations that result
in ALS and identified homeostatic regulatory instability. Ca2+
regulation is also greatly impacted by changes in energetic
pathways (namely mitochondria and endoplasmic reticulum
Ca2+ stores) and oxidative stress (Bond et al., 2018), and to a
lesser degree, by apoptotic signaling (Irvin et al., 2015).

Motoneurons are more prone to instability due to their long
length (Mitchell and Lee, 2012), which requires transport and
signaling over very long distances in the axon. Any delays or
offset in signaling within cells or even between cells, such as
between neurons and astrocytes, could contribute to oscillatory
instability. The oscillations seen in CNS experimental data,
and especially Ca2+, support the homeostatic instability theory
(Irvin et al., 2015) of ALS. Given the very small margin of error
for homeostatic regulation in motoneurons (Mitchell and Lee,
2012), localized examination of Ca2+ with sufficient spatio-
temporal resolution in the future could provide key evidence
for experimentally confirming the contributions, or lack thereof,
of neuromodulatory regulation mechanisms in neurons and
astrocytes.

Puzzling Non-correlation Between
Calcium-Permeable GluR1 and TNF«

In general, TNFa production and secretion is believed to be
highly dependent upon calcium levels (Watanabe et al., 1996).
One mechanism proposed for TNFa-induced neuron death is
through the rapid TNFa-induced surface expression changes
of AMPA-type glutamate receptors, such as GluR1 (Ferguson
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et al,, 2008). Dysregulation of glutamate receptor trafficking can
alter neuronal calcium permeability and contribute to excitotoxic
vulnerability (Olmos and Llado, 2014; Kia et al., 2018).

Therefore, the lack of a statistically significant relationship
between TNFa and GluR1 levels in SOD1-G93A mixed cultures
was unexpected (Figure 6). Moreover, the PCA (Figure 5A)
showed TNFa and GluR1 levels to be practically decoupled given
TNFa is almost orthogonal to GluR1 on the biplot (Figure 5A),
which also indicates a lack of relationship.

Of course, TNFa has a complex relationship with many
cellular processes. It could be that the data variance identified
and imparted by TNFa in the PCA is more related to its
other roles, including inflammation, synaptic function, and
especially caspase-8 initiated apoptosis (Kia et al., 2018). On
a more detailed level, TNFa and NF-«B have been shown to
participate in oscillatory positive feedback loops wherein NF-«B
can regulate TNFa transcription. This process plays a key role in
regulating inflammatory responses across a variety of cell types,
and has been found to be central in the FUS mutation of ALS
(Pekalski et al., 2013) as well as other neurodegenerative diseases.
Another possible role of TNFa could be its relationship with
glial derived neurotrophic factor, GDNF. Recent work has shown
that TNFa contributes to rises in astrocytic GDNF that have a
protective effect on neuron damage (Brambilla et al., 2016); in
fact, the TNFa ~GDNF mechanism is currently being sought as a
potential therapeutic target. Most recently, astrocytes in the ALS
FUS model were shown to induce motoneuron death directly via
the release of TNFa (Kia et al., 2018).

Thus, while more research is necessary to examine the
puzzling lack of relationship seen between TNFa and GluR1
levels, it appears both GluR1 and TNFa are each having an impact
on ALS pathology, but the direct relationship between TNFa and
GluR1 is simply not substantial in SOD1-G93A ALS mixed cell
cultures.

Aspartate Increases Near End-Stage
Aspartate is another excitatory neurotransmitter, similar to
glutamate, that is found in the brain. In the present metadata
analysis of preclinical ALS mixed cell cultures, the aspartate
increase is not seen until end-stage. This supports the finding
of normal or slightly decreased aspartate levels in cerebral spinal
fluid serum of ALS patients with a mild disease course (Niebroj-
Dobosz and Janik, 1999). In severely progressing patients,
aspartate levels were increased, and GABA levels were normal or
increased. When the imbalance of these amino acids favors the
excitatory over the inhibitory, it appears to contribute to a more
rapid decline in survival.

Failed Regulation Could Contribute to
Spatial Spread of ALS

An important characteristic of ALS is the spread of motoneuron
degeneration and corresponding cell death. Recent research has
found that transplanting familial ALS astrocytes into healthy
mice causes ALS-like degeneration in non-specific healthy
neurons (Qian et al, 2017). The spread has been partially
attributed to a prion-like mechanism (Grad et al., 2015). More
research is needed to better understand the mechanistic etiology

of the spread of ALS. Nonetheless, one of the most prominent
theories has been related to excitotoxic spillover. For example,
gliotransmitters, such as increased glutamate or decreased
GABA, can propagate the rise of intracellular calcium levels in
astrocytes and adjacent neurons. Glutamate can be released from
astrocytes through Ca2+--activated bestrophin-1 anion channels.
Changes in intracellular calcium levels in astrocytes can also
affect the activity of membrane transporters, such as GluRs
(Bazargani and Attwell, 2016). Yet, in the present metadata
analysis in preclinical ALS mixed cell cultures, we did not see
glaring evidence of severe excitotoxic spillover in preclinical ALS
mixed cell cultures, as key excitatory (glutamate) and inhibitory
transmitters (GABA) were not elevated. However, the identified
decrease in inhibitory GLT-1 and increase of excitatory aspartate
that occurs with disease progression does suggest there is at least a
mild form of neuromodulatory regulation, or lack thereof, that is
contributing to ALS etiology. Additionally, the presented analysis
does illustrate potential evidence of upregulation, spillover or
spread of other chemokines, especially TNFa. Dysregulated or
delayed neuromodulator regulatory signaling between neurons
and astrocytes should be further explored in future experimental
work; evidence of dysregulation could be subtler than what is
typically seen with primary excitotoxicity but could nonetheless
help to explain the underlying “spread” mechanism(s) of ALS.

Other Non-inflammatory Functions of

Astrocytes

ALS-causing genes are also linked to lipid homeostasis, glucose
homeostasis, mitochondrial formation, ATP production, and
other metabolic functions (Ngo and Steyn, 2015). Extracellular
concentrations of ATP in the CNS regulate activation and
migration of immune and glial cells and increase in response
to trauma and inflammation (Gandelman et al., 2010). In
astrocytes, it can cause pro-inflammatory signaling which causes
an increased production of nitric oxide and various chemokines
(Gandelman et al., 2010). It has been found that G93A astrocytes
degrade ATP at a faster rate than non-transgenic astrocytes and
display ATP-dependent proliferation. It has also been shown
that high extracellular concentrations of ATP can cause non-
transgenic astrocytes to induce motoneuron death (Gandelman
et al, 2010). Evidence shows that a complicated cycle of
bioenergetic deficits may worsen disease progression over time
(Ngo and Steyn, 2015). An analysis of extracellular ATP was
not completed as part of this study due to lack of data meeting
inclusion criteria. However, a similar analysis of ATP in the
CNS shows deficiency throughout the SOD1-G93A ALS life
span (Irvin et al., 2015). Like glutamate, the temporal trends of
metabolic homeostasis need to be determined to identify the most
effective time for potential therapeutic intervention.

LIMITATIONS

The biggest limitations to any metadata analysis is the ability
to aggregate data sources in a way that sufficiently increases
sample size but not so aggregated that group definitions are too
diverse to provide meaningful insight. The adage of “apples to
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apples” and “apples to oranges” is a good analogy for metadata
analysis. To carry this analogy into an easy to understand
example, a specific metadata analysis group defined as “apples”
must literally include all apples, although different individual
apples in the group may look slightly different (red, green,
yellow, etc.). Transitioning to the present work, “glutamate,”
for example, include metrics that are slightly different: acutely
released glutamate (Milanese et al., 2011; Albano et al.,, 2013; etc.),
steady state extracellular measurements of glutamate (Alexander
et al., 2000), whole brain MRI levels of glutamate (Niessen
et al., 2007; Choi et al.,, 2009, etc.), among many other slight
variations of direct or indirect glutamate measurement, which
are contained within the “glutamate” data aggregate as shown
in Table2 and the Supplementary Data Sheet. It would be
preferable to have more specifically defined groups based on
different glutamate locations, functions, and/or experimental
methodology. However, the number of available studies and their
corresponding heterogeneity does not allow more specifically
defined sub-groups at the time of this writing; there simply
would not be enough statistical power. Thus, the present work
utilized more generalized groupings and aggregation schemes
(see Methods) that met the standardized criteria and statistical
power required by metadata analysis. Nonetheless, this study’s
presented results still provide new high-level insights as to
which of the different biomedical concepts are impacting
astrocyte-mediated ALS neuromodulatory regulation over the
course of ALS disease progression. Such high-level insight helps
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" Laboratory of Molecular Neural Biology, School of Life Sciences, Shanghai University, Shanghai, China, ? Positron Emission
Computed Tomography Center, Huashan Hospital, Fudan University, Shanghai, China, ° Institute of Nanochemistry

and Nanobiology, Shanghai University, Shanghai, China, * Shanghai Applied Radiation Institute, School of Environmental
and Chemical Engineering, Shanghai University, Shanghai, China

Microglia serve as the principal immune cells and play crucial roles in the central
nervous system, responding to neuroinflammation via migration and the execution of
phagocytosis. Dendritic cell-derived factor 1 (Dcf1) is known to play an important role
in neural stem cell differentiation, glioma apoptosis, dendritic spine formation, and
Alzheimer’s disease (AD), nevertheless, the involvement of the Dcf1 gene in the brain
immune response has not yet been reported. In the present paper, the RNA-sequencing
and function enrichment analysis suggested that the majority of the down-regulated
genes in Dcf1~/~ (Dcf1-KO) mice are immune-related. In vivo experiments showed
that Dcf1 deletion produced profound effects on microglial function, increased the
expression of microglial activation markers, such as ionized calcium binding adaptor
molecule 1 (Ibal), Cluster of Differentiation 68 (CD68) and translocator protein (TSPO),
as well as certain proinflammatory cytokines (Cxcl1, Ccl7, and IL17D), but decreased the
migratory and phagocytic abilities of microglial cells, and reduced the expression levels
of some other proinflammatory cytokines (Cox-2, IL-18, IL-6, TNF-a, and Csf1) in the
mouse hippocampus. Furthermore, in vitro experiments revealed that in the absence of
lipopolysaccharide (LPS), the majority of microglia were ramified and existed in a resting
state, with only approximately 10% of cells exhibiting an amoeboid-like morphology,
indicative of an activated state. LPS treatment dramatically increased the ratio of
activated to resting cells, and Dcf1 downregulation further increased this ratio. These
data indicated that Dcf7 deletion mediates neuroinflammation and induces dysfunction
of activated microglia, preventing migration and the execution of phagocytosis.
These findings support further investigation into the biological mechanisms underlying
microglia-related neuroinflammatory diseases, and the role of Dcf1 in the immune
response.

Keywords: Dcf1, microglia, neuroinflammation, cytokines, migration, phagocytosis

Abbreviations: Ccl7, chemokine (C-C motif) ligand 7; CD68, Cluster of Differentiation 68; Cox-2, cyclooxygenase-2;
Csf1, colony stimulating factor 1; Cxcll, chemokine (C-X-C motif) ligand 1; DAPI, 4',6-diamidino-2-phenylindole; Dcf1,
dendritic cell-derived factor 1; DcfI-KO, Dcﬂ’/’; 18E.DPA-714, N,N-Diethyl-2-(2-(4-(2-[**F]fluoroethoxy) phenyl)-5,7-
dimethylpyrazolo [1,5-a]pyrimidin-3-yl) acetamide; Ibal, ionized calcium-binding adapter molecule 1; IL-1/, interleukin-
1p; IL-6, interleukin-6; IL17D, interleukin 17D; LPS, lipopolysaccharide; PBS, phosphate-buffered saline; PET, positron
emission tomography; qPCR, real-time quantitative PCR; RT, room temperature; Tnfsfl1, tumor necrosis factor (ligand)
superfamily, member 11; TNF-a, tumor necrosis factor alpha; TSPO, translocator protein; W'T, wile-type.
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Wang et al.

Dcf1 Deletion Induces Microglial Dysfunction

INTRODUCTION

Neuroinflammation is widely regarded as a chronic innate
immune response in the brain and a potentially pathogenic factor
in a number of neurodegenerative diseases such as Alzheimer’s
disease (AD), as well as traumatic brain injury (Panicker et al.,
2015; Andreasson et al., 2016; Fernandez-Calle et al., 2017).
Recently, due to its key signaling steps in the initiation of immune
activation, greater attention has been paid to the potential of
neuroinflammation as a therapeutic target (Panicker et al., 2015).

Microglia, which comprise approximately 20% of all glial
cells, are the principal immune cells in the central nervous
system and play a critical role in host defense against
invading microorganisms and neoplastic cells (Rio-Hortega,
1932; Gonzalez-Scarano and Baltuch, 1999; von Bernhardi
et al., 2015). In the normal adult brain, microglia display a
remarkable branched, ramified morphological phenotype and are
dispersed throughout the entire brain (Amor and Woodroofe,
2014). Upon injury, microglia undergo transformation to an
amoeboid-like morphology, migrate to the site of injury, and
execute phagocytosis (Andreasson et al., 2016). Microglia can
also be activated by pathogen-associated molecules. Moreover,
microglia also play a role in the regulation of activity-
triggered synaptic plasticity and the remodeling of neural
circuits, and further contribute to learning and memory
(Koeglsperger et al., 2013; Parkhurst et al., 2013; Sofroniew,
2015). In the AD mouse brain, microglia have been shown
to be clustered at the sites of AP plaques, with an activated,
amoeboid-like morphology (Eisenberg and Jucker, 2012). Despite
microglia being tightly packed and ubiquitously positioned in
the tissue of young mice, coverage is impaired in old mice,
and particularly more severely in 9-month-old APPg,, ,q Tg
mice, leaving tissue devoid of microglial processes (Baron
et al, 2014). It has been suggested that inflammation may
be involved in the pathogenesis of AD (Miklossy, 2008). In
the aged brain, microglia extend ramified processes into the
surrounding tissue (Mosher and Wysscoray, 2014). A recent
study using two-photon microscopy in the living brain of murine
models of AD to examine microglial behavior, reported data
showing that microglia in the aged brain were less motile and
had fewer processes (Meyer-Luehmann et al., 2008), which
supports the notion that aging is accompanied by impaired
microglial function (Streit et al., 2008). However, despite recent
progress, the understanding of the cellular and molecular
mechanisms that mediate microglial activation is still far from
comprehensive.

Dendritic cell-derived factor 1 (Dcfl) is a membrane
protein that plays an important role in neural stem cell
differentiation, glioma apoptosis, dendritic spine formation,
and social interaction, as well as amyloid precursor protein
metabolism (Wen et al., 2002; Wang et al., 2008; Ullrich et al.,
2010; Xie et al.,, 2014; Liu et al, 2017a,b). Downregulation of
the DcfI gene facilitates differentiation of neural stem cells into
astrocytes (Wang et al., 2008) and deletion of DcfI leads to
dendritic spine dysplasia in the mouse hippocampus (Liu et al.,
2017a). Therefore, DcfI is an important regulator of neural
development.

It is known that certain neural development-regulating
molecules also play important roles in the regulation of the
immune response in the brain (Garay and McAllister, 2010).
To explore the function of D¢fI in the neural immune system,
we investigated the effect of Dcfl deletion on the activation
of microglia and expression of proinflammatory cytokines
under different conditions in vitro and in vivo. We found
that DcfI deletion produced profound effects on microglial
function, increased the expression of microglial activation
markers such as TSPO, Ibal, and CD68 as well as some
proinflammatory cytokines, but decreased the migration and
phagocytosis abilities of microglial cells and the expression levels
of other proinflammatory cytokines.

MATERIALS AND METHODS
Positron Emission Tomography (PET)

PET experiments were performed using a Siemens Inveon
PET/CT system (Siemens Medical Solutions, Knoxville,
United States) and conducted by the Huashan Hospital of
China, according to the standard protocols and procedures
(Kong et al., 2016). '®F-DPA-714 was given via the catheter
system intravenously in a slow bolus. Isoflurane is an inhaled
anesthetic that is mobilized through the respiratory tract and
into the body of mice under the influence of oxygen. Dynamic
PET was performed for 60 min on isoflurane-anesthetized male
nude mice after intravenous injection of '®F-DPA-714. The
experiments were carried out in compliance with national laws
for the conduct of animal experimentation and were approved
by the Animal Ethics Committee of Shanghai University.

Immunohistochemical Staining

Brain samples from WT and D¢f1-KO mice (C57BL/6 male mice,
2-3 months-old) were cut by frozen sectioning. Slices were rinsed
3 times with PBS and permeabilized with 0.1% Triton X-100
in PBS for 40 min. The slices were subsequently blocked in 5%
bovine serum albumin (Invitrogen, United States) in PBS at RT
for 2 h, followed by incubation with a goat anti-Ibal monoclonal
primary antibody (1:500, Abcam, United States) at 4°C overnight.
The following day, the slices were washed 3 times with PBS,
incubated sequentially with a donkey anti-goat IgG secondary
antibody Alexa 488 (1:1000, Abcam, United States) at RT for 2 h
and the nuclear stain DAPI (Invitrogen, United States) at RT
for 10 min, and finally washed 3 times with PBS. Fluorescence
intensity was detected using a Zeiss LSM710 fluorescence
microscope. All animals were treated in accordance with the
guidelines of the Society for Neuroscience Ethics Committee on
Animal Research. The study design was approved by the Animal
Ethics Committee of Shanghai University.

Cell Culture

BV2 cells, a mouse microglia cell line, were cultured in
Dulbecco’s Modified Eagle Medium (Invitrogen, United States)
supplemented with 10% fetal bovine serum (Invitrogen,
United States) and 1% penicillin/streptomycin (Invitrogen,
United States), and maintained at 37°C in a 95% humidified
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atmosphere with 5% CO,. At approximately 90% confluence,
the cells were detached with 0.1% trypsin-EDTA (Invitrogen,
United States), seeded onto appropriate plates with fresh
medium, and incubated overnight.

Transfection

BV2 cells were seeded onto 24-well plates at a density of
1 x 10° cells/well and cultured overnight at 37°C in an atmo-
sphere of 5% CO,. The following day, cells were transfected with
the psiRNA-hH1neo plasmid or the psiRNA-DcfI plasmid using
Lipofectamine™ 2000 (Invitrogen, United States), according to
the manufacturer’s protocol.

Observation of BV2 Microglia Cell
Morphology

BV2 cells were cultured on 24-well plates and transfected as
described above. 24 h post-transfection, cells were stimulated
with 1000 ng/ml LPS for 12 h, followed by collection of bright-
field images using a Nikon microscope. The cells were then rinsed
with PBS, fixed in 4% paraformaldehyde in PBS at RT for 10 min,
and permeabilized with 0.1% Triton X-100 in PBS for 10 min.
The cells were subsequently blocked in 2% bovine serum albumin
in PBS at RT for 1 h, followed by incubation with a goat anti-
Ibal monoclonal primary antibody (1:500, Abcam, United States)
at 4°C overnight. The following day, the cells were washed
3 times with PBS, and incubated sequentially with a donkey
anti-goat IgG secondary antibody Alexa 488 (1:1000, Abcam,
United States) at RT for 2 h, the cytoskeleton red fluorescent
probe ActinRed (1:50, KeyGEN BioTECH, China) at RT for
20 min, and DAPT at RT for 5 min, and finally washed 3 times with
PBS. Fluorescence intensity was detected using a Zeiss LSM710
fluorescence microscope.

Total RNA Extraction, cDNA Synthesis,
and Real-Time Quantitative PCR (qPCR)

BV2 cells were cultured on 24-well plates and transfected
as described above. 24 h post-transfection, cells were treated
with 1000 ng/ml LPS for 12 h. Subsequently, the total RNA
was extracted using a total RNA extraction kit (Promega,
United States), according to the manufacturer’s protocol. The
total RNA in the WT and DcfI-KO hippocampal tissue was
extracted in the same manner. The concentration of RNA
was determined by measuring the absorbance at 260 nm, and
2 g RNA was used for cDNA synthesis using an RT master
mix (TaKaRa, Japan). QPCR amplification was performed in
at least triplicate using a mixture of Top Green qPCR super
mix (Transgen, China), cDNA samples, and designated primers
(Table 1). The relative gene expression was calculated by
comparing the CT value of the gene of interest with that of Gapdh,
the internal control.

Western Blotting

The total protein in the WT and DcfI-KO hippocampal tissue
was extracted using cell lysis buffer (Beyotime, China), according
to the manufacturer’s protocol. For protein extraction from BV2
cells, transfected cells cultured on 24-well plates were stimulated

TABLE 1 | List of primers used for gPCR.

Gene name Primer sequence (5'-3')
Dcf1 Upstream: CGCTGCTGCTGTTGACTATG
Downstream: GTAGGTGTGCAAGGGGTAGG
Ccl7 Upstream: GCTGCTTTCAGCATCCAAGTG
Downstream: CCAGGGACACCGACTACTG
Cxcl1 Upstream: CTGGGATTCACCTCAAGAACATC
Downstream: CAGGGTCAAGGCAAGCCTC
Csf1 Upstream: ATGAGCAGGAGTATTGCCAAGG
Downstream: TCCATTCCCAATCATGTGGCTA
IL17D Upstream: AGCACACCCGTCTTCTCTC
Downstream: GCTGGAGTTCGCACTGTCC
Tnfsf11 Upstream: CAGCATCGCTCTGTTCCTGTA
Downstream: CTGCGTTTTCATGGAGTCTCA
Cox-2 Upstream: CAGTTTATGTTGTCTGTCCAGAGTTTC
Downstream: CCAGCACTTCACCCATCAGTT
IL-6 Upstream: AACGATGATGCACTTGCAGA
Downstream: CTCTGAAGGACTCTGGCTTTG
IL-1p Upstream: CTTCCTTGTGCAAGTGTCTG
Downstream: CAGGTCATTCTCATCACTGTC
TNF-a Upstream: AAATTCGAGTGACAAGCCTGTAG
Downstream: GAGAACCTGGGAGTAGACAAGGT
Gapadh Upstream: TCACCACCATGGAGAAGGC

Downstream: GCTAAGCAGTTGGTGGTGCA

with 1000 ng/ml LPS for 12 h. Following the treatment, cells
were washed twice with ice-cold PBS and the total protein was
extracted using cell lysis buffer (Beyotime, China), according to
the manufacturer’s protocol. Protein samples were separated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis and
electroblotted onto nitrocellulose membranes. The membranes
were blocked with 5% bovine serum albumin in PBS at
RT for 1 h and then incubated with the following primary
antibodies at 4°C overnight: goat anti-Ibal (1:1000, Abcam,
United States), rabbit anti-IL17D (1:500, Abcam, United States),
rabbit anti-CD68 (1:500, Abways, China), rabbit anti-Cox-2
(1:500, Wanleibio, China), rabbit anti-IL-6 (1:500, Wanleibio,
China), rabbit anti-IL-1p (1:500, Wanleibio, China), and rabbit
anti-TNF-a  (1:500, Wanleibio, China). The following day,
the membranes were incubated with a mouse anti-GAPDH
(1:1000, Abcam, United States) at RT for 1 h, followed by
an infrared dye 700-conjugated goat anti-mouse IgG (1:10000,
Zemed, United States) and either an infrared dye 800-conjugated
goat anti-rabbit IgG (1:10000, Zemed, United States) or an
infrared dye 700-conjugated donkey anti-goat IgG secondary
antibody (1:10000, Zemed, United States) at RT for a further
1 h. Visualization and quantification was carried out using LI-
COR Odyssey scanner and software (LI-COR Biosciences). The
relative protein expression level was normalized to Gapdh of
the same lane, and data were obtained from four independent
immunoblots.

Cell Migration Assay
BV2 cells were seeded at a density of 1 x 10° cells per well on a 24-
well plate and cultured for 24 h at 37°C with 5% CO;, followed by
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FIGURE 1 | The function enrichment analysis of downregulated genes induced by Dcf1 knockout using the DAVID platform. The gene function enrichment analysis
of downregulated genes from RNA-sequencing results in WT and KO mice. The DAVID platform was used for analysis. The results showed that the majority of the

downregulated genes were immune-related.
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transfection as described above. 36 h post-transfection, a wound
healing assay was used to evaluate alterations in the migration
rate. Briefly, lineation was carried out at the central region of cell
growth in each well using a P-20 pipette tip, and the cells were
observed every 12 h for 48 h using a Nikon Ti-S fluorescence
microscope. The results were analyzed using the Image Pro Plus
software’.

Cell Phagocytosis Assay

BV2 cells were seeded at a density of 1 x 10° cells per well
on a 24-well plate and cultured for 24 h at 37°C with 5%
CO3, followed by transfection as described above. 36 h post-
transfection, fresh culture medium containing 5 pl grapheme
quantum dots (2-3 wm) was added to each well and incubated
at 37°C for 5 min, followed by a PBS wash, fixation with
4% paraformaldehyde for 30 min and permeabilization with
0.1% Triton X-100 in PBS for 10 min at RT. Cells were
subsequently incubated with ActinRed at a dilution of 1:50
for 30 min at RT and washed three times with PBS. The
phagocytic activity of the cells was evaluated by confocal
microscopy.

Statistical Analysis

All data were analyzed using the Graphpad Prism software and
were presented as the mean = SEM. The mRNA and protein
expression levels of WT and DcfI-KO mice were analyzed using
a t-test. The microscope images were analyzed using the Image
Pro Plus software. The changes in cell morphology, mRNA and
protein expression levels, and the migratory and phagocytic
capacities of BV2 cells were analyzed using a one-way Analysis
of Variance. Significance was set to p < 0.05.

Uhttp://dx.doi.org/10.17504/protocols.io.iascaee

RESULTS

Dcf1 Deletion Downregulates the
Expression of Inmune-Related Genes in

the Hippocampus

In order to gain insight into the molecular activities with which
Dc¢fl may be involved in the nervous system, we examined
and compared the mRNA levels in the hippocampus of both
WT and DcfI-KO mice by RNA sequencing and function
enrichment analysis using DAVID (The Database for Annotation,
Visualization, and Integrated Discovery). We found that the
majority of downregulated genes in DcfI-KO mice were immune-
related (Figure 1). Since microglia are the major components of
the immune system in the brain, we hypothesized that Dcfl may
regulate microglial function. To test this hypothesis, we assessed
the effects of Dcfl deletion on microglial activation and the
production of cytokines in microglial cells using DcfI-KO mice.
In addition, the effects of Dcfl downregulation by RNAi on the
LPS-induced changes in morphology, migratory and phagocytic
capacity, and the expression levels of proinflammatory cytokines,
in cultured BV2 cells were evaluated as described below.

Dcf1 Deletion Induces Microglial

Activation in Vivo

The activation of microglia is characterized by an increase in the
expression level of TSPO (translocator protein) and Ibal (ionized
calcium binding adaptor molecule 1). Recently, a technique was
developed to monitor the expression level of TSPO by PET
imaging of a radiolabeled TSPO-binding tracer, ¥F-DPA-714
(Auvity et al.,, 2017; Rizzo et al., 2017; Saba et al.,, 2017). Using
this PET imaging technique, we found that TSPO expression was
significantly increased in certain brain regions of DcfI-KO mice,
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including the hippocampus, as compared with that of WT mice
(Figures 2A-C), indicating that DcfI deletion upregulated the
ratio of activated microglia to resting microglia. Consistently, the
expression level of Ibal was also significantly increased in DcfI-
KO mice, as reflected by immunostaining and Western blotting
analysis, which both show that the mean density in KO mice
is 1.5 times that in WT mice (Figures 2D-F). Furthermore,
Western blotting analysis shows that the expression level of CD68
was significantly increased in D¢fI-KO mice (Figure 2G).

Dcf1 Deletion Induces Abnormal
Expression of Proinflammatory

Cytokines in Vivo

Cytokines have been reported to promote neuronal
differentiation and remodeling in the brain (Jeon and Kim,
2016). Many reports have shown that proinflammatory cytokines
were dramatically increased in activated microglial cells (Hwang
et al., 2014). In the central nervous system, central cytokines
such as IL-6, TNF-a, and IL-1f are secreted from microglia,
and are considered to be involved in neuronal development and
neuroplasticity (Moynagh, 2005; Jeon and Kim, 2016). Thus,
to investigate the molecular differences in proinflammatory
cytokines between WT and Dcf1-KO mouse hippocampal tissue,
we examined both the mRNA and protein expression levels of
Cox-2, IL-1B, Tnfsfl1, Cxcll, Ccl7, IL-6, IL17D, TNF-a, and
Csfl. As illustrated in Figure 3A, the mRNA levels of Ccl7 and
IL17D dramatically increased by 2-fold in KO as compared
with WT mice, in addition to Tnfsfl1 and Cxcll, although the
latter two were not significantly increased. Moreover, the mRNA
levels of Cox-2, IL-1f, IL-6, TNF-a, and Csfl were significantly
decreased by approximately 50% in the DcfI-KO mice. Western
blotting was used to verify these changes. As can be seen in
Figures 3B,C, the protein expression levels of Cox-2, IL-1f,
IL-6, and TNF-a were consistently significantly reduced in the
Dcf1-KO mice as compared with the WT mice, and IL17D was
significantly increased by approximately 40%.

Downregulation of Dcf1 Alters the
LPS-Induced Morphological Change in
Cultured BV2 Microglial Cells

To better understand the role that DcfI plays in the changes in
the microglial morphology induced by inflammatory stimulation,
we investigated the effect of Dcfl downregulation on the
morphological changes of cultured BV2 cells caused by LPS
treatment. LPS is an outer membrane component of Gram-
negative bacteria and a strong stimulator of microglial cells
(Qin et al., 2004). As shown in Supplementary Figure S1 and
Supplementary Table S13, psiRNA-D¢fl plasmid was used to
knock down the DcfI gene, and qPCR analysis of the Dcfl mRNA
level revealed a significant decrease in the LPS + psiRNA-Dcfl
group, with no significant differences seen among the other
groups. Cell morphology was examined using immunostaining
against ActinRed and Ibal. As shown in Figure 4, in the absence
of LPS, the vast majority of cells were ramified and existed in
a resting state, with approximately 10% of cells exhibiting an
amoeboid-like morphology, indicative of the activated state. LPS

treatment dramatically increased the ratio of activated to resting
cells, with DcfI downregulation further increasing this ratio. This
result is consistent with the elevated activation of microglia cells
seen in Dcf1-KO mice.

Downregulation of Dcf1 Affects the

Expression of Cytokines in Vitro

To examine whether the silencing of Dcfl affected the
inflammatory response at the molecular level, qPCR was
performed in order to quantify the mRNA expression of the
nine cytokines examined above in vivo studies. The relative
abundance of each mRNA was expressed relative to Gapdh.
As illustrated in Figure 5A, the mRNA levels of Cox-2, IL-15,
Cxcll, Ccl7, IL-6, TNF-a, and CsfI were significantly increased
in the LPS + vehicle group as compared with the group in
the absence of LPS (blank). However, downregulation of Dcfl
in the LPS + psiRNA-DcfI group significantly decreased the
levels of Cox-2, IL-1f, IL-6, TNF-o, and Csfl. In contrast,
Cxcll and Ccl7 were dramatically increased, and IL17D was
also elevated, although not significantly, as compared with the
LPS + vehicle group. Western blotting was performed to further
confirm whether downregulation of Dcfl affected the expression
of these cytokines. As shown in Figures 5B,C, cells treated
with LPS had increased expression of proinflammatory cytokines
such as Cox-2, IL-18, IL-6, and TNF-a, however, these four
proinflammatory factors were significantly reduced upon Dcfl
downregulation as compared with the LPS + vehicle group.
These data demonstrated that LPS-stimulated BV2 microglial
cells had increased the expression of proinflammatory cytokines,
whereas downregulation of the D¢f] dramatically decreased the
expression of most factors that were detected in LPS-stimulated
BV2 cells, with the exception of Cxcll, Ccl7, and IL17D. These
results suggested that downregulation of Dcfl suppressed the
expression of the majority of proinflammatory factors in activated
BV2 microglial cells, supporting the previous results (Figure 3)
showing differences in the expression of these genes between the
hippocampal tissue from WT and Dcf1-KO mice.

Downregulation of Dcf1 Decreases the
Migratory Ability of Microglia

Microglial cells respond to neuroinflammation with the processes
of migration (Andreasson et al., 2016) and phagocytosis (Dheen
et al., 2007). It has been shown that once activated, microglia
migrate toward injured areas, and that this process is controlled
by the presence of cytokines and chemokines (Noda and
Suzumura, 2012). It can be speculated therefore, that Dcfl may
affect microglial migration; and thus, a wound-healing assay was
employed to study the effect of Dcfl downregulation on the
migratory ability of BV2 cells. The representative images show
the scratched areas of BV2 cells in different groups from 0 to 48 h
(Figure 6A). Upon deletion of DcfI, the migration rate of BV2
cells was increased by approximately 2-fold as compared with the
LPS + vehicle group at 48 h. Statistical analysis reveals that DcfI
downregulation significantly decreased the migratory ability of
BV2 cells (Figure 6B), suggesting that DcfI may be involved in
LPS-stimulated microglial cell migration.
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FIGURE 2 | Dcf1 deletion induces activation of microglial cells in vivo. '8F-DPA-714 (green) was used to trace TSPO (a biomarker of microglia) by PET to observe the
activity of microglia in vivo. (A,B) Brain observation by PET in WT (A) and Dcf7-KO (B) mice. White arrowhead denotes activated microglia. (C) Quantitation of the
TSPO in WT and Dcf71-KO mouse brain (Supplementary Table S1). (D) Immunohistochemical observation of microglia from WT and Dcf7-KO mouse brain sections.
Microglial cells were detected by the Ibal biomarker (green), and the nuclei were counterstained with DAPI (blue). Scale bars represent 200 wm. Higher magnification
of confocal images were shown in right panel. Scale bars, 10 pm. (E) Quantitation of the mean density of lba1 staining in WT and Dcf7-KO mouse brain sections
(Supplementary Table S2) (mean + SEM). n = 4. *p < 0.05. Protein expression of Ibal (F) and CD68 (G) in WT and Dcf7-KO mouse brain tissue (Supplementary
Tables S3, S4). Quantification of protein expression levels normalized to Gapdh. Data are expressed as the mean + SEM. n = 3. *p < 0.05; **p < 0.01.
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FIGURE 3 | Expression of proinflammatory cytokines in WT and Dcf7-KO mice. (A) The mRNA levels of Cox-2, IL-18, Tnfsf11, Cxcl1, Ccl7, IL-6, IL17D, TNF-a, and
Csf1 were assessed by gPCR in WT and KO mice. The relative abundance of each mRNA was expressed relative to Gapdh. Data are expressed as the

mean + SEM. n = 3. *p < 0.05 (Supplementary Table S5). (B) Protein expression of Cox-2, IL-14, IL-6, IL17D, and TNF-a were assessed by Western blotting in WT
and KO mice. Quantification of protein expression levels normalized to Gapdh. Datas are expressed as the mean + SEM. n = 3. *p < 0.05 (Supplementary

Table S6). (C) Sample Western blotting shown for Cox-2, IL-18, IL-6, IL17D, TNF-a, and Gapdh.
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Downregulation of Dcf1 in LPS-Activated
Microglia Results in a Diminished
Phagocytic Capacity

To explore the effect of Dcfl downregulation on the phagocytic
ability of LPS-activated microglia, a cell phagocytosis assay was
performed. Following transfection, cells were incubated with
medium containing green fluorescent grapheme quantum dots,
and subjected to confocal microscopy. The cell skeleton was
labeled with ActinRed (red) to form a composite image with
which to count phagocytic cells (Figure 7A). The ratio of
phagocytic cells to total cell number was calculated to evaluate
the phagocytic capacity (Figure 7B). Image analysis shows that
compared with the blank, the phagocytic capacity of BV2 cells
following treatment with LPS was increased by approximately
10%. Moreover, downregulation of Dcfl led to a significant
decrease of approximately 50% in microglial phagocytic ability
as compared with the LPS + vehicle group.

DISCUSSION

Here, we provide evidence of neuroinflammatory responses
induced by Dcfl deficiency (Figure 8). The RNA-sequencing

and function enrichment analysis show that the majority of the
downregulated genes in DcfI-KO mice were immune-related
(Figure 1), suggesting that Dcfl may play a role in brain
immunity. Previous work has identified that microglial cells
are responsible for surveillance immunity in the CNS and are
activated in response to inflammation (Streit, 2002). TSPO is
consistently raised in activated microglia of the CNS. In the
present study, we found that DcfI deficiency induced brain
immunity and activation of microglial cells, as reflected by the
upregulation of TSPO, Ibal, and CD68 in vivo (Figure 2 and
Supplementary Figure S2). In vitro, downregulation of DcfI
increased the morphological transformation of BV2 microglial
cells to an amoeboid-like structure, which indicated an activated
state (Figure 4). Following brain injury, microglial cells rapidly
respond by activating the proinflammatory process, releasing
inflammatory mediators and resolving the inflammatory
response (Carniglia et al, 2017). The neuroinflammatory
cytokines, Cxcll, Ccl7, and IL17D were increased in DcfI-KO
mice (Figure 3 and Supplementary Figure S3). Interestingly, a
defect in Dcfl reduced the expression of other proinflammatory
factors including Cox-2, IL-1p, IL-6, TNF-a, and Csf1 (Figure 3),
implying that Dcfl influences multiple inflammatory responses.
In vitro, downregulation of Dcf]l decreased the expression of
the majority detected cytokines, with the exception of Cxcll,
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FIGURE 4 | Morphology of LPS-stimulated BV2 microglial cells in vitro. BV» microglial cells were transfected with the psiRNA-hH1neo plasmid or the psiRNA-Dcf1
plasmid. 24 h post-transfection, BV2 microglia were stimulated with LPS (1000 ng/ml) and incubated for 12 h. (A) Immunofluorescence observation of the
morphology in LPS-stimulated BV2 microglia in vitro. BV2 microglial cells were detected by the Iba1 marker (green), the cell skeleton by ActinRed (red), and the
nuclei by DAPI (blue). Scale bars represent 50 pm. Higher magnification of confocal images were shown in right panel. Scale bars, 10 wm. (B) Bright field images of
BV2 microglia. Scale bars represent 100 wm. (C) Comparison of the percentage of activated BV2 microglia stimulated with LPS (Supplementary Table S7).
(D) Comparison of the percentage of LPS-activated BV2 microglia transfected with psiRNA-Dcf7. Data are expressed as the mean + SEM. n = 6. *p < 0.05;
***p < 0.001 (Supplementary Table S8).
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FIGURE 5 | Effects of Dcf1 downregulation on proinflammatory cytokines expression in LPS-stimulated BV2 microglia. BV, microglial cells were transfected with the
psiRNA-hH1neo plasmid or the psiRNA-Dcf1 plasmid. 24 h post-transfection, BV2 microglia were stimulated with LPS (1000 ng/ml) and incubated for 12 h. (A) The
expression of Cox-2, IL-18, Tnfsf11, Cxcl1, Ccl7, IL-6, IL17D, TNF-a, and Csf1 were assessed by gPCR. The relative abundance of each mRNA was expressed
relative to Gapdh (Supplementary Table S9). (B) Protein expression of Cox-2, IL-14, IL-6, and TNF-a were assessed by Western blotting. Quantification of protein
expression levels normalized to Gapdh. Data are expressed as the mean + SEM. n = 3. *p < 0.05; **p < 0.01; ***p < 0.001 vs. blank. *p < 0.05; #p < 0.01;
###p < 0.001 vs. LPS + vehicle (Supplementary Table S10). (C) Sample Western blots shown for Cox-2, IL-18, IL-6, TNF-a, and Gapdh.

Ccl7, and IL17D (Figure 5 and Supplementary Figure S4). the deficiency of Dcfl induced an abnormal activation of
Moreover, Dcfl knockdown diminished migratory (Figure 6) microglial cells and disturbed the release of neuroinflammatory
and phagocytic (Figure 7) abilities of BV2 cells, indicating cytokines, which may destroy the immune homeostasis in the
that DcfI deletion induced microglial dysfunction. Therefore, brain.
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FIGURE 6 | Dcf1 deletion decreases the migratory capacity of BV2 microglial cells. BV2 microglial cells were transfected with the psiRNA-hH1neo plasmid or the
psiRNA-Dcf1 plasmid. 24 h post-transfection, BV2 microglia were stimulated with LPS (1000 ng/ml) and incubated for 12 h. (A) Representative images of the
scratched areas in each condition at different time points were photographed. The average gap (AG, %) was used to quantify the relative migration of the cells. Scale
bars represent 200 wm. (B) Statistical analysis of the BV2 microglial migration rate. Data are expressed as the mean + SEM. n = 8. #p < 0.01; ###p < 0.001 vs.

LPS + vehicle (Supplementary Table S11).

36

53+2

4743

El blank

mm LPS

Hl LPS+vehicle

Il LPS+psiRNA-Dcf1

#HH

48

In order to assess the effects of Dc¢fl on microglia
activation, PET technology was used to detect and monitor
neuroinflammation in vivo (Auvity et al., 2017). TSPO was used
as a biomarker for brain inflammation (Kong et al., 2016), since
it is poorly expressed in the brain under normal physiological
conditions, but is upregulated in activated microglial cells
in response to inflammation or brain injury. Moreover, '8E-
DPA-714, a novel TSPO radiotracer, has been used to detect and

monitor neuroinflammation in various central system diseases
(Wang et al., 2014; Lavisse et al., 2015; Kong et al., 2016). An
increase in TSPO reflects increased microglial activation, which
is a key event in the neuroinflammatory response (Dickens et al.,
2014; Kong et al, 2016). Figure 2 showed a PET image in
which the green TSPO radiotracer was significantly increased and
aggregated in Dcf1-KO mice, indicating activation of microglial
cells. Moreover, morphological changes in mitochondria and
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FIGURE 7 | Dcf1 deletion suppresses the phagocytic ability of BV2 microglia cells. BV2 microglial cells were transfected with the psiRNA-hH1neo plasmid or the
psiRNA-Dcf1 plasmid. 24 h post-transfection, BV2 microglia were stimulated with LPS (1000 ng/ml) and incubated for 12 h. (A) Image showing the phagocytic ability
of BV2 microglia cells. Quanta were spontaneous green, and the cell skeleton was detected by ActinRed (red). Scale bars represent 20 um. (B) Analysis of the
average quantum absorption in each cell to assess the phagocytic activity of BV2 microglia. Data are expressed as the mean + SEM. n = 4. *p < 0.05
(Supplementary Table S12).
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the resulting dysfunction is one of the critical steps in
neuroinflammation (Xie et al., 2014; Martins et al., 2015). It
has been reported that TSPO is primarily located in the outer
mitochondrial membrane, and our previous data have shown
that DcfI is also localized within mitochondria (Xie et al., 2014),
suggesting that Dcf] may interact with TSPO in the mitochondria
of microglial cells and influence their activation.

The neuroinflammatory cytokines Cxcll, Ccl7, and IL17D
were increased during local inflammatory reaction, which can
expand the immune recruitment (Boissiere-Michot et al., 2014).
Cxcll is a chemokine produced by glial cells that attracts immune
cells to the brain (Wohleb et al., 2013; Miller and Raison, 2016),
and Ccl7 has been reported to exert potent proinflammatory
actions through chemotaxis of monocyte-derived macrophages
and other inflammatory leukocytes in the central neural system
(Stuart et al., 2015). The nature of these factors and their
participation in neuroinflammatory responses (Johnson et al.,
2011; Jung et al., 2015) are consistent with our results of increased
Cxcll and Ccl7 (Figure 3) accompanied by the activation of
micr