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Editorial on the Research Topic

Glial Cells, Maladaptive Plasticity, and Neurodegeneration: Mechanisms, Targeted Therapies,

and Future Directions

Understanding the biological complexity of the central nervous system (CNS) is a frontier
in neuroscience. Morphological organization of the CNS represents the basis for its
functional properties underlying higher brain functions; therefore, efforts are needed to
boost the comprehension of the organization of the CNS, from the ultrastructural to the
functional-networks level.

To date, two highly integrated and interconnected cellular networks substantiate the anatomo-
functional organization of CNS: neurons and non-neuronal cells, namely glial cells.

Glial cells, including astrocytes, oligodendrocytes, and microglia, actively participate in many
complex functions within the CNS (immunity surveillance and inflammatory response, metabolic
and synaptic homeostasis, modulation of blood-brain barrier—BBB) (Volterra and Meldolesi,
2005). Moreover, interaction with the elements of the extracellular matrix (ECM), an active player
for long-term plasticity and circuit maintenance, adds another level of complexity to the modern
model of the synapse structure (tetrapartite synapse) (Song and Dityatev, 2018). Therefore, if on
one hand glial cells allow adaptive synaptic plasticity of CNS in several physiological conditions
modulating synaptic transmission, homeostasis, and neural pathways signaling, then on the other,
when activated, they boost inflammatory response and perturb neuroglial interactions, synaptic
circuitry, and plasticity. This new condition, called maladaptive synaptic plasticity, may represent
an early stage of neuroinflammatory processes in neurodegenerative disorders (Papa et al., 2014).

Recently, it has been hypothesized that the morpho-functional heterogeneity of astrocytes in
different brain regions might explain the regional diversity of astrocytic response to an external
injury and the selectivity of neuronal degeneration (Cragnolini et al., 2018, 2020). Therefore,
the comprehension of these mechanisms is relevant for the development of targeted therapies
for clinical management of neurodegenerative disorders. Only through unraveling the complex
interactions between the different cell types at the synapse, we will truly understand synaptic
plasticity, higher brain functions, and how perturbations of these interactions contribute to brain
diseases with dramatic clinical impact.
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This Research Topic aims to address the role of neuroglia in
health and disease through a collection of 12 articles that include
two mini-reviews, two reviews, one hypothesis and theory, and
seven original research articles, providing an overview on a broad
spectrum of molecular and cellular bases of glial function in
normal and pathological CNS.

New mechanisms were explored in glial transmission,
signaling, and neural circuitry. It has been established that
astrocytes which release neurotransmitters such as glutamate
and GABA, express a variety of neurotransmitter receptors
and participate in synaptic transmission (Araque et al., 2014).
Furthermore, GABA released from interneurons participates in
astrocyte-mediated control of excitatory synaptic transmission
(Perea et al., 2016) through activation of astrocytic GABA-B
receptors leading to gliotransmission (Liu et al., 2018b). The
coupling between GABA interneuron, astrocytic terminals and
pre/post synaptic compartments may underpin both seizure-
like activity and neuronal synchrony across different brain
regions (Liu et al.). Evidence has also demonstrated that
early neuroinflammation, macrophage infiltration, and astrocytic
activation have a main role in epileptogenesis (Rossi et al.,
2013, 2017). In particular, experimental epileptic seizures after
stroke, brain injury, or pilocarpine administration induce the
release of small intracellular molecules (called DAMP—damage
associated molecular patterns) including the ubiquitous High
Mobility Group Box 1 (HMGB1) nuclear protein (Braun
et al., 2017). It has been proposed that microglial-astroglial
cooperation is required for astrocytes to respond to HMGB-1
and to induce neurodegeneration. Disruption of this HMGB-
1 mediated signaling pathway shows beneficial effects by
reducing neuroinflammation and neurodegeneration after status
epilepticus (Rosciszewski et al.).

Furthermore, thrombin increase in the brain after stroke as a
result of brain-blood barrier breakdown or brain tissue intrinsic
production enhances PAR1-mediated NMDA receptor activity
and increases intracellular calcium levels (Maggio et al., 2013).
Altman et al. reviews the events that lead to a hyperexcitable state
and to maladaptive plasticity that in turn, through an astrocytic
mediated response, synchronize neuronal activity producing
epileptic activity.

Astrocytic functions and activity are also affected by general
anesthetics (Thrane et al., 2012; Liu et al., 2016), particularly the
NMDA antagonist ketamine have an inhibitory role in astrocytic
glutamatergic transmission blocking GluN1/GluN2B receptors.
The decrease of astrocyte-mediated slow inward current (SICs)
synchronization due to ketamine administration at clinical
concentrationmay have serious implications for the development
of dissociative cognitive impairment during ketamine anesthesia
(Zhang et al.). In addition, anesthesia and surgical stress may
cause postoperative cognitive dysfunction (POCD), a highly
prevalent condition in elderly patients undergoing major surgery
or non-invasive procedures under sedation (Leslie, 2017; Skvarc
et al., 2018). Wei et al. hypothesized that mtROS/NLRP3
inflammasome may be part of the upstream pathway mediating
the cleavage and release of the microglial interleukin 1 beta into
brain areas including hippocampus that might play a pivotal role
in POCD.

Besides their role in neural circuitry and signaling, glial
cells are also involved in axonal regeneration and nerve repair.
Ganglionic satellite glial cells (SGCs) create a structural unit
inside the dorsal root ganglion, providing protection against
inflammation, structural, and metabolic support to neurons
(Hanani, 2005). Slit1 is one of the signaling factors that guides
both axon projection and neuronal migration (Blockus and
Chédotal, 2016), by mediating the branching of the sensory
axon growth cone. Evidence has demonstrated that peripheral
nerve injury activates the purinergic system via P2X7 receptors
(mainly expressed on SGCs) and upregulates the expression of
slit1, promoting axonal repair, and regeneration (Zhang et al.).

The relevance of astrocytes to the neurodegenerative process
was highlighted in an experimental model of Parkinson’s disease
(PD). Astrocytes express the α7 nicotinic acetylcholine receptor
(α7nAChR) (Xu et al., 2019) for anti-inflammatory (Egea et al.,
2015), antiapoptotic (Kim et al., 2012), and neuroprotective
functions in health and disease (Liu et al., 2015; Quik et al., 2015).
The α7nAChR agonist PNU-282987 showed neuroprotective
effects in astrocytes treated with 1-methyl-4-phenylpyridinium
(MPP+), reducing the number of degenerating cells, and
alleviating MPP -induced apoptosis. Moreover, PNU-282987
upregulated the expression of the antiapoptotic protein Bcl-2 and
downregulated the expression of the apoptotic protein Bax and
cleaved caspase-3, mainly via the JNK-p53-caspase-3 signaling
(Hua et al.).

The immunological aspects of glial cells were explored by
Zhou et al. in a murine model of experimental autoimmune
encephalomyelitis (EAE). CD73, an astrocytic membrane
ectonucleotidase, quickly converts adenosine monophosphate
(AMP) to adenosine (an anti-inflammatory mediator) that
interacts with ARA1 receptors controlling excitability, synaptic
transmission in brain circuits and neuroinflammation (Liu
et al., 2018a). Upon EAE induction, astrocytes lose most of
their membrane-localized CD73, thus inhibiting the generation
of adenosine in the local microenvironment, boosting the
inflammatory process, and facilitating the pathogenesis of EAE
(Zhou et al.).

Among the inflammatory disorders of the CNS, neuromyelitis
optica spectrum disorder (NMOSD) represents a prototype
of antigen-antibody-induced damage (the disease target is the
aquaporin-4 (AQP4), a water channel protein expressed on
astrocytic end-feet) (Wingerchuk et al., 2015). As in many
other CNS disorders, glutamatergic excitotoxicity may play an
important role in NMOSD (Zekeridou and Lennon, 2015). Da
Silva et al. reviews the pathway that causes AQP4-IgG/AQP4
complex to downregulate the astrocytic glutamate transporter
EAAT2 (Yang et al., 2016), leading to the excitotoxic damage.

Activation of glial cells, dysfunction of the endocannabinoid
signaling and increased expression of pro-inflammatory factors
might also contribute to pathogenesis of autism spectrum
disorder (ASD) (Bronzuoli et al., 2018). Using the ASD animal
model consisting in prenatal exposure to valproic acid (VPA)
(Melancia et al., 2018), it has been demonstrated that an
inflammatory reaction and astrocytic/microglia activation
restricted to the hippocampus and related to impaired
social interactions, stereotypic repetitive behaviors, and
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learning and memory defects. Interestingly, treatment with the
phytocannabinoid cannabidivarin (CBDV) restores hippocampal
endocannabinoid signaling and neuroinflammation induced by
prenatal VPA exposure and recovered social impairments, social
novelty preference, short-term memory deficits, and repetitive
behaviors (Zamberletti et al.).

Connexins and pannexins are widely expressed in glial cells,
where they play several roles including channel and non-channel
functions. These functions include modulation of synaptic gain,
the control of excitability through regulation of the ion and
neurotransmitter composition of the extracellular milieu and the
promotion of neuronal survival (Abudara et al., 2018). Brocardo
et al. review how glial connexins and pannexins are remodeled in
different pathological conditions with variable outcomes in the
context of a neurodegenerative disease.

The established role of glial cells in many neurological

and neuropsychiatric disorders has boosted new glial-targeted

therapies, however the unavailability of validated biomarkers

to assess and monitor gliosis in vivo has limited their clinical

application (Garden and Campbell, 2016). Cavaliere et al. present
a comprehensive overview on molecular neuroimaging, using
positron emission tomography (PET) and magnetic resonance
imaging (MRI) and offer a wide panel of non- or minimally
invasive techniques to image glial targets.

Altogether, this Research Topic has provided an update on
recent developments in glial biology, with many translational
insights for a wider understanding of the neural mechanisms in
health and disease.
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Postoperative cognitive dysfunction (POCD) is commonly observed in perioperative care
following major surgery and general anesthesia in elderly individuals. No preventive or
interventional agents have been established so far. Although the role of interleukin-1β

(IL-1β)-mediated neuroinflammation following surgery and anesthesia is strongly
implicated in POCD, the exact mechanism of action remains to be explored. Growing
evidence has shown that mitochondria-derived reactive oxygen species (mtROS) are
closely linked to IL-1β expression through a redox sensor known as the nod-like
receptor pyrin domain-containing 3 (NLRP3) inflammasome. Therefore, we hypothesize
that the mechanisms underlying POCD involve the mtROS/NLRP3 inflammasome/IL-
1β signaling pathway. Furthermore, we speculate that cholinergic anti-inflammatory
pathway induced by α7 nicotinic acetylcholine receptor (a7nAChR) may be the
potential upstream of mtROS/NLRP3 inflammasome/IL-1β signaling pathway in POCD.
For validating the hypotheses, we provide experimental plan involving different
paradigms namely; microglial cells and behavioral studies. The link between mtROS,
the NLRP3 inflammasome, and IL-1β within and between these different stages in
combination with mtROS and NLRP3 inflammasome agonists and inhibitors could be
explored using techniques, such as knockout mice, small interference ribonucleic acid,
flow cytometry, co-immunoprecipitation, and the Morris Water Maze test. We conclude
that the NLRP3 inflammasome is a new preventive and therapeutic target for POCD.

Keywords: postoperative cognitive dysfunction, NLRP3 inflammasome, mitochondria-derived reactive oxygen
species, Interleukin-1β, neuroinflammation, microglia, hippocampus

INTRODUCTION

Postoperative cognitive dysfunction (POCD) is a highly prevalent condition with significant
effects on the prognosis of elderly patients undergoing surgery, experiencing problems
with memory, concentration, information processing, language comprehension, and social
integration that can last for months or may even be permanent (Leslie, 2017). POCD reportedly
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occurs in 25% to 40% of elderly patients undergoing cardiac
surgery, non-cardiac surgery, and even minor non-invasive
procedures under sedation, such as coronary angiography,
across different studies (Evered et al., 2011). The potential risk
factors of POCD include advanced age, lower education levels,
carrying the APOE4 genotype, alcohol abuse and premedication
(Skvarc et al., 2018; Xie et al., 2018). Of note, preoperative
treatment with anticholinergic medications (e.g., atropine and
scopolamine) or medications with anticholinergic properties
(e.g., tricyclic antidepressants and benzodiazepines) have been
demonstrated to be associated with increasing risk of POCD in
recent years (Wang et al., 2014). Shoair et al. (2015) conducted
a subgroup analysis of 69 patients aged 65 years or older, and
they found that the incidence of POCD in the patients receiving
anticholinergic or sedative-hypnotic drug at home prior to
surgery was three times greater than patients without these
drug (users 28% vs. nonusers 9.1%). A large longitudinal follow
up of patients who had POCD 1 week or 3 months following
surgery showed significantly higher mortality [hazard ratio, 1.63
(95% confidence interval, 1.11–2.38); P = 0.01, adjusted for
sex, age, and cancer] and risk of leaving the labor market
prematurely [hazard ratio, 2.26 (1.24–4.12); P = 0.01], and greater
dependency on social security [prevalence ratio, 1.45 (1.03–2.04);
P = 0.03] (Steinmetz et al., 2009). As the aging population
requiring more surgeries is increasing, POCD is expected to
become epidemic.

Inflammation and immune activation are the key mechanism
of POCD. Surgery and anesthesia unleash a body-wide
inflammation in the elderly, and then peripheral inflammatory
cytokines can compromise the integrity of the blood brain
barrier (BBB), allowing for increased infiltration of inflammatory
factors and macrophages into brain (Terrando et al., 2011; Leslie,
2017). Although current theories regarding the mechanisms
underlying POCD highlight the role of neuroinflammation in
the hippocampus (Skvarc et al., 2018), the exact cascade remains
elusive. interleukin (IL)-1β-mediated neuroinflammation in
the hippocampus plays a pivotal role in surgery-induced
cognitive dysfunction; both in mice pretreated with IL-1
receptor antagonist and knocked out IL-1 receptor (IL-1R−/−),
the cognitive impairment induced by surgical trauma was
effectively attenuated (Cibelli et al., 2010). Our previous study
has also confirmed the critical role of hippocampal IL-1β
in the development of POCD (Li et al., 2014; Wei et al.,
2018). However, the mechanism by which surgical stress and
anesthesia induce production of IL-1β in association with POCD
remains unknown.

The nod-like receptor pyrin domain-containing 3 (NLRP3)
inflammasome, composed of NLRP3 protein, adapter
protein apoptosis-associated speck-like protein (ASC), and
pro-caspase-1, is a pivotal upstream target that controls IL-1β
cleavage and secretion by the active caspase-1 (Schroder
and Tschopp, 2010). Recent studies have revealed that
isoflurane-induced cognitive impairment was associated
with high levels of NLRP3 in the hippocampus of aged
mice and the impairment was reversed by the inhibition of
NLRP3-caspase-1 pathway (Wang et al., 2018). Studies have
also reported that inhibitors of the NLRP3 inflammasome

[e.g., MCC950 and ketone metabolite β-hydroxybutyrate (BHB)]
inhibited NLRP3-induced ASC oligomerization and IL-1β
expression in systemic macrophages and brain mononuclear
cells (Coll et al., 2015; Youm et al., 2015). A recent study
demonstrated that MCC950 improved cognitive function
in Alzheimer’s disease (AD) by clearance of amyloid β

(Aβ)1–40 and Aβ1–42 in apolipoprotein (APP)/presenilin 1
(PS1) mice. The study further showed that the impact of
MCC950 on Aβ pathology resulted from its ability to block
NLRP3 inflammasome activation in microglia (Dempsey
et al., 2017). Therefore, the NLRP3 inflammasome may
be a viable target to interrupt the pathogenesis of POCD.
Furthermore, exposure to anesthetics may impair mitochondria
and potentiate oxidative damage to neurons (Skvarc et al.,
2018). The mitochondria are potent activators of the immune
system through their ability to generate reactive oxygen species
(ROS), which damage the mitochondrial DNA (mtDNA)
and interact with the NLRP3 inflammasome during the
inflammatory response (Kim et al., 2015; Liu K. et al., 2017).
Evidence supported the critical role of mitochondrial ROS
(mtROS) in NLRP3 inflammasome activation (Zhou et al.,
2011). Zhou et al. (2011) showed that ROS generated by
mitochondria having reduced membrane potential could lead to
NLRP3 inflammasome activation and addition of the complex I
inhibitor (rotenone) resulted in the loss of ROS generation and
inflammasome activation. Moreover, a specific mitochondria
ROS scavenger, the mito-TEMPO (500 µM), abrogated mtROS
release, inhibited NLRP3 inflammasome activation and reduced
the up-regulation of IL-1β and IL-18 induced by ethanol or
lipopolysaccharide (LPS)/ATP (Alfonso-Loeches et al., 2014).
Therefore, we speculate that mtROS/NLRP3 inflammasome-
induced IL-1β activation in the hippocampus may play
a critical role in the development of POCD, and this
signaling pathway may consequently become an attractive
drug target.

THE HYPOTHESIS

The hypothesis we present here is that mtROS-induced
NLRP3 activation may be a pivotal upstream mechanism
that controls microglial IL-1β cleavage and secretion, and
subsequent IL-1β-mediated inflammatory cascades in the
hippocampus. Therefore, the mtROS/NLRP3 inflammasome/IL-
1β signaling pathway may be a new drug target for attenuating
POCD (Figure 1).

EVALUATION OF THE HYPOTHESIS

IL-1β-Mediated Neuroinflammation
Following Surgery and POCD
The activation of microglia induced by surgery and the resulting
exacerbated inflammatory response in the hippocampus
have been associated with impaired cognitive function
(Hovens et al., 2014). Tissue damage following surgery
engages the immune system and produces a wide range
of inflammatory cytokines and macrophages in the serum
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FIGURE 1 | The proposed biological mechanisms for microglia mitochondrial reactive oxygen species (mtROS)/nod-like receptor pyrin domain-containing 3
(NLRP3) inflammasome-induced interleukin-1β (IL-1β) activation in the hippocampus leading to cognitive dysfunction following surgery and anesthesia. Surgical
stress and anesthesia, through mechanisms that include inhibition of α7 nicotinic acetylcholine receptor (α7nAChR)-induced cholinergic anti-inflammatory pathway
and autophagy, result in mitochondrial damage. The damaged mitochondria overproduce the superoxide anion, which escape the mitochondria to undergo a series
of reactions to form mtROS. mtROS overproduction is sensed by TRX-interaction protein (TXNIP) or mitochondrial DNA (mtDNA), which bind to the leucine-rich
repeat region of NLRP3 and lead to NLRP3 inflammasome activation. Consequently, the microglia is activated, which further promotes neuroinflammation and
induces neuronal apoptosis, contributing to cognitive dysfunction.

(Terrando et al., 2010, 2011). These cytokines, including
IL-1β, IL-6, and high mobility group box-1 (HMGB-1),
inhibit Wnt/β-catenin/Annexin A1 signaling pathway and
disrupt the BBB integrity, which facilitates the migration of
macrophages into areas of the brain, in particular, but not
restricted to the hippocampus (Hu et al., 2016; Fan et al., 2018).
Additionally, surgical stress and anesthetics promote deposition
of oligomeric tau and Aβ paralleled by increased levels of ROS
in cerebral microvasculature, which disrupts BBB integrity
and shifts the balance of neuroimmune microenvironment

toward proinflammatory milieu (Arora et al., 2015; Castillo-
Carranza et al., 2017; Zou et al., 2018). Subsequently, the
inhibition of anti-inflammatory receptors (e.g., nicotinic
acetylcholine receptors; Liu P.-R. et al., 2017) and activation of
pro-inflammatory receptors [e.g., toll-like receptor 4 (TLR 4)]
trigger a cascade of downstream signaling events (Terrando et al.,
2010). Consequently, microglia in the hippocampus is activated,
which further promotes neuroinflammation and induces
neuronal apoptosis, contributing to cognitive dysfunction
(Terrando et al., 2011).
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POCD involves a wide range of cognitive impairment
and multiple brain regions are involved in cognitive
processes of POCD, such as hippocampus, prefrontal cortex,
striatum and amygdala (Hovens et al., 2015). However,
the role of the hippocampus in many of the processes is
particularly well established (Skvarc et al., 2018). Since
inflammatory cytokine receptors are highly concentrated in
areas associated with learning and memory (Parnet et al.,
2002), particularly in the regions of the hippocampus, surgery-
induced neuroinflammation in the brain may primarily disrupt
hippocampus-dependent learning and memory (Zhang et al.,
2016). The hippocampus arguably contains the largest number
of receptors for IL-1β and is implicated in optimal memory and
learning processes (Gemma et al., 2005). This region of the brain
is also sensitive to the insults of aging (Huang et al., 2008) and
excessive levels of IL-1β are associated with cognitive disorders
in aging animal models (Barrientos et al., 2006; Chen et al., 2008).
Therefore, we focused on the hippocampus in our hypothesis.

The hippocampal-dependent memory impairment was
associated with IL-1β increase in the hippocampal structure
of aged rats, while young rats did not present any exacerbated
response to surgery and anesthesia (Barrientos et al., 2012).
Hippocampal IL-1β-mediated neuroinflammation plays a
pivotal role in surgery-induced cognitive impairment in aged
rats (Goshen et al., 2007). A recent animal study reported that
surgery induced significant morphological changes of microglial
reactivity paralleled by elevations of IL-1β at 24 h and day 3
compared to naive and animals treated only with anesthesia,
which showed that microglial reactivity after surgery may be
the cause of increase in the levels of IL-1β in the hippocampus
(Cibelli et al., 2010). Upon peripheral macrophage and resident
microglia activation in the hippocampus, IL-1β is activated
to enhance expression and release, triggering a cascade of
downstream signaling events (Hovens et al., 2014; Skvarc
et al., 2018). Elevated levels of IL-1β induce the subsequent
production of IL-6 and HMGB-1, which further drive IL-1β
expression, in a feed-forward mechanism promoting further
activation of inflammatory signaling pathways (Lee et al., 2014).
These cytokines have been described to result in impairment
of hippocampal long-term potentiation, neuronal activity, and
synaptic plasticity through modulation of glutamate receptors
and inhibition of glutamate release in rats (Yirmiya and Goshen,
2011; Riazi et al., 2015).

The specificity of IL-1β involvement has been revealed by
previous studies. A study conducted showed that a single
intracisternal administration of IL-1 receptor antagonist (hIL-
1RA; 112 µg) at the time of surgery was sufficient to block both
the behavioral deficit and the neuroinflammatory response in
the hippocampus of aged rats 4 day after surgery (Barrientos
et al., 2012). Cibelli et al. (2010) further highlighted the
importance of IL-1β expression in the neuroinflammatory effect
of surgery and cognitive impairment. The results showed that
reactive microgliosis in the hippocampus was no longer triggered
following surgery in mice lacking the IL-1 receptor. These
data reinforce the hypothesis that increased IL-1β levels in
the hippocampus are likely to play a prominent role in the
pathogenesis of POCD.

NLRP3 Inflammasome Activation by
mtROS in the Hippocampus and POCD
Evidence supports that IL-1β cleavage and secretion are primarily
dependent on activation of the inflammasome, a multiprotein
complex localized in the cytoplasm (Dempsey et al., 2017).
Numerous inflammasomes, including NLRP1, NLRP3, and
NLRC4, have been reported to exhibit inflammasome activity
in several diseases (Schroder and Tschopp, 2010). Each NLR
forms its own inflammasome and the NLRP3 inflammasome
is only described as a central component in the production
of IL-1β among them (Lamkanfi and Dixit, 2014). The
NLRP3 inflammasome is a pattern recognition receptor and
its activation depends on exposure to immune activators such
as pathogen-associated molecular patterns, danger-associated
molecular patterns, and environmental irritants (Shao et al.,
2015). Immune activators cause a conformational change in
NLRP3, which allows an interaction between the pyrin domains
in NLRP3 and ASC (Cordero et al., 2018; Place and Kanneganti,
2018). Subsequently, ASC recruits pro-caspase-1 through its
caspase recruitment domain, causing the activation of the
NLRP3 inflammasome. The activated NLRP3 inflammasome
triggers pro-caspase-1 self-cleavage and this complex releases
cleaved caspase-1 into the cytosol, which induces the conversion
of IL-1β from its immature ‘‘pro’’ forms to an active form, which
is secreted (Willingham et al., 2009; Shao et al., 2015).

A non-canonical pathway downstream of caspase-1 is also
involved in NLRP3-dependent IL-1β processing (Lamkanfi and
Dixit, 2014). However, compared to the non-canonical pathway,
canonical NLRP3 inflammasome controls systemic low grade
age-related sterile inflammation in both periphery and the brain
(Youm et al., 2013). Emerging evidence suggests that canonical
NLRP3 inflammasome activation is linked to inflammation-
mediated cognitive decline and neuropathological changes with
aging. Reduction of canonical NLRP3 inflammasome-induced
inflammation prevents aged-related cognitive dysfunction
(Goldberg and Dixit, 2015; Wang et al., 2018). Studies on
microglia and animal models have revealed an important role
for the canonical NLRP3 inflammasome in AD pathogenesis
(Heneka et al., 2013; Dempsey et al., 2017). Activation of the
NLRP3 inflammasome contributes to Aβ accumulation, synaptic
dysfunction, and cognitive impairment in APP/PS1 mice,
suggesting that blocking the assembly of the inflammasome
may constitute a novel therapeutic intervention for attenuating
changes that negatively affect neuronal function in AD (Dempsey
et al., 2017). Furthermore, preliminary experimental findings
have suggested that NLRP3 inflammasome activation was
linked to cognitive impairment after isoflurane anesthesia and
isoflurane exposure induced the upregulation of NLRP3 and
subsequently increased the level of IL-1β in the hippocampus of
aged mice (Li et al., 2014; Wang et al., 2018). Despite a shortage
of literature on sources of IL-1β in the pathophysiological
mechanism of POCD, existing evidence shows that isoflurane-
induced IL-1β overproduction in the hippocampus can be
partially attenuated but not be repressed completely by an
inhibitor of NLRP3-caspase-1 (Wang et al., 2018). Therefore,
we hypothesize that canonical NLRP3 inflammasome/IL-1β
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axis is likely is implicated in postoperative inflammatory
mediators-induced cognitive impairment.

Several theories have been proposed to explain the cellular
signal responsible for activation of the NLRP3 inflammasome
including cytosolic K+ efflux, the production of ROS, and the
release of mtDNA and ROS (Lamkanfi and Dixit, 2014). The
importance of K+ efflux in NLRP3 activation is supported by
the fact that NLRP3 activators, such as ATP, nigericin and
pore-forming toxins, result in lower intracellular concentration
of K+, and a higher extracellular concentration of K+ inhibits
activation of the NLRP3 inflammasome (He et al., 2016).
The involvement of K+ efflux in NLRP3 inflammasome
activation has been further suggested by a typical study
showing that the drop in intracellular K+ concentration is
the common step that is necessary and sufficient to engage
the NLRP3 inflammasome activation (Munoz-Planillo et al.,
2013). However, the mechanistic link between K+ efflux-
inducedNLRP3 activation and inflammation-mediated cognitive
dysfunction remains poorly understood.

Alternative models for NLRP3 activation involve ROS
production. Recent evidence suggests that ROS are positively
correlated with cognitive impairment after surgery (Qiu et al.,
2016b). ROS overproduction is an important upstream event that
can activate NLRP3 inflammation and amplify the production
of IL-1β (Qiu et al., 2016a). The source of ROS is currently
unclear. The most studied ROS include nicotinamide adenine
dinucleotide phosphate oxidase and mtROS (Circu and Aw,
2010), but mitochondria are considered to be the major source of
intracellular ROS (Qiu et al., 2016b). Mitochondrial damage is a
key mechanism of neurodegenerative disorders (Gao et al., 2017;
Liu K. et al., 2017). Evidence from cellular and animal models
indicates that exposure to anesthetics or surgical stress induces
deficiencies in mitochondrial respiratory chain components and
mtDNA mutations which could result in membrane potential
loss and the opening of themitochondrial permeability transition
pore, causing increased leakage of electrons (Zhang et al., 2012;
Li et al., 2017). Leaked electrons react with molecular oxygen to
produce the superoxide anion, which escape the mitochondria
to undergo a series of reactions to form mtROS (Kim et al.,
2015). Iron-dependent mtROS is also tightly associated with
neurodegenerative diseases (Gao et al., 2017). Increased iron
accumulation and oxidative stress in the brain, especially in the
hippocampus, may be involved in the pathogenesis of POCD (An
et al., 2013). mtROS leads to accumulation of mtDNAmutations,
increased superoxide production, and a vicious cycle of oxidative
stress, which further accelerates mtDNA mutagenesis and
damages mitochondrial function (Xu et al., 2017). Although the
role of mtROS in NLRP3 activation is a topic of longstanding
controversy, mounting studies have suggested that mtROS
production may be linked to NLRP3 inflammasome activation
(Schroder and Tschopp, 2010; Choi and Ryter, 2014; Shao et al.,
2015; He et al., 2016). A study conducted by Wu et al. (2015)
also showed that mtROS blockade by mitochondrion-targeted
antioxidant SS-31 suppressed NLRP3 inflammasome activation
and alleviated isoflurane-induced cognitive deficits 24 h after
anesthesia. Since ROS are short-lived and act as a messenger only
for a short distance, NLRP3 is thought to be localized in close

proximity to mitochondria, which allows efficient sensing of the
presence of ROS produced in the same cell by malfunctioning
mitochondria (Zhou et al., 2011). Mechanisms directing
mtROS-dependent NLRP3 inflammasome activation have been
characterized in detail (Zhou et al., 2011; Alfonso-Loeches
et al., 2014; Minutoli et al., 2016). mtROS overproduction is
sensed by a complex of thioredoxin (TRX) and TRX-interaction
protein (TXNIP) that induce the dissociation of the complex.
Subsequently, TXNIP binds to the leucine-rich repeat region of
NLRP3, leading to NLRP3 inflammasome activation (Minutoli
et al., 2016). Another potential mechanism of mtROS and
NLRP3 inflammasome activation is the release of mt DNA.
mtDNA preceding mtROS production, escape from the
mitochondria to the cytoplasm via mitochondrial membrane
permeability transition pores and mtDNA directly binds and
activates the NLRP3 inflammasome (Kim et al., 2015). While the
exact pathway by which mtROS mediates NLRP3 inflammasome
activation and assembly remains elusive, these existing
findings suggest that mitochondrial dysfunction and mtROS
overexpression may at least be partly responsible for expression
of cytokines via NLRP3 inflammasome activation in POCD.

The Cholinergic Modulation of
mtROS/NLRP3 Inflammasome/IL-1β

Signaling Pathway
Cholinergic transmission plays a key role in cognitive function.
A cerebral cholinergic deficit has been demonstrated to be
implicated in age-related cognitive impairment (Rossi et al.,
2014). Activation of the cholinergic anti-inflammatory pathway
suppresses excessive neuroinflammation in neurodegenerative
diseases, such as POCD, AD, multiple sclerosis and Parkinson’s
disease (Taly et al., 2009; Leslie, 2017). The α7 nicotinic
acetylcholine receptor (α7nAChR) is identified as an essential
mediator of cholinergic anti-inflammatory pathway (Pavlov
and Tracey, 2017). The dysfunctional activity of α7nAchR
in the hippocampus in response to surgical stress and
anesthesia is now considered to be the critical event in
the development of neuroinflammation in aged POCD rats
(Liu P.-R. et al., 2017). Recently, we and other research
groups have reported that α7nAChR agonists resolved IL-1β-
mediated neuroinflammation and reversed cognitive decline
after surgery in animal studies (Chen et al., 2018; Wei
et al., 2018). Therefore, we speculate that cholinergic deficit
induces neuroinflammation in POCD and α7nAChR may be
the potential upstream of mtROS/NLRP3 inflammasome/IL-1β
signaling pathway in microglia.

Activation of α7nAChR suppresses the NLRP3
inflammasome, but the nature of this suppression is unclear
(Hecker et al., 2015; Ke et al., 2017). One potential mechanism
involves the autophagic removal of mtROS production.
Autophagy is a cellular quality-control system which removes
unnecessary or damaged proteins and organelles via the
lysosomal apparatus (Zhang et al., 2018). Autophagy has been
demonstrated to regulate inflammation and immune responses
in the Central Nervous System, especially in inflammatory
cells such as microglia and astrocyte (De Luca et al., 2018).
Deficient autophagy impairs mitochondrial integrity and
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promotes generation of mtROS, consequently contributing
to activation of inflammasome (Razani et al., 2012). Defects
in autophagy, along with neuroinflammation, have been
implicated in the pathogenesis of postoperative cognitive
decline (von Haefen et al., 2018). Additionally, evidence
has shown that activating α7nAChR enhances microglial
autophagy, which suppresses neuroinflammation and thus
plays an alleviative role in neurodegenerative disorders (Jeong
and Park, 2015; Shao et al., 2017). Collectively, these findings
support the hypothesis that autophagy deficiency induced by
dysfunctional α7nAChR promotes POCD via the activation
of mtROS/NLRP3 inflammasome/IL-1β signaling pathway
in microglia.

Other Potential Signaling Pathways
Involved in Modulating of
Neuroinflammation in POCD
The mechanism initiating, controlling and modulating
neuroinflammation in POCD are complex. The non-canonical
inflammasomes/caspase-11 is also required for macrophages
to secrete IL-1β (Lamkanfi and Dixit, 2014). The finding
highlights the potential benefits of blocking the caspase-11
directly over inhibiting IL-1β expression and its downstream
cytokines. Recent studies have identified additional signaling
pathways that can regulate cytokine synthesis and release in
the pathogenesis of POCD, such as TNF-α/TLR4 (Terrando
et al., 2010), ATP/P2X7 (Zheng et al., 2017) and cannabinoid
receptor type 2 (CB2R)-related signaling pathways (Sun et al.,
2017). Additionally, certain key signaling pathways/molecules
associated with the regulation of inflammation, such as AMPK,
mTOR, Nur77, and miRNAs, have been demonstrated to play
critical roles in chronic age-related diseases (Wei et al., 2016;
Xu et al., 2017; Li et al., 2018; Zhang et al., 2018). However, the
involvement of these signaling pathways/molecules in POCD
remains to be explored.

IMPORTANT IMPLICATIONS OF THE
HYPOTHESIS AND PROPOSED
EXPERIMENTAL PLAN

Although numerous drugs with neuroprotective action
during surgery and anesthesia have been studied, there is
no agreement on the efficiency of prophylactic neuroprotectants
in POCD. If our hypothesis is verified by future studies, the
NLRP3 inflammasome will become a new drug target for
attenuating POCD.

Several small molecules including MCC950 (Coll et al.,
2015; Dempsey et al., 2017) and BHB (Youm et al., 2015) have
been shown to specifically inhibit the NLRP3 inflammasome
activation. Other types of NLRP3 inflammasome inhibitors,
such as autophagy inducer (Resveratrol, arglabin and CB2R
agonist), type I interferon (IFN) and IFN-β (Malhotra
et al., 2015) and microRNA223, have also been reported
(Shao et al., 2015), although these agents have limited
potency and are non-specific. The most promising inhibitor
of NLRP3 inflammasome activation was described in a

groundbreaking report in Nature Medicine in 2015 (Coll
et al., 2015). Coll et al. (2015) showed that MCC950 inhibited
canonical and non-canonical NLRP3 activation at nanomolar
concentrations in mouse bone marrow-derived macrophages
(BMDMs) and the half-maximal inhibitory concentration
of MCC950 was approximately 7.5 nM in BMDMs. The
study further showed that MCC950 specifically inhibited
NLRP3 inflammasome but not NLRP1 or NLRC4 activation.
MCC950 has been demonstrated to present certain advantages
over other inhibitors of the NLRP3 inflammasome. Compared
to other inhibitors, MCC950 may have less immunosuppressive
effects because it specifically targets NLRP3 and does not
result in the complete blockade of IL-1β which is essential
during infection and antimicrobial responses, especially for
elderly and immunosuppressed populations (Lopez-Castejon
and Pelegrin, 2012; Coll et al., 2015). As a small molecule,
numerous studies have shown that MCC950 effectively traversed
an impaired BBB and attenuated neuroinflammation-related
diseases. Dempsey et al. (2017) showed that MCC950-treated
APP/PS1 mice performed significantly better than control-
treated APP/PS1 mice, and MCC950 promoted non-phlogistic
clearance of Aβ1–40 and Aβ1–42 in APP/PS1 mice. They
further showed that the impact of MCC950 on Aβ pathology
resulted from its ability to block production of IL-1β while
it promoted Aβ phagocytosis by microglia. MCC950 has also
been demonstrated to reduce the neurological deficit score
of 24 h after cerebral ischemia reperfusion and improved
the 28-day survival rate of cerebral ischemia-reperfusion
injury in diabetic mice (Hong et al., 2018). Another study has
further revealed that MCC950 reduced neuroinflammation
and improved the long-term neurological outcomes on the
3, 7, and 14 days after traumatic brain injury in a murine
model and the therapeutic window for MCC950 against
traumatic brain injury was as long as 6 h (Xu et al., 2018). BHB,
produced in the liver, is another promising small molecule
inhibitor of NLRP3 inflammasome. BHB serves as an alternative
energy source for the brain, heart, and skeletal muscle in
mammals during states of energy deficit (Newman and Verdin,
2014). Like MCC950, BHB specifically suppresses activation
of the NLRP3 inflammasome, without affecting NLRC4,
AIM2 or non-canonical caspase-11 inflammasome activation
(Youm et al., 2015). However, their mechanisms differ in key
aspects. Youm et al. (2015) discovered that BHB inhibited the
NLRP3 inflammasome by preventing K+ efflux and reducing
ASC oligomerization and speck formation. Furthermore, a
recent study has shown that BHB attenuated stress-induced
behavioral as well as the elevation of IL-1β and TNF-α in
the rodent hippocampus by inhibiting NLRP3 inflammasome
activation (Yamanashi et al., 2017).

Literature pertaining to clinical trials associated with NLRP3
inflammasome and POCD is scarce. Thus, a basic hypothesis
involving microglial cells, mice hippocampi and behavioral
studies is provided here. Experimentally, it proposes the
use of animal and cellular models of POCD to investigate
the following: (i) NLRP3 inflammasome mediated IL-1β
activation and hippocampus-dependent cognitive performance;
(ii) mitochondrial oxidative stress and NLRP3 inflammasome
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activation in the hippocampus and microglia; and (iii) mtROS
and its regulatory effect on the NLRP3 inflammasome.
To evaluate whether NLRP3 inflammasome mediated IL-
1β activation is involved in POCD, NLRP3−/− or caspase-
1−/− aged mice carrying mutations (e.g., C57/Bl6 background)
and primary microglia prepared from neonatal mice are
recommended in future studies (Heneka et al., 2013). Surgery is
performed under general anesthesia and the primary microglia
are preincubated with LPS and isoflurane (Wang et al., 2018).
The Morris Water Maze test should be performed to evaluate
the hippocampus-dependent spatial learning and memory, and
the assembly and interaction of the complex consisting of
NLRP3, ASC, and caspase-1 in microglia should be tested
using a series of immunological and biochemical assays, such
as small interference ribonucleic acid, immunohistochemistry,
and co-immunoprecipitation (Dempsey et al., 2017; Wang et al.,
2018). To understand whethermtROS and its regulatory effect on
theNLRP3 inflammasome are involved in POCD, flow cytometry
and confocal microscopy should be carried out in primary
microglia or hippocampus after exposure to the inhibitors or
enhancers of NLRP3 inflammasome (e.g., MCC950 and BHB)
and mtROS (e.g., Rotenone and SS-31; Zhou et al., 2011).

Future clinical trials with MCC950 and BHB may contribute
to the development of new anti-inflammatory therapies
for neuroinflammation-associated diseases. Therefore, we
hypothesize that the two small molecule inhibitors, especially
MCC950, may be viable for the attenuation of patients with
POCD in the future.

Additionally, α7nAChR and autophagy may be potential
drug targets for attenuating POCD by directly regulating
mtROS/NLRP3 inflammasome/IL-1β signaling pathway.
Terrando et al. (2011) have highlighted the importance of
α7nAChR in resolving the inflammatory pathogenesis of POCD.
α7nAChR agonists prevent macrophage migration into the
hippocampus and cognitive decline following surgery. A recent
research has also shown that activated α7nAChR markedly
improved cognitive impairment after cardiopulmonary bypass
in rats (Chen et al., 2018). Pre-clinical evidence suggested that

inducing autophagy was effective in protecting against several
neurodegenerative diseases, though this is not a universal finding
(Zou et al., 2017; Weng et al., 2018). Recently, it has been
reported that enhancement of autophagy could ameliorate the
pathogenesis of cognitive impairment in aged hippocampus after
propofol anesthesia (Yang et al., 2017). Activating α7nAChR and
inducing autophagy might also provide a potential therapeutic
target for POCD.

CONCLUSIONS

In conclusion, mitochondrial dysfunction in POCD triggers
mtROS generation and an mtROS-dependent pathway may
be responsible for NLRP3 inflammasome complex formation
in the hippocampus, which may be regulated by α7nAChR
and autophagy. Subsequently, pro-caspase-1 clustering induces
autoactivation and caspase-1-dependent maturation and
secretion of IL-1β. IL-1β further drives neuroinflammation in a
feed-forward mechanism, which promotes subsequent activation
of inflammatory cytokines and eventually causes neuronal
apoptosis (Figure 1). The mtROS/NLRP3 inflammasome/IL-1β
signaling pathway may be a potential drug target for therapeutic
intervention in POCD.
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Neuromyelitis optica spectrum disorder (NMOSD) is an inflammatory disorder mediated
by immune-humoral responses directed against central nervous system (CNS) antigens.
Most patients are positive for specific immunoglobulin G (IgG) auto-antibodies for
aquaporin-4 (AQP4), a water channel present in astrocytes. Antigen-antibody binding
promotes complement system cascade activation, immune system cell infiltration, IgG
deposition, loss of AQP4 and excitatory amino acid transporter 2 (EAAT2) expression
on the astrocytic plasma membrane, triggering necrotic destruction of spinal cord
tissue and optic nerves. Astrocytes are very important cells in the CNS and, in
addition to supporting other nerve cells, they also regulate cerebral homeostasis and
control glutamatergic synapses by modulating neurotransmission in the cleft through
the high-affinity glutamate transporters present in their cell membrane. Specific IgG
binding to AQP4 in astrocytes blocks protein functions and reduces EAAT2 activity.
Once compromised, EAAT2 cannot take up free glutamate from the extracellular space,
triggering excitotoxicity in the cells, which is characterized by overactivation of glutamate
receptors in postsynaptic neurons. Therefore, the longitudinally extensive myelitis and
optic neuritis lesions observed in patients with NMOSD may be the result of primary
astrocytic damage triggered by IgG binding to AQP4, which can activate the immune-
system cascade and, in addition, downregulate EAAT2. All these processes may explain
the destructive lesions in NMOSD secondary to neuroinflammation and glutamatergic
excitotoxicity. New or repurposed existing drugs capable of controlling glutamatergic
excitotoxicity may provide new therapeutic options to reduce tissue damage and
permanent disability after NMOSD attacks.

Keywords: neuromyelitis optica spectrum disorders, aquaporin-4, antibody, astrocytes, glutamate, excitotoxicity

INTRODUCTION

The central nervous system (CNS) is the target of several pathologies, including CNS autoimmune
diseases, a diversified class of disorders that target neuronal and glial antigens. These disorders
may be syndromes associated with auto-antibodies that attack intracellular neural antigens or
surface antigens. Among the surface antigens, the membrane proteins present on the neuronal or
glial surface might be important targets. In the CNS, the antigen-antibody interaction compromises
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the homeostasis of the system and may cause damage to neural
cells (Zettl et al., 2012; Höftberger, 2015).

Neuromyelitis optica spectrum disorder (NMOSD) is an
inflammatory disorder mediated by immune-humoral responses
directed against CNS antigens (Sato et al., 2013). Most patients
are positive for serum antibodies that target the water channel
aquaporin-4 [AQP4–immunoglobulin G (IgG)], a water channel
expressed in the end-feet of astrocytes (Wingerchuk et al.,
2006, 2015). This inflammatory context is signaled by activated
T cells, which cross the cerebral vascular endothelium and
impair blood-brain barrier (BBB), promoting the migration of
other inflammatory cells, such as macrophages and granulocytes,
into the brain and spinal cord tissue (Kurosawa et al.,
2015). Moreover, the binding between IgG and AQP4 triggers
exacerbation of astrocytic lesions characterized bymassive loss of
AQP4 and consequent tissue damage that can lead to secondary
demyelination due to oligodendrocyte destruction (Kurosawa
et al., 2015; Li and Yan, 2015; Zeka et al., 2015; Zekeridou and
Lennon, 2015). The lesions are predominantly localized on the
optic nerves and spinal cord, compromising the visual andmotor
capacity of NMOSD patients (Zeka et al., 2015; Zekeridou and
Lennon, 2015).

Astrocytes are the main cells regulating glutamatergic
homeostasis and, once injured, their ability to perform
physiological functions becomes impaired (Zeng et al., 2007;
Haruki et al., 2013; Yang et al., 2016). Some studies suggest
that the death of oligodendrocytes and secondary demyelination
lesions after astrocyte injury may be related to high extracellular
concentrations of the neurotransmitter glutamate in the CNS
tissue (reviewed by Yang et al., 2016). Neurons are also
highly sensitive to high glutamate concentrations, and glutamate
excitotoxicity may promote neuronal death, increasing the
risk of disability (Marignier et al., 2010; Haruki et al., 2013).
The aim of this review is to discuss the relationship between
astrocyte damage and glutamatergic excitotoxicity in AQP4-IgG-
positive NMOSD.

THE ROLE OF ASTROCYTES IN THE
BRAIN

The CNS is composed of neurons and glial cells (Figure 1).
Glial cells perform critical functions in the CNS, such as
modulating and eliminating synapses, supporting neurons with
energetic sources and playing an immune role (Allen and
Barres, 2009). Glial cells are as numerous as neurons (Allen
and Barres, 2009; Gutiérrez Aguilar et al., 2017). This group of
cells includes microglia, oligodendrocytes and astrocytes. Their
unique biochemical and molecular features allow them to play
pivotal roles in CNS physiology (Domingues et al., 2016).

Astrocytes are particularly important among the glial cells
since they participate in information processing in the brain
from the early stages of development and throughout adult
life (Allen and Barres, 2009). They perform various functions
in the brain, such as controlling the balance of extracellular
ions and water through specialized transmembrane proteins,
including AQP4 and ion channels (Papadopoulos and Verkman,
2013; Verkman et al., 2013). Astrocytes can act in CNS repair,

maintain BBB homeostasis and regulate the extracellular ionic
content to allow an action potential to occur (Maragakis and
Rothstein, 2006; Iacovetta et al., 2012; Domingues et al., 2016;
Hubbard et al., 2018). Additionally, they secrete growth factors
that stimulate surrounding cells, such as molecules that directly
influence synapse formation, which is essential in synaptic
modulation and synaptic plasticity (Crawford et al., 2012;
Fang et al., 2012).

Astrocytes are anatomically associated with neuronal cell
bodies and synapses. Therefore, they can regulate the chemical
content of the extracellular space and restrict the diffusion
of neurotransmitters released into the synaptic cleft (Tritsch
and Bergles, 2007; Allen and Barres, 2009; Gutiérrez Aguilar
et al., 2017). The classical example is the modulation of the
glutamate extracellular concentration through excitatory amino
acid transporters (EAATs)/high-affinity glutamate transporters
expressed in astrocytic cell membranes (Danbolt, 2001; Danbolt
et al., 2016). These cells are responsible for removing glutamate
from the extracellular space to promote cerebral homeostasis and
prevent excitotoxicity (Benediktsson et al., 2012; Vasile et al.,
2017). Therefore, they can regulate extracellular concentrations
of substances that can potentially interfere in normal brain
functions (Domingues et al., 2016; Hubbard et al., 2018). Recent
findings suggest that glial cells are a target of several pathologies.
The role of glial cells in health and disease is slowly being
elucidated, and the interactions of glia with other CNS cells seem
to play fundamental roles in brain performance during normal
development and disease states (Domingues et al., 2016).

CEREBRAL GLUTAMATE

Glutamate is themost abundant CNS excitatorymolecule and the
main neurotransmitter in mammalian brain (Rose et al., 2018).
Glutamate excites nerve cells, especially neurons, thus playing a
key role in cell signaling (Zhou and Danbolt, 2014). Glutamate is
known to be active in several brain processes, such as cognition,
memory and learning. In addition, it plays an important role
in the induction and elimination of synapses and contributes
to cell migration, differentiation and death (Danbolt, 2001).
Glutamate also participates in the synthesis of proteins, peptides,
and purines (Hackett and Ueda, 2015) and plays a fundamental
role in amino acid metabolism (Skytt et al., 2012). Glutamate
signaling has been extensively studied, especially due to its vital
role in brain normal function and due to its association with
pathologies that affect the CNS (Fang et al., 2012; Lewerenz and
Maher, 2015).

Glutamate is stored in vesicles at the presynaptic terminal
through the action of vesicular glutamate transporters (vGLUTs)
and released in the synaptic cleft after presynaptic membrane
depolarization. When glutamate is released, it binds to
ionotropic glutamate receptors (iGluRs), such as N-methyl-D-
aspartate (NMDA) receptors, α-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid (AMPA) receptors, kainate receptors
and metabotropic receptors on the postsynaptic membrane, as
well as metabotropic receptors on the presynaptic membrane
(Reiner and Levitz, 2018). This depolarization excites the
postsynaptic neuron, generating an action potential in the
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FIGURE 1 | Cellular organization of the central nervous system (CNS). The CNS is composed of neuronal and glial cells (microglia, oligodendrocytes, and
astrocytes). Each cell performs a specific function in the CNS. Neurons transmit chemical and electrical signals to other nerve cells. Microglia are immune system
cells responsible for the defense of the CNS. Oligodendrocytes form the myelin sheaths of the axons, facilitating saltatory nervous signal conduction. Finally,
astrocytes are multifunctional cells that control ion and neurotransmitter diffusion in the nervous parenchyma, in addition to actively participating in the synapses and
providing metabolic support to the other cells.

axon to carry the nerve signal (Zhou and Danbolt, 2014;
Lewerenz and Maher, 2015; Hayashi, 2018).

The interaction of glutamate with its specific receptors
produces postsynaptic excitatory potentials in a precise and
controlled manner (Danbolt, 2001; Reiner and Levitz, 2018). The
glutamate extracellular concentrations must be well controlled
because high glutamate concentrations excessively activate its
receptors, generating oxidative stress that may lead to cell death,
a process known as excitotoxicity, which impairs both neurons
and glial cells (Zhou and Danbolt, 2013, 2014; Stojanovic et al.,
2014), causing synaptic transmission dysfunction and interfering
in synaptic plasticity (Pál, 2018). For such modulation,
glutamate concentrations are controlled by astrocytes through
cellular reuptake since these cells present specific proteins
in their cell membranes that take up free glutamate as we
discuss below (Danbolt, 2001; Larsson et al., 2004; Benarroch,
2010). Glutamate present in the extracellular space cannot
be metabolized by any other mechanism (Zhou and Danbolt,
2013). Therefore, astrocytes are essential in the modulation of
the glutamatergic system, and any impairment in their highly
coordinated action may contribute to the onset of pathologies
(Miladinovic et al., 2015).

ASTROCYTES AND GLUTAMATE
TRANSPORTERS

Astrocytes express EAATs in their cell membranes, which are
also known as glutamate transporters (Lewerenz and Maher,
2015; Al Awabdh et al., 2016). These transporters can retain
excess glutamate from the extracellular space inside the cell,
thus potentially avoiding excitotoxicity (Gasparini and Griffiths,
2013). Therefore, they transport glutamate in cells against their

intra- and extracellular concentration gradients, contributing to
the low extracellular glutamate concentration (Lewerenz and
Maher, 2015; Underhill et al., 2015; Gutiérrez Aguilar et al.,
2017). Glutamate transporters also contribute to physiological
synaptic plasticity and function (Rose et al., 2018) and can
function as chloride channels (Wadiche et al., 1995a,b; Wadiche
and Kavanaugh, 1998) and water transporters (MacAulay et al.,
2001, 2004). Five glutamate transporters belonging to the
solute-1 carrier family have been identified (Benarroch, 2010;
Jiang and Amara, 2011). These transporters are expressed
in various tissues, but their main contribution is control of
excitatory neurotransmission in brain tissue (Grewer et al., 2014).
EAAT1 and EAAT2 are highly expressed in astrocytes, EAAT3 is
expressed in neurons (Lewerenz andMaher, 2015; Hayashi, 2018;
Schousboe, 2018), EAAT4 is present in the dendritic spines of
Purkinje cerebellar cells, and EAAT5 is the retinal glutamate
transporter (Gutiérrez Aguilar et al., 2017; Pál, 2018).

Astrocytes are well documented to be the cells responsible
for detoxification of metabolic waste and extracellular ions and
molecules, such as glutamate (Rose et al., 2018). When glutamate
enters in the astrocytic compartment, it can be degraded,
recycled or transported out of the brain through the blood or
gliolymphatic system (Rose et al., 2018). In the adult brain,
approximately 80%–90% of extracellular glutamate is captured
by EAAT2 (Danbolt et al., 2016). In addition to glutamate, these
transporters cotransport three Na+ molecules and one proton
(H+) with each glutamate molecule. Additionally, this system
is coupled to the reverse transport of one K+ (Zerangue and
Kavanaugh, 1996). Thus, an electrochemical gradient is created
on the plasma membrane, allowing transporters to maintain low
concentrations of extracellular glutamate (Bergles et al., 2002;
Larsson et al., 2004; Lewerenz and Maher, 2015).
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Astrocytes also convert glutamate into glutamine through
the glutamine synthetase reaction (Norenberg and Martinez-
Hernandez, 1979; Jayakumar and Norenberg, 2016), and
glutamine is later transported to neurons and converted back to
glutamate to be used again in neurotransmission in a process
known as the ‘‘glutamate-glutamine cycle’’ (Grewer et al., 2014;
Lewerenz and Maher, 2015; Hayashi, 2018; Pál, 2018; Schousboe,
2018; Figure 2). Since they regulate glutamatergic signaling,
glutamate transporters are essential to brain metabolism (Fang
et al., 2012; Grewer et al., 2014; Lewerenz and Maher, 2015). As
EAAT2 plays an important role in the physiological functioning
of the brain, it is believed to also play a role in the development
of chronic and acute CNS disorders (Soni et al., 2014; Grewer
et al., 2014). Studies with simultaneous EAAT1- and EAAT2-
knockout animals show that they are nonviable because of brain
abnormalities and cortical disorganization (Ciappelloni et al.,
2017; Rose et al., 2018). Animals deficient only in EAAT2 die
after birth due to seizures (Tanaka et al., 1997; Al Awabdh
et al., 2016; Danbolt et al., 2016). In adults, impairment in
EAAT2 function has been observed to compromise cerebral

glutamatergic homeostasis (Hayashi, 2018; Rose et al., 2018).
Taken together, the loss of glutamate transporters in astrocytes
may contribute to CNS dysfunction and increase neuronal
damage in focal inflammatory lesions.

Considering the aforementioned roles of astrocytes and
glutamate transporters, understanding astrocyte injury in
NMOSD and these entities’ contributions to the glutamatergic
excitotoxicity observed in this condition is vital since astrocytic
impairment can cause serious consequences in brain homeostasis
and reduce synaptic function, contributing to the NMOSD
physiopathology (Hinson et al., 2008). For these reasons,
astrocytic damage in NMOSD is believed to trigger an imbalance
in glutamatergic homeostasis, which may contribute to the
formation of longitudinally extensive myelitis and optic neuritis
lesions (Haruki et al., 2013; Yang et al., 2016).

GLUTAMATE IN NMOSD

Most patients with NMOSD produce IgG auto-antibodies that
are highly specific for AQP4, but the cellular and molecular

FIGURE 2 | Cerebral glutamate flow. Glutamate is stored presynaptically in vesicles by vesicular glutamate transporters (vGLUTs). It is released after presynaptic
membrane depolarization, binds to ionotropic glutamate receptors (iGluRs). like N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid (AMPA) receptors in the postsynaptic membrane and generates an action potential. The excess glutamate released into the synaptic cleft is regulated
by astrocytes through the excitatory amino acid transporter 1 (EAAT1) and EAAT2 transporters against a concentration gradient. In astrocytes, glutamate is recycled
and converted to glutamine, which is transported to neurons and converted into glutamate again to be used in a new synapse.
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mechanisms of this interaction are still not clear. Damage
occurring in other cells of the CNS, such as neurons and
oligodendrocytes, is assumed to be due to a primary astrocytic
lesion (Hinson et al., 2008). Astrocytes have been studied
for a few decades in both in vivo and in vitro models of
various diseases. Cultivation of astrocytes as primary cultures
and lineages represents a powerful tool to explore specific
information provided by these cells and to reveal mechanisms
related to their function (Hertz et al., 1998). The brain is
a complex system in which several cell types interact. While
some regions are enriched in a specific cell subtype, an isolated
cell type does not occur naturally. Regardless, the use of
in vitro models of specific cell types has been very helpful
in the progress of the neuroscience field (Lange et al., 2012).
In vitro models of NMOSD have shown that auto-antibodies
against AQP4 protein trigger a phenomenon known as antigenic
modulation because when such auto-antibodies bind to their
targets, a specific IgG alters the functions of AQP4 through its
degradation or internalization by astrocytes and interferes in
sodium-potassium-dependent glutamate uptake (Hinson et al.,
2010). For this reason, in vitroNMOSDmodels are important for
identifying cellular interactions that cause nerve tissue damage in
this disease.

Such models basically consist of rodent/human astrocyte
cultures or immortalized lineages that are exposed to AQP4+
serum samples or only purified IgG, with or without the addition
of a human complement, which is used to evaluate the possible
deleterious effects of related conditions (Haruki et al., 2013).
In vitro assays have shown that auto-antibodies present in
serum derived from NMOSD patients are cytotoxic and harmful
to astrocytes, modifying their morphology and function (Li
and Yan, 2015). These conditions induce the internalization of
AQP4 protein and consequently other membrane proteins, such
as EAAT2, since AQP4 protein forms complexes with other
membrane proteins, including glutamate transporters (Zeng
et al., 2007; Haruki et al., 2013; Yang et al., 2016).

Haruki et al. (2013) showed that when astrocyte cultures are
exposed to AQP4-IgG+ human serum or purified IgG, these
cells undergo morphological alterations, with compression of
their cell bodies and reduction of cell processes, both in the
presence and absence of a human complement. This finding
has been confirmed by cell viability assays showing that cells
treated with NMOSD patient samples have reduced survival rates
compared to cells treated with serum from healthy controls.
Astrocyte cultures exposed to AQP4-IgG+ NMOSD patient
samples showed reduced EAAT2 transporter expression on
cell membranes, suggesting that under these conditions, the
AQP4-IgG complex exerts an indirect negative effect on this
transporter, impairing its physiological role (Haruki et al., 2013).

NMOSD is characterized by astrocyte death due to
binding of the AQP4-IgG complex to AQP4 in astrocyte
membranes (Wingerchuk et al., 2015). For this reason,
astrocytes cannot capture free glutamate from the extracellular
space, causing excitotoxicity and damaging other nerve cells
and their cellular structures, such as the myelin sheath, as
observed in longitudinally extensive myelitis lesions and
optic neuritis (Hinson et al., 2008). Therefore, impairment in

glutamatergic homeostasis induces excitotoxicity in neurons
and oligodendrocytes, promoting the destruction of myelin
(Stojanovic et al., 2014; Figure 3).

Excitotoxicity is evident in important CNS disorders and
may also be present in NMOSD (Lewerenz and Maher, 2015).
In vitro studies show that after IgG binding to AQP4, a decrease
in the EAAT2 content occurs in the cell membrane, with a
consequent decrease in the ability of cells to take up glutamate
(Hinson et al., 2017). Since astrocytes are damaged in NMOSD
lesions and EAAT2 is not functional, these cells are unable to
take up glutamate. Thus, the lesions of longitudinally extensive
myelitis and optic neuritis observed in patients with NMOSD
may contribute to excess extracellular glutamate since astrocytes
are damaged and lose their functionality (Hinson et al., 2008,
2017). Oligodendrocytes and neurons are highly sensitive to
extracellular glutamate accumulation, and lesions in NMOSD are
characterized by loss of the myelin sheaths that line the neurons,
which are produced by oligodendrocytes. Excess glutamate in the
extracellular space may contribute to neurotoxic events that lead
to oligodendrocyte dysfunction and consequent demyelination
(McDonald et al., 1998; Hinson et al., 2008, 2010).

AQP4-IgG DOWNREGULATES EAAT2

Aquaporins aremembrane proteins responsible for cellular water
balance (Papadopoulos and Verkman, 2013; Verkman et al.,
2013; Nakada, 2015). Thirteen proteins have been identified in
various mammalian species and are distributed throughout the
organism, including the brain (Iacovetta et al., 2012). In the brain,
the most expressed aquaporin is AQP4, which can be found
in the cerebral cortex, corpus callosum, retina, optic nerves,
cerebellum, hypothalamus magnocellular nucleus and brainstem
(Papadopoulos and Verkman, 2013; Ikeshima-kataoka, 2016).
AQP4 is vital for the brain since it also regulates potassium
uptake and release by astrocytes and facilitates cell migration,
glial scar formation and cellular communication (Papadopoulos
and Verkman, 2013; Verkman et al., 2013; Hubbard et al., 2018).
Studies using AQP4-knockout animals have shown that this
protein facilitates the movement of water into and out of the
CNS. In the absence of AQP4, animals show cytotoxic brain
edema due to an osmotic imbalance (Verkman et al., 2013, 2017).

AQP4 forms complexes with other membrane proteins,
such as glutamate transporters, especially EAAT2, and can
regulate this transporter positively when it is functional or
negatively when it is damaged (Chaudhry et al., 1995; MacAulay
et al., 2002; Queen et al., 2007; Zeng et al., 2007; Hinson
et al., 2008; Xing et al., 2017). Thus, the interaction between
IgG and AQP4, which is known as the ‘‘antigen-antibody
complex’’ (AQP4-IgG), compromises EAAT2 function, resulting
in excitotoxicity and impaired CNS cell function (Zeng et al.,
2007; Fang et al., 2012; Haruki et al., 2013; Lewerenz and
Maher, 2015; Yang et al., 2016). The AQP4-IgG complex induces
downregulation of EAAT2, resulting in high concentrations
of glutamate in the brain (Mattson, 2003; Park et al., 2004;
Hinson et al., 2010). This process increases extracellular
glutamate concentrations, aggravating typical NMOSD lesions
associated with the complement system, and provides a cytotoxic
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FIGURE 3 | Glutamatergic toxicity in neuromyelitis optica spectrum disorder (NMOSD). Aquaporin-4 (AQP4)-immunoglobulin G (IgG) auto-antibodies binding to
AQP4 may promote the internalization of the water channel, thus affecting cellular hydric homeostasis. Antigen-antibody binding promotes immune activation but
also affects glutamatergic homeostasis because of reduced glutamate transporter (EAAT2) activity due to its internalization together with AQP4. In the absence of
EAAT2, glutamate remains free in the extracellular space, promoting glutamatergic toxicity, which affects other cells, such as neurons and oligodendrocytes.

environment for neurons and oligodendrocytes (Hinson et al.,
2010).

Accordingly, Haruki et al. (2013) showed that EAAT2 has
diminished expression in human adult astrocyte lineages
exposed to specific IgG, suggesting that the AQP4-IgG
complex downregulates this transporter in NMOSD. Astrocyte
cultures derived from AQP4-knockout animals show low
EAAT2 expression as well as a low astrocytic ability to take up
glutamate (Zeng et al., 2007). Marignier et al. (2010) observed
that purified IgG from patients with NMOSD reduces the
number of AQP4+ cells, and the remaining cells exhibit low
glutamate uptake. Therefore, in this model, we can conclude
that the AQP4-IgG complex results in the loss of EAAT2 and
consequently impacts glutamatergic homeostasis. Subsequently,
damage to neurons and oligodendrocytes is observed, causing the
classic lesions that characterize NMOSD (Marignier et al., 2010;
Haruki et al., 2013).

In a glutamate uptake assay, Hinson et al. (2008) observed that
cells take up little glutamate (less than 50%) after AQP4+ serum
exposure, and EAAT2 expression is as low as AQP4 expression,
undetectable by immunofluorescence, after serum exposure. In
addition, immunohistochemical assays of human CNS tissue
(the cortex and spinal cord) showed that EAAT2 is normally

colocalized with AQP4 protein in astrocytes of the gray matter
(Chaudhry et al., 1995). The same type of colocalization has also
been observed in rodents (Queen et al., 2007), corroborating the
hypothesis that AQP4 can form protein complexes and exerts
regulatory action on GLT-1 (EAAT2 analogous in rodents) due
to the action of the specific IgG (Hinson et al., 2008, 2017).

Under normal physiological conditions, EAAT2 is known
to be enriched in the spinal cord (Nakamura et al., 2008).
In NMOSD, this tissue is extensively damaged, and the
resultant lesions can be explained when considering the
theory that AQP4-IgG downregulates EAAT2 (Hinson et al.,
2008); therefore, the loss of this transporter may contribute
to the destructive lesions of the spinal cord observed in
patients with NMOSD. Since the lesions are necrotic, NMOSD
lesions may emerge not only from complement activation
but also due to the negative control exerted by AQP4-IgG
on EAAT2, preventing glutamatergic homeostasis (Wingerchuk
et al., 2007; Hinson et al., 2008, 2010; Newcombe et al., 2008).
Therefore, impairment of AQP4 functions through AQP4-IgG
binding decreases EAAT2’s regulation of extracellular glutamate,
resulting in glutamatergic excitotoxicity that promotes the death
of other nerve cells and contributes to the formation of lesions
characteristic of NMOSD (Yang et al., 2016).
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THERAPEUTIC INTERVENTIONS

The drug therapies developed to date to treat autoimmune
diseases such as NMOSD aim to reduce the inflammatory process
through immunosuppression. However, new oral therapies using
small molecules that are directly permeable to the BBB may
be promising for neuroprotection (Luchtman et al., 2016), so
both immunosuppressive and neuroprotective drugs may be
combined to treat patients. Therefore, investigating drugs that
modulate astrocyte function and glutamate uptake and have a
protective effect on other cells may contribute to the treatment of
several CNS neuroinflammatory pathologies, such as NMOSD.

Antigen-antibody binding in NMOSD promotes the loss
of important astrocyte functions associated with AQP4 and
EAAT2, which leaves glutamate at high concentrations in
the extracellular space. Considering that excess glutamate
contributes to the formation of spinal cord and optic nerve
lesions, a therapy that regulates glutamatergic excitotoxicity
could be useful to prevent such lesions in NMOSD. Studies
with rodents show that ceftriaxone, a beta-lactam antibiotic
that increases EAAT2 expression, thus facilitating the removal
of free glutamate and preventing glutamatergic excitotoxicity
(Hsu et al., 2015), positively regulates EAAT2 acutely and
chronically (Rothstein et al., 2005; Szu and Binder, 2016; Zimmer
et al., 2017), thus providing neuroprotection under excitotoxic
stress conditions. In in vitro models derived from spinal
cord cultures, ceftriaxone reduces neuronal loss by increasing
EAAT2 expression (Bajrektarevic and Nistri, 2017).

Bajrektarevic and Nistri (2017) observed that excitotoxic
stress induction with 100 µM kainate promotes
EAAT2 immunoreactivity in astrocyte cultures pretreated
with ceftriaxone for 3 days, suggesting that ceftriaxone confers
neuroprotection against an excitotoxic stimulus/challenge
when administered prior to treatment with a glutamate uptake
inhibitor. In an experimental model of Parkinson’s disease,
ceftriaxone has been shown to increase EAAT2 expression in the
hippocampus, regardless of whether the treatment started before
or after the injury. This drug crosses the BBB and can penetrate
into the CNS at therapeutic levels. In the context of NMOSD,
ceftriaxone may be studied to determine whether it can reduce
acute longitudinally extensive myelitis and optic neuritis lesions
based on reduced cell damage secondary to excess glutamate
(Hsu et al., 2015).

The deleterious effect of glutamate has already been
elucidated in several neurodegenerative diseases such
as Alzheimer’s. Memantine is a neuroprotective drug
recommended for the treatment of Alzheimer’s disease,
and as a noncompetitive NMDA receptor antagonist, this
drug reduces receptor affinity for glutamate (Matsunaga
et al., 2018). Memantine may confer neuroprotection through
more potent inhibition of extrasynaptic NMDA receptors
(Zhao et al., 2006; Léveillé et al., 2008; Okamoto et al., 2009;
Milnerwood et al., 2010; Xia et al., 2010) without significantly
affecting physiologic glutamatergic transmission. In addition,
this drug has few undesirable drug interactions or adverse
effects and is a well-tolerated medication for neurological
disorders (Seyedsaadat and Kallmes, 2019). Several studies

have investigated the effects of memantine on neurons, and the
drug is known to increase the release of glial cell neurotrophic
factors, contributing to neuronal survival (Wu et al., 2009).
Further, the anti-inflammatory action of memantine reduces
pro-inflammatory factors (reactive oxygen species and tumor
necrosis factor-α), inhibiting the activation of microglia, and
may provide neuroprotection (Maciulaitiene et al., 2017).

In addition to Alzheimer’s disease, in retinal crush models
(a classic glaucoma model), astrocytes treated with intravitreal
memantine have been found to exhibit improved survival
(Maciulaitiene et al., 2017). Memantine preserves retinal
astrocytes by exerting a glioprotective effect. In glaucomamodels,
an altered ion concentration in cells causes cellular damage
due to high sodium influx and elevated intracellular calcium,
causing glutamate release and cell death. Under memantine
treatment, this process is attenuated, preventing excitotoxicity-
induced damage to nerve cells. Memantine, as a noncompetitive
NMDA receptor blocker, can reduce the optic neuritis observed
in patients with NMOSD as well as retinal damage in some cases
(Maciulaitiene et al., 2017; Bradl et al., 2018). In addition to
its protective effect, memantine can induce cellular proliferation
and increase the production of neural progenitors by up to
2–3 times, which may contribute to the regeneration of injured
tissues in NMOSD (Cahill et al., 2018).

Another drug that may be helpful in the treatment
of NMOSD is dimethyl fumarate (DMF or BG-12). DMF
is used to treat relapsing-remitting multiple sclerosis (MS;
Höftberger and Lassmann, 2017; Mills et al., 2018). DMF
mainly modulates the immunological profiles of patients in
terms of cellular composition and inflammation, reducing the
number of peripheral T and B lymphocytes and modulating their
inflammatory state to engender an anti-inflammatory profile.
Further, DMF has a protective effect on cells that suffer from
oxidative stress through activation of nuclear factor-erythroid
2-related factor 2 (Nrf2) and can increase the proliferation of
neural progenitors in vitro since DMF increases self-renewal
and protects neural progenitors, oligodendrocytes and therefore
myelin against oxidative stress, reducing death by apoptosis
(Hammer et al., 2018; Mills et al., 2018). Although some studies
show that DMF plays a neuroprotective role, its mechanism of
action is still obscure and requires further clarification because
many immunomodulatory drugs used in MS treatment may
actually worsen NMOSD. Therefore, any trial with DMF should
be performed only after strong experimental evidence is found
showing that the beneficial effects observed in MS are also
observed in NMOSD (Yamout et al., 2017; Popiel et al., 2018).

CONCLUSIONS

The concept that AQP4-IgG auto-antibodies are deleterious
to astrocytes is well established. Protein-antibody binding
not only activates the immune system but also modulates
AQP4 function and induces its internalization by astrocytes.
Some pathological features observed in longitudinally extensive
myelitis and optic neuritis lesions may be associated with
glutamatergic excitotoxicity since the AQP4-IgG/AQP4 complex
downregulates the main astrocytic glutamate transporter
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EAAT2. Consequently, neurons and glial cells may be exposed
to excitotoxicity, oxidative stress and neuroinflammation. These
three aspects may influence the formation and extension of
NMOSD lesions. Drugs to control the deleterious effects of excess
glutamate in the CNS may provide innovative neuroprotective
therapy to reduce NMOSD attacks and their severity. Therefore,
promoting future studies with such drugs in monotherapy or in
association with currently used immunotherapies is critical to
evaluate the safety and efficacy of these strategies in NMOSD.
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Background: Astrocytes are now considered as crucial modulators of neuronal
synaptic transmission. General anesthetics have been found to inhibit astrocytic
activities, but it is not clear whether general anesthetics within the clinical concentration
range affects the astrocyte-mediated synaptic regulation.

Methods: The effects of propofol, dexmedetomidine, and ketamine within clinically
effective ranges on the slow inward currents (SICs) were tested by using the whole-cell
recording in acute prefrontal cortex (PFC) slice preparations of rats. Astrocytes culture
and HPLC were used to measure the effects of different anesthetics on the glutamate
release of astrocytes.

Results: Propofol and dexmedetomidine showed no significant effect on the amplitude
or frequency of SICs. Ketamine was found to inhibit the frequency of SICs in a
concentration-dependent manner. The SICs synchronization rate of paired neurons was
inhibited by 30 µM ketamine (from 42.5 ± 1.4% to 9.6 ± 0.8%) and was abolished
by 300 µM ketamine. The astrocytic glutamate release induced by DHPG, an agonist
of astrocytic type I metabotropic glutamate receptors, was not affected by ketamine,
and ifenprodil, a selective antagonist of GluN1/GluN2B receptor, blocked all SICs and
enhanced the inhibitory effect of 30 µM ketamine on the frequency of SICs. Ketamine at
low concentration (3 µM) could inhibit the frequency of SICs, not the miniature excitatory
postsynaptic currents (mEPSCs), and the inhibition rate of SICs was significantly higher
than mEPSCs with 30 µM ketamine (44.5 ± 3% inhibition vs. 28.3 ± 6% inhibition).

Conclusion: Our data indicated that ketamine, not propofol and dexmedetomidine,
within clinical concentration range inhibits glutamatergic transmission from astrocytes
to neurons, which is likely mediated by the extrasynaptic GluN1/GluN2B
receptor activation.
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HIGHLIGHTS

- Astrocytic glutamatergic activity is inhibited by ketamine at
clinically relevant concentration.

- Synchronizations of astrocytic SICs are disrupted by ketamine.
- The same dose of ketamine inhibits SICs more obviously

than mEPSCs.

INTRODUCTION

Astrocytes, like neurons, are important participants in the brain’s
integration and processing of information. Neuron-astrocyte
network modulates advanced neural activities such as cognition
(Yeh et al., 2015), emotion (Oliveira et al., 2015), motor
(Acton et al., 2018), and sensory processing (Lopez-Hidalgo
et al., 2017). Astrocytes release important neurotransmitters
such as glutamate and GABA and participate in synaptic
transmission (Araque et al., 2014). Besides, astrocytes express a
variety of neurotransmitter receptors and perceive the activity of
peripheral neurons (Pannasch and Rouach, 2013). So astrocytes
interact with neurons dynamically and regulate pre-synaptic
and post-synaptic activities. Recent studies have found that
the activities of astrocytes are affected by general anesthetics
(Thrane et al., 2012; Liu et al., 2016), but the effects of general
anesthetics on the astrocyte-neuron transmission have not been
systematically explored.

The glutamate that spontaneously released from astrocytes
produces slow inward currents (SICs) via the extrasynaptic,
GluN2B-containing NMDA receptors on neighboring neurons
(Shigetomi et al., 2008). When compared with the miniature
excitatory postsynaptic currents (mEPSCs), SICs exhibit
significantly slower rise and decay times (Kovacs and Pal,
2017). SICs persists when neuronal and synaptic activity
is suppressed, and both pharmacological and mechanical
stimulation of astrocytes can induce SICs in neighboring
neurons (Angulo et al., 2004). The physiological significance
of SICs is to promote synchrony of neuronal activity, thus
coordinating the activity of a brain area in a wider range. For
example, in the thalamus, hippocampus and nucleus accumbens,
researchers have found this extrasynaptic NMDAR response can
occur synchronously in multiple neurons (Fellin et al., 2004;
Pirttimaki et al., 2011).

Many studies of the mechanism of anesthesia believe that
the loss of consciousness induced by general anesthetics is
associated with a temporary breakdown of cortical functional
connections, specifically the collapse of the synchronous activity
pattern of cortical neurons, which makes the cortex unable
to integrate information (Alkire et al., 2008; Lee et al., 2009;
Rathmell and Wanderer, 2016). A single astrocyte makes
about 100,000 synaptic connections with the surrounding
neurons (Perea et al., 2014a), which synchronize the activity
of neurons of the local brain area. So it is important
to figure out the effects of anesthetics on the astrocyte-
neuron activities.

In this work, we selected three anesthetics in clinical
concentration: propofol (agonist of GABAA receptor), ketamine

(antagonist of NMDA receptor) and dexmedetomidine (agonist
of α2-adrenergic receptors), which are agonist or antagonist
of distinct receptors and all three drugs can induce hypnosis
or loss of consciousness. The effects of the three distinct
anesthetics on the astrocyte-derived SICs in acute cortical
slices of rats were investigated. Our research may contribute
to improving the understanding of the role of astrocytes
in the mechanisms of loss of consciousness induced by
general anesthetics.

MATERIALS AND METHODS

Animals
All the experimental protocols were reviewed and approved
by the Zunyi Medical University Animal Care and Use
Committees (no. 2017-69 for pre-registration). According
to the Guide for the Care and Use of Laboratory Animals
published by the National Institutes of Health (Eighth
Edition, 2011), the infant rats were reared with their mother
in a specific pathogen-free animal room with controlled
temperature (22–25◦C) and a 12-hour light/dark cycle.
All the rats had free access to a standard chow diet and
purified drinking water.

Slice Preparation
Coronal prefrontal cortex (PFC) slices (300 µm) were prepared
from Sprague Dawley rats at postnatal day 21 (P21) to P40. Rats
were anesthetized with chloral hydrate (10% wt/vol) and then
perfused transcardially with ice-cold oxygenated (95% O2/ 5%
CO2) high-sucrose solution containing (in mM) 2.5 KCl, 1.25
NaH2PO4, 2 Na2HPO4, 2 MgSO4, and 26 NaHCO3. The Rats
were then decapitated to remove the brains. In a sectioning
plate filled with ice-cold oxygenated high-sucrose solution, the
isolated brain was sectioned at 300 µm using a vibratome
(HM650V, Thermo, United States). After sectioning, the slices
were incubated for 1 h at 34◦C in an oxygenated artificial
cerebrospinal fluid (ACSF) containing (in mM): 124 NaCl, 4.5
KCl, 2.0 CaCl2, 1.0 MgCl2, 1.2 NaH2PO4, 26 NaHCO3, 10 glycine,
10 glucose, pH 7.32.

Electrophysiology
Glial cells and neurons were visually identified on an
infrared-differential interference contrast optics (Olympus,
Japan). Whole-cell patch-clamp recordings were performed
from pyramidal neurons in the lateral prefrontal regions.
For SICs recording, the internal solution contained (in
mM): 135 CsCl, 8 NaCl, 4 Mg-ATP, 10 HEPES, 0.6 EGTA
and 0.3 Na2-GTP, 310 mOsmol/L, pH 7.2. Slices were
perfused in a chamber at 2–3 ml/min with an ACSF
contained 100 micro molar picrotoxin (antagonist of
gamma-aminobutyric acid A subtype receptor, GABAA)
and 1 µM tetrodotoxin (TTX) (Angulo et al., 2004),
which prevented the interference of action potential and
inhibitory synaptic neurotransmission on the SICs recording.
Whole-cell patch-clamp experiments were conducted
with EPC10 amplifier (HEKA Elektronik, Germany).
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According to the nature of whole-cell recording, there is no
randomization was performed.

Pharmacology
In this experiment, the concentrations of the three general
anesthetics were chosen based on their clinically effective
ranges. For propofol, an agonist of GABAA receptors, the
plasma concentration to induce loss of consciousness in rat is
around 10 µM (Yang et al., 1995); For ketamine, an antagonist
of NMDA receptors, the plasma concentration of rats after
intraperitoneal injection is around 30 µM (Ganguly et al.,
2018); For dexmedetomidine, an agonist of alpha2-adrenergic
receptors, the plasma concentration causing unconsciousness is
around 40 nM (Plourde and Arseneau, 2017). The experimental
concentrations of three drugs were 0.1, 1, 10, 20, and
40-fold of their clinically relevant concentrations. Propofol
injectable emulsion (Diprivan, AstraZeneca, United States) was
diluted to a final concentration in perfusion solution, while
the perfusion solution containing the same concentration of
emulsion (100 mg/mL soybean oil, 22.5 mg/mL glycerol,
12 mg/mL egg lecithin and 0.005% disodium edetate) was
used as the control solution for experiments with propofol.
Ketamine (Fujian Gutian Pharmaceutical Co., Ltd., China)
and dexmedetomidine (Jiangsu Nhwa Pharmaceutical Co.,
Ltd., China) were diluted to experimental concentrations in
perfusion solution.

In certain experiments, slices were treated with DHPG,
an agonist of type I metabotropic glutamate receptors,
to induce glutamate release from astrocytes (Porter and
McCarthy, 1996). Some slices were treated with 1 mM
fluorocitrate (a glia-specific metabolic inhibitor) for 1 h
to inhibit astrocytic activity (Martín et al., 2007). Other
antagonists included ifenprodil (5 µM), a GluN2B-specific
NMDA receptor blocker; D(-)-2-Amino-5-phosphonopentanoic
acid (D-AP5, 50 µM), a general NMDA receptor antagonist;
tetanus neurotoxin (TeNT, 2 µM), which blocks the
synaptic release of neurotransmitters; MK-801, 20 µM,
a non-competitive antagonist of NMDA receptors; 2,3-
Dihydroxy-6-nitro-7- sulfamoyl-benzo[f]quinoxaline (NBQX,
30 µM), a specific antagonist of non-NMDA (AMPA)
glutamate receptors; TCN-201, 10 µM, a selective antagonist of
GluN2A receptor.

Astrocytes Culture
The dissociated subculture of cortical astrocytes was prepared
and maintained as described previously (Zeng et al., 2008).
Briefly, neonatal rat (1–2 days) was anesthetized and the
prefrontal cortex was dissected surgically under sterile
condition. The cortical tissue was cut and then incubated
in 0.125% trypsin (Sigma, United States) at 37◦C for
30 min, during which the trypsin was shaken once every
10 min. Then DMEM/F12 medium (Gibco, United States)
containing 15% (v/v) fetal bovine serum was added to stop
the action of trypsin. The cell suspension was centrifuged
at 1000 rpm for 5 min to collect cells. The supernatant
was discarded and the cells were suspended in complete
medium containing DMEM/F12 and 15% (v/v) fetal bovine

serum. Cells were planted in a flask and cultured in
the incubator at 37◦C in a humidified 5% CO2-95% air
atmosphere. After 15 days, flasks were shaken (180 rpm)
for 18 h and the medium was replaced by new ones. The
subculture of cortical astrocytes was made by two times
of digestion and centrifugation in the same procedure as
mentioned above.

Immunofluorescence
The subculture of astrocytes was planted in Petri dish containing
DMEM/F12 complete medium and cultured for 24 h. Astrocytes
were fixed in 4% paraformaldehyde for 30 min, washed
with 0.01 mol/L phosphate-buffered saline (PBS) three times,
permeated by 0.02 % TritonX-100 for 3 min, washed with
0.01 mol/L PBS three times. Astrocytes were incubated with
rabbit anti-GFAP (1:1000, Abcam, United States) at 4◦C
overnight, followed by incubations with FITC-conjugated goat
anti-rabbit IgG (1: 1000 in PBS, Sigma, United States) for
90 min. At last, DAPI (1:2000, Abcam) was applied for 5 min
to label the nuclei of all astrocytes. After staining, Petri
dishes were examined using a Leica SP2 confocal microscope
(Leica, Germany).

Analysis of Extracellular Glutamate
Concentration
The concentration of extracellular glutamate was identified using
HPLC with a fluorescence detector. HPLC was performed based
on the methods previously published with some adjustment
(Zeng et al., 2008) and the tester was blinded to the procedure
of supernatant harvest. The HPLC system (1260 Infinity,
Agilent, United States) comprised of a quaternary pump system
(G1311B), fluorescence detector (G1321B, λex = 337 nm,
λem = 457 nm), HPLC chemo-station, a 5 µm biophase
octadecylsilyl and analytical column (150 mm × 4.6 mm).
All astrocytes were seeded in 6-well plates and employed
for individual tests when astrocytes produced a confluent
layer 5 days after seeding. At this stage, the culturing
medium was discarded and washed two times with 0.01
PBS, after that incubated with the free-serum medium.
10 µM DHPG (made with 0.01 M PBS) was added to the
various wells and supernatant was harvested at 2, 4, 6, 8,
and 10 min, respectively. Supernatants were derivatized with
O-phthalaldehyde/beta-mercaptoethanol (OPA) for 2 min prior
to injection. The mobile phase was composed of 0. 01 M
Na2HPO4, 0.1 mM EDTA and 30% methanol. The system
was operated at 38◦C with a flow rate of 1 mL/min. The
calibration curves and quantifications were deduced on the
maximum areas calculated with Agilent Lab Advisor software.
Control experiments were performed with adding 0.01 M
PBS to wells after which supernatants were harvested to
determine the basal amount of glutamate. Effects of the
three anesthetics (diluted to 0.1, 1, 10, and 100-fold of their
clinically relevant concentrations in 0.01 M PBS) were always
compared with the controls performed on the same culture
preparation. The same experiments were repeated in five different
astrocyte cultures.
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Data Collection and Analysis
Patchmaster 2.0 software (HEKA Elektronik, Germany) was used
for data acquisition, while data analysis was performed by Spike
2 software (CED, ENGLAND). For recording SICs and mEPSC,
voltage-clamp traces were recorded at a holding potential of
−60 mV. The noise level of mEPSC was set as 5 pA while
SICs as 30 pA. Only stable current traces that exhibit a single
peak distribution in the on-line histogram analysis were used
for subsequent analysis. Average amplitude and frequency of
SICs and mEPSC were calculated from 30 min long current
traces before and after drug application. The series resistance was
continuously monitored during the recording and was accepted
when the series resistance of the current was less than 30 �
and with less than 10% change. The amplitude of the SICs
is the difference between the SICs peak and the average of
the current baseline within the 20 ms before the appearance
of the SICs. The zero to one hundred percent rise time and
10 to 90% decay time for SIC events were calculated with
single exponential fits. Power And Sample Size software was
used to predetermine the sample size of recorded neurons. All
data were presented as mean ± SD. Statistical analysis of two
groups was performed with Student’s t-test by utilizing GraphPad
PRISM 6 Software (GraphPad Software Inc., United States).
When multiple groups were compared, statistical analysis was
performed with one-way analysis of variance (ANOVA) followed
by Brown-Forsythe test. Cumulative probability curves for SICs
rise times and decay times were tested by Kolmogorov-Smirnov
test. Statistical significance at the p < 0.05 level were considered
statistically significant.

RESULTS

SICs Is Generated by Glutamate Release
From Astrocytes
First, we investigated the presence of SICs on PFC neurons.
When we held PFC neurons near their resting membrane
potential (−60 mV) in magnesium-free ACSF (as MgCl2 was
not administered to the solution), which prevent the voltage-
dependent block of glutamate receptors of the NMDA subtype,
and 1 µM TTX was applied into the ACSF to block action
potential propagation in the neuronal network, we observed
spontaneous SICs in 89% of the recorded neurons (63 neurons
from 20 rats) with comparable parameters to literature data
(Pirttimaki and Parri, 2012). The average frequency of SICs
was 0.78 ± 0.16/min, with the amplitude of 96.9 ± 37.9 pA,
a rise time of 96.8 ± 30.5 ms and a decay time constant of
269.5 ± 32.8 ms (38 events from 22 neurons, Figures 1A,C).
The parameters of SICs can be unambiguously separated
from miniature excitatory postsynaptic currents (mEPSCs)
(Figures 1A,B). The decay time constant of mEPSCs were
25.68 ± 2.6 ms (45 events from 9 neurons, Figures 1B,C),
which were two magnitudes faster than SICs, thus SICs are
clearly distinguishable. We then sought evidence to prove
whether the neuronal SICs generation could be affected by
pharmacological manipulations known to inhibit or activate

astrocytes in PFC slices. First, the slices were treated with
1 mM fluorocitrate for 1 h prior to recording. This drug,
a specific blocker of astrocytes, inhibits the Krebs cycle of
astrocytic metabolism (Largo et al., 1996). Under the same
experimental arrangement described above, no SICs was detected
from fluorocitrate incubated slices (12 neurons from 3 rats,
Figures 1D,E). Second, when 10 µM DHPG (agonist of
astrocytic type I metabotropic glutamate receptors) were bath
applied for pharmacological activation of astrocytes (Porter and
McCarthy, 1996), we observed a significant increase in the
frequency of the SICs (Figures 1D,E). The 10–90% rise and
decay time of the slow currents recorded before and during
DHPG showed no different (Figure 1F). Furthermore, SICs were
still present after slice incubation (2 h) with 2 µM tetanus
neurotoxin (TeNT) (Figures 1D,E), which blocks the synaptic
release of neurotransmitters (Link et al., 1992). Altogether,
the above observations strongly suggest that SICs are of the
astrocytic origin.

The Astrocytic Glutamatergic
Transmission Was Inhibited by Ketamine
at a Clinically Relevant Concentration
To study the effects of different general anesthetics on the
astrocytic glutamatergic transmission, the selected anesthetics
were added to oxygenated ACSF for a slice pre-incubation
(15 min), the solution containing anesthetic were continuously
perfused during whole-cell patch-clamp recordings. Due to the
different preparation protocols of the 3 drugs (see section
“Materials and Methods”), SICs recording in slices under ASCF
containing emulsion was taken as the control for propofol, while
SICs recording under normal ASCF was taken as the control
for both ketamine and dexmedetomidine. The concentrations
tested for each general anesthetic were chosen as 0.1, 1, 10, 20,
and 40-fold of their clinically relevant concentrations (see section
Materials and Methods). For propofol, the test concentrations
were set as 1, 10, 100, 200, and 400 µM. Propofol with all selected
concentrations showed no significant effect on the amplitude
or frequency of SICs (Figures 2B,E). Dexmedetomidine with
selected concentrations (4, 40, 400, 800, and 1600 nM)
were also found ineffective in changing the amplitude or
frequency of SICs (Figures 2C,E), indicating propofol and
dexmedetomidine exert no effect on the astrocytic glutamatergic
transmission within the clinically relevant concentration range.
For ketamine, the test concentrations were 3, 30, 300, 600,
and 1200 µM. We found that the frequency of SICs dropped
to 0.53 ± 0.18 SICs/min at a concentration of 30 µM from
0.77 ± 0.16 SICs/min in control group (10 neurons from 5
slices, Figure 2D). The inhibition of the frequency of SICs
reached 0.35 ± 0.15 SICs/min at 300 µM (8 neurons from
3 slices, Figure 2D). Ketamine with 600 (5 neurons from 3
slices) and 1200 µM (5 neurons from 3 slices) inhibited the
frequency of SICs to 0.087± 0.06 and 0.083± 0.05%, respectively
(Figure 2D). Ketamine with all selected concentrations did
not change the amplitude of SICs (Figure 2E). When washed
out for 15 min, the frequency of SICs recovered to about
80% (Figure 2A, the bottom trace) of the control level,
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FIGURE 1 | Parameters of SICs and mEPSC from the prefrontal cortex neuron. (A), Representative trace of SICs and mEPSCs recorded from a PFC neuron at a
holding potential of –60 mV. The red square marks a mEPSC and a SIC is labeled by the blue square. (B) mEPSC (red) and SIC (blue) were showed in a larger scale.
(C) Statistical summary of frequency, amplitude, rise and decay time of SICs and mEPSCs. Differences with statistically significant (∗∗∗p < 0.001, compared with
control) were verified by unpaired t-test. (D) Representative traces of SICs exposed to fluorocitrate, DHPG and TeNT administration. (E) Statistical summary of
frequency of SICs recorded in 10 min before and after fluorocitrate, DHPG and TeNT administration. (F) Cumulative probability curves for SIC rise times and decay
times for normal (blue line) and DHPG treatment (yellow line), no statistical difference, Kolmogorov-Smirnov test. Data were presented as mean ± SD. Dots represent
individual data.

demonstrating that the inhibition induced by ketamine is
largely reversible.

Synchronization of Astrocytic SICs Was
Inhibited by Ketamine
SICs can occur simultaneously in adjacent pyramidal neurons,
which promote synchrony of neuronal activity (Perea et al.,
2014a). In the next series of experiments, we sought evidence
whether ketamine can affect the synchronization of astrocytic
SICs. Since propofol and dexmedetomidine at clinically relevant
concentration showed no inhibitory action on the frequency of
SICs, we did not examine their effects on SICs synchronization.

Pairs of PFC neurons were patched where somata were within
20 µm (Figure 3A), and spontaneous activity was recorded in
parallel in voltage clamp mode in a recording period of 10 min.
When the delay between the onset of one SIC recorded in one
neuron and the other SIC appearing in the paired neuron was
<0.05 s, count as a valid synchronization of SICs (Figure 3B).
We first record six pairs of PFC neurons distant by <20 µm
under normal ACSF, during 10 min period, the occurrence rate
of synchronized SICs was 42.5 ± 1.4% (68 SICs were recorded
from 12 neurons) (Figure 3C, up panel and Figure 3D). Then we
recorded 6 pairs of PFC neurons distant by <20 µm under ACSF
containing 30 µM ketamine, the occurrence rate of synchronized
SICs dropped to 9.6 ± 0.8% (36 SICs were recorded from
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FIGURE 2 | Effects of propofol, dexmedetomidine and ketamine on SICs. (A) Example large scale traces of SICs exposed to the highest concentration of propofol,
dexmedetomidine and ketamine. (B–D) bar graphs illustrate SICs frequency affected by three anesthetics with different concentrations. (E) Statistical summary of
amplitude of SICs affected by three anesthetics with the highest concentration in this study. Differences with statistically significant (∗∗∗p < 0.001, compared with
control) were verified by one-way ANOVA followed by Brown-Forsythe test. Data were presented as mean ± SD. Con = control, Pro = propofol, Dex =
dexmedetomidine, Ket = ketamine.

FIGURE 3 | Ketamine inhibit synchronized SICs from pair-recorded PFC neurons. (A) Infrared chromatic aberration photo of pair-recorded PFC neurons. Tips of
glass microelectrodes were marked with arrow. (B) Example traces showed synchronized SICs in two different PFC neurons recorded simultaneously. Two pairs of
synchronized SICs were marked by asterisks. (C) Example large scale traces of synchronized SICs exposed to normal ACSF and 30 µM ketamine, synchronized
SICs were marked by dashed box. (D) Statistical summary of the occurrence rate of paired SICs. Differences with statistically significant (∗∗∗p < 0.001, compared
with control) were verified by unpaired t-test. Data were presented as mean ± SD.

12 neurons) (Figure 3C, bottom panel and Figure 3D). The
occurrence rate of synchronized SICs was 0 when 300 µM
ketamine were tested (5 SICs were recorded form 2 pairs of PFC

neurons). These data thus indicate that ketamine at clinically
relevant concentrations exerts a significant inhibitory effect on
the astrocyte-mediated SICs synchronization.
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Ketamine Exerts No Effects on the
Astrocytic Glutamate Release
SICs are due to the spontaneous release of glutamate from
astrocytes, thus the inhibitory actions of ketamine on SICs
might be consequences of the decrease of glutamate release
from astrocytes caused by ketamine. In order to investigate this
possibility, we next explore whether ketamine inhibits DHPG-
evoked glutamate release from cultured PFC astrocytes. PFC
astrocytes were identified with immunofluorescence stained by
mouse GFAP antibody (Figure 4A). The immunohistochemical
staining after two generations showed that the purity of the
astrocytes was more than 95% (data not shown). Glutamate
efflux from astrocyte cultures was assayed with HPLC. The
base level of glutamate release from cultured prefrontal cortex
(PFC) astrocytes was 2.18 ± 0.84 µM (Figures 4B,C; five
wells). Application of 10 µM DHPG for 10 min increased the
concentration of glutamate to 6.18 ± 0.15 µM (Figures 4B,C;
of five wells). Pre-incubation of ketamine (300 and 1200 µM)
for 10 min could not influence the DHPG-induced glutamate
efflux (5.96 ± 0.23 µM for ketamine 1200 µM + DHPG 10 µM;
Figures 4B,C; of five wells), which suggest that DHPG-induced
astrocytic glutamate release is not affected by ketamine.

Ketamine-Induced Inhibition of SICs Is
Mediated by GluN1/GluN2B Receptors
Negative results with glutamate assay of astrocyte cultures raised
the possibility that ketamine-induced inhibition of SICs was due
to blockade of NMDA receptors. As ketamine is a non-selective
antagonist for the NMDA receptor (Lord et al., 2013), we need
to seek the NMDA receptor subtype responsible for SICs. The
effects of different antagonists on SICs were present in Figure 5A.
In the presence of 20 µM MK-801, a non-competitive antagonist
of NMDA receptors, the frequency of SICs were dropped to
0.02± 0.01/min (Figure 5B, 10 neurons). However, spontaneous
SICs were observed with normal frequency (0.98 ± 0.10/min)
in 30 µM NBQX (Figure 5B, 5 neurons), a specific antagonist
of non-NMDA (AMPA) glutamate receptors. Then we perfused
selective antagonist of GluN1/GluN2B receptor, ifenprodil
(5 µM) (Bettini et al., 2010), which inhibited the frequency of
SICs significantly (Figure 5B, 10 neurons). We also found that
0.5 µM ifenprodil, not 10 µM TCN-201 [selective antagonist of
GluN1/GluN2A receptor (Edman et al., 2012)] could significantly
enhance the inhibitory effect of 30 µM ketamine on the frequency
of SICs (from 0.65 ± 0.10/min to 0.29 ± 0.04/min, Figure 5B,
10 neurons). Such results suggest that the ketamine-induced
inhibition of the frequency of SICs is due to the blockade of
GluN1/GluN2B receptors by ketamine.

Astrocytic SICs Are More Sensitive to
Ketamine Than Synaptic mEPSCs
Depending on the subunit composition, GluN1/GluN2A and
GluN1/GluN2B receptors have distinct pharmacological and
kinetic properties. GluN1/GluN2A receptor is a target of
glutamate released from a synaptic source, which is characterized
by rapid kinetics (mEPSCs) (Nakanishi et al., 1998). While
extrasynaptic GluN1/GluN2B are activated by glutamate released

from a non-synaptic (astrocytic) source, which is characterized
by slow kinetics (SICs) (Angulo et al., 2004). Different in the
source of glutamate and kinetic properties raised the possibility
that ketamine may exert a different effect on the fast (synaptic)
and slow (non-synaptic) glutamatergic transmission. In order to
investigate this possibility, we compared the effect of 3, 30, and
300 µM ketamine on the GluN1/GluN2A and GluN1/GluN2B
mediated currents. mEPSCs and SICs were recorded and
distinguished by their frequency and decay time as stated above.
The frequency of mEPSCs was 22.7 ± 3.4/min in control, and
22.1± 3.2/min with 3 µM ketamine, 16.9± 1.5/min with 30 µM
ketamine, 2.3 ± 0.2/min with 300 µM ketamine. The frequency
of SICs was 0.85 ± 0.12/min in control, and 0.72 ± 0.12/min
with 3 µM ketamine, 0.48 ± 0.10/min with 30 µM ketamine,
0.06 ± 0.001/min with 300 µM ketamine (Figure 6A). In
Figure 6B, inhibition rate of 3, 30, and 300 µM ketamine on
mEPSCs and SICs were presented, which indicated that ketamine
at low concentration (3 µM) could inhibit the frequency of SICs,
but not mEPSCs. And, the inhibition rate of SICs was significantly
higher than mEPSCs with 30 µM ketamine (44.5± 3% inhibition
vs. 28.3 ± 6% inhibition). Taken together, one might conclude
that GluN1/GluN2B mediated astrocytic excitatory current is
more sensitive to ketamine.

DISCUSSION

In the present study, we demonstrated that ketamine significantly
suppressed GluN1/GluN2B receptor-induced SICs in acute rats
brain slice, in a concentration-dependent manner. On the
contrary, propofol and dexmedetomidine did not affect SICs,
which represent glutamatergic transmission from astrocytes
to neurons. Three anesthetics were tested in the ranges that
correspond to their respective plasma concentrations during
anesthesia. Ketamine inhibited the frequency of SICs by more
than 30% when used at 30 µM, which is around the plasma
concentration of rats after intraperitoneal injection (Ganguly
et al., 2018). Propofol and dexmedetomidine had no effect on
the frequency of SICs, even at 40-fold of their clinically relevant
concentrations (Franks, 2008; Plourde and Arseneau, 2017).

Connexins form functional gap junction channels that enable
electrochemistry communication between adjacent astrocytes
and neurons (Nagy and Rash, 2000). Early experiment (Liu et al.,
2016) exploring anesthetic mechanism in astrocytes compared
the effects of propofol, ketamine, and dexmedetomidine on
the connexin channel functions of astrocytes. They reported
that propofol was found to inhibit gap junction within
clinically relevant ranges (100–150 µM), either ketamine nor
dexmedetomidine had an effect on gap junction channels
within clinically relevant ranges. Combined with our results,
one can infer that both propofol and ketamine, at clinically
relevant concentrations, are an effective compound in affecting
the activities of astrocytes, however, they aimed at different
targets. Propofol may inhibit the functional astrocytic network
by inhibiting the activity of connexin channel and decreasing
calcium signaling between astrocytes (Parys et al., 2010). While
ketamine inhibits the glutamate transmission from astrocytes
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FIGURE 4 | Effect of ketamine on glutamate release from cultured prefrontal cortex astrocytes. (A) Micrographs of cultured prefrontal cortex astrocytes labeled for
DAPI (left), GFAP (middle) their overlay (right). (B) HPLC chromatogram of glutamate in astrocyte culture medium after DHPG (middle) or ketamine (down)
administration. (C) Statistical summary of the glutamate concentration. Differences with statistically significant (∗∗∗p < 0.001, compared with control) were verified by
one-way ANOVA followed by Brown-Forsythe test. Data were presented as mean ± SD. Glu = glutamate, Con = control, Ket = ketamine.

to neurons, thereby inhibiting the astrocytic regulation of
neurons, especially the synchronous activity of nearby neurons
(Fellin et al., 2004).

In this study, we found direct evidence for the inhibition
of astrocyte-mediated SICs synchronization by ketamine at
clinical concentrations. A significant 78% inhibition of the
occurrence rate of synchronized SICs on paired PFC neurons
was produced by 30 µM ketamine. Astrocytes play a key role for
the synchrony of regional neurons, stimulation of one astrocyte
can activate other astrocytes in the region and trigger continuous
depolarization and high-frequency discharge of adjacent neurons
(change and maintain new patterns of neuronal activity) (Perea
et al., 2014a). Under the control of astrocytes, the cortex forms a
wide range of neuronal clusters that receive and output special
signals, and eventually from the neuronal basis to encode and
integrate advanced neural information.

Astrocytes can release glutamate through calcium-dependent
and calcium-independent mechanisms, such as vesicular release
(Yaguchi and Nishizaki, 2010), the reverse operation of glutamate
transporters (Yoshizumi et al., 2012) and the opening of
hemichannels (Ye et al., 2003). Our present research did not focus
on the specific mechanism by which astrocytes release glutamate.

However, bath applications of DHPG were shown previously to
trigger intracellular calcium transients in astrocytes (Muyderman
et al., 2001). So DHPG increases the release of glutamate
from astrocyte cultures support the involvement of a calcium-
dependent release mechanism. Our results of glutamate assay
showed that ketamine with 10-fold of the clinical concentration
exerts no effects on the astrocytic glutamate release, which
indicate that calcium-independent vesicular pattern of astrocytic
glutamate release is not a potentially important mechanism
in ketamine-induced inhibition of glutamatergic transmission
between neurons and astrocytes. However, identifying the actual
effects of ketamine or other anesthetics on the glia release
glutamate in vivo animal model still need additional experiments.

Our work demonstrated that SICs are consequences
of astrocytic activity. Stimulation of astrocytes by group I
metabotropic glutamate receptor agonist led to the appearance
of SICs, and inhibition of astrocytes by fluorocitrate prevented
the development of these events. The astrocytic source of SICs
was verified by optogenetic activation of astrocytes (Perea et al.,
2014b), a more advanced technology allowing specific activation
of astrocytes in slice preparations. Our results showed that
SICs were prevented by ketamine or GluN1/GluN2B receptors
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FIGURE 5 | The inhibition of SICs by ketamine was enhanced by selective antagonist of GluN1/GluN2B receptor. (A) Example traces of SICs with different
antagonists administration. (B) Statistical summary of SICs frequency affected by different antagonists. Differences with statistically significant (∗∗∗p < 0.001,
compared with control) were verified by one-way ANOVA followed by Brown-Forsythe test. Data were presented as mean ± SD.

FIGURE 6 | The inhibitory effects of ketamine on mEPSCs and SICs. (A) events marker of mEPSCs (left) and SICs (right) in a representative 10 min period. Ketamine
inhibited both mEPSCs and SICs in a concentration dependent manner. (B) Normalized inhibition rate of ketamine on mEPSCs and SICs. Differences with
statistically significant (∗∗∗p < 0.001, compared with control) were verified by two-way ANOVA with post tests. Data were presented as mean ± SD.
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antagonists, which indicates that ketamine-induced inhibition
of SICs is mediated by the extrasynaptic NMDA receptors
containing NR2B subunits. However, it can be a matter debate
whether GluN1/GluN2B receptors involved in the astrocyte-
neuron modulation of ketamine are neuronal extrasynaptic or
astrocytic receptors because functional NMDA receptors were
found presenting on cortical astrocytes (Dzamba et al., 2013).
As the SICs-blocking effects of ketamine were very similar to
the inhibition caused by ifenprodil, we cannot clearly exclude
the possibility that astrocytic NMDA receptors contribute
to the ketamine-inhibition of SICs. Furthermore, based on
the facts that astrocytes express functional AMPA receptors
(Matthias et al., 2003) and ketamine is an indirect AMPA
receptor agonists (Krystal et al., 2013), one may hypothesize
that ketamine potentiates the glutamatergic AMPA transmission
while inhibits SICs. We did not add selective AMPA antagonist
when evaluating the effects of ketamine on SICs, thus the low
concentration of ketamine was insufficient to inhibit mEPSCs
may due to the ketamine-induced potentiation of glutamatergic
AMPA transmission.

To the best of our knowledge, our present work first
found direct evidence prove that astrocyte-neuron glutamatergic
transmission, which represented by SICs, were inhibited by
ketamine in clinical concentration. The effects of general
anesthetics on non-neuronal cells and the potential mechanism
by which these drugs induce unconsciousness are not widely
appreciated. Most previous studies focused on the effects of
general anesthetics on the neuronal injury related to intracellular
calcium homeostasis (Mantz et al., 1994; Yang et al., 2008)
or glutamate uptake in astrocytes (Miyazaki et al., 1997; Sitar
et al., 1999). One study explored the conscious targets of
anesthetics (including ketamine) in astrocytes (Thrane et al.,
2012). Combined with our findings, it is important that direct
suppression of astrocytic activities (such as synchronized calcium
signals and SICs) by anesthetics were found as a potential
mechanism under their unconsciousness effects. In addition,
the previous study reported that anesthetic doses of isoflurane
are insufficient to affect neuronal responses but sufficient to
obviously inhibit sensory-evoked astrocyte calcium transients
(Schummers et al., 2008). Their results are in line with our
present finding showed that low concentration of ketamine was
insufficient to inhibit mEPSCs but sufficient to inhibit astrocytic
SICs. All these studies indicate that, compared with neurons,
astrocytes activities are more vulnerable to anesthetics. So the
inhibition of astrocytic function may play a key role in the early
stage of unconsciousness induced by general anesthetics.

Ketamine at sub-anesthetic doses acts as a fast-acting
antidepressant (Krystal et al., 2013). The underlying mechanisms

involve activating the mammalian target of rapamycin (mTOR)
pathway leading to improvement of synaptic signaling (Li et al.,
2010), actions on the glutamatergic system, 5-HT system and
dopaminergic system (De Gregorio et al., 2018), improving
synaptogenesis (Liu et al., 2012) and neurotrophic function
(Abdallah et al., 2015). Thus the ability of ketamine to modulate
the SICs at sub-anesthetic doses in its antidepressant effects
needs to be discussed. Many factors of stress response such as
immunologic attack, increased levels of reactive oxygen species
and reduced levels of free radical scavengers lead to astrocytes
loss (Banasr and Duman, 2008). Because astrocytes are centrally
involved in glutamate inactivation, astrocytes loss may elevate
glutamate levels in both synaptic and extrasynaptic spaces. The
astrocytic origin of SICs was confirmed by our results, thus
the inhibition of astrocytic SICs by ketamine may depress
glutamate neurotransmission when extracellular glutamate level
was elevated by astrocytes loss, which in turn compromising
functional astrocyte–neuron connectivity during the depression.
Moreover, the blockade of extrasynaptic NMDA receptors also
appears to be critical to the antidepressant effects of ketamine
(Krystal et al., 2013), and we proved that ketamine inhibited SICs
by blocking the extrasynaptic NMDA receptors containing NR2B
subunits supporting such theory.

CONCLUSION

In summary, the present findings suggest that by blocking
GluN1/GluN2B receptors, ketamine have an inhibitory role in
astrocytic glutamatergic transmission. The decrease of astrocyte-
mediated SICs synchronization due to ketamine administration
at clinical concentration may have serious implications for
the development of dissociative cognitive impairment during
ketamine anesthesia.
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It is now widely accepted that glia cells and gamma-aminobutyric acidergic (GABA)

interneurons dynamically regulate synaptic transmission and neuronal activity in time and

space. This paper presents a biophysical model that captures the interaction between

an astrocyte cell, a GABA interneuron and pre/postsynaptic neurons. Specifically, GABA

released from a GABA interneuron triggers in astrocytes the release of calcium (Ca2+)

from the endoplasmic reticulum via the inositol 1, 4, 5-trisphosphate (IP3) pathway. This

results in gliotransmission which elevates the presynaptic transmission probability rate

(PR) causing weight potentiation and a gradual increase in postsynaptic neuronal firing,

that eventually stabilizes. However, by capturing the complex interactions between IP3,

generated from both GABA and the 2-arachidonyl glycerol (2-AG) pathway, and PR, this

paper shows that this interaction not only gives rise to an initial weight potentiation phase

but also this phase is followed by postsynaptic bursting behavior. Moreover, the model

will show that there is a presynaptic frequency range over which burst firing can occur.

The proposed model offers a novel cellular level mechanism that may underpin both

seizure-like activity and neuronal synchrony across different brain regions.

Keywords: astrocyte cell, GABA interneuron, burst firing, calcium oscillation, potentiation

1. INTRODUCTION

Spiking neural networks (SNNs) are considered to be the most biologically plausible representation
of brain function (Ghosh-dastidar and Adeli, 2009). Additionally, SNNs capture a Hebbian type
learning paradigm where the timing between pre- and post-synaptic spikes dictates whether
synaptic depression or potentiation occurs (Song et al., 2000). SNNs have also been shown to
be effective in time series prediction (Reid et al., 2014), spatiotemporal pattern recognition (Hu
et al., 2013), and system control (Liu et al., 2015) in various application domains. In SNNs, the
neurons and synapses are fundamental components in the network, where the information is
encoded in spikes or action potentials for transmission between neurons (Izhikevich, 2003). In
the central nervous system neurons receive input stimuli and respond by firing spike patterns such
as bursting, which has been observed in the hippocampus of rodents (Miles and Wong, 1986),
electric fish (Gabbiani et al., 1996), and in the primarymotor cortex, brainstem and thalamus within
the somatomotor system of humans (Arichi et al., 2017). The bursts can, in some cases, represent

41

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://doi.org/10.3389/fncel.2019.00335
http://crossmark.crossref.org/dialog/?doi=10.3389/fncel.2019.00335&domain=pdf&date_stamp=2019-07-23
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles
https://creativecommons.org/licenses/by/4.0/
mailto:j.liu1@ulster.ac.uk
https://doi.org/10.3389/fncel.2019.00335
https://www.frontiersin.org/articles/10.3389/fncel.2019.00335/full
http://loop.frontiersin.org/people/537248/overview
http://loop.frontiersin.org/people/11888/overview
http://loop.frontiersin.org/people/3177/overview
http://loop.frontiersin.org/people/33449/overview
http://loop.frontiersin.org/people/42889/overview
http://loop.frontiersin.org/people/35393/overview
http://loop.frontiersin.org/people/184672/overview
http://loop.frontiersin.org/people/763205/overview
http://loop.frontiersin.org/people/79930/overview
http://loop.frontiersin.org/people/514710/overview
http://loop.frontiersin.org/people/530445/overview
http://loop.frontiersin.org/people/2994/overview


Liu et al. GABA Regulation of Burst Firing

normal brain function and in other cases abnormal brain
function (e.g., epilepsy) (Araque et al., 1999; Halassa et al., 2007).

Research has shown that astrocytes, one type of glial cell,
modulate neuronal activity (Halassa et al., 2007; Breslin et al.,
2018; Flanagan et al., 2018) where a single astrocyte may enwrap
a large number of synapses (∼ 105 synapses), and connect to
several neighboring neurons (four-eight). The interplay between
an astrocyte and the neighboring neurons is believed to occur at
the tripartite synapse (Araque et al., 1999), which is bi-directional
and serves, in some cases, to modulate the synaptic transmission
probability rate (PR): via the direct/indirect retrograde signaling
messenger endocannabinoids (Wade et al., 2012). This gives rise
to re-modeling of the SNN connectivity (Wade et al., 2011;
Naeem et al., 2015; Johnson et al., 2018; Liu et al., 2018).

It has also been reported that gamma-aminobutyric acidergic
(GABA) interneurons participate in astrocyte-mediated control
of excitatory synaptic transmission (Perea et al., 2016) and
exercises control over the firing frequency of pyramidal
cells. Furthermore GABA release synchronizes principal cell
population discharge contributing to the generation of rhythmic
activity in neuronal networks, such as theta and gamma
frequency oscillations (Kullmann, 2011). A recent paper reported
that GABA released in proximity to a tripartite synapse
can activate GABA-B receptors on the astrocyte leading
to gliotransmission, which is known to regulate synaptic
transmission probability (Liu et al., 2018). The research reported
in Kurosinski and Götz (2002), Kullmann (2011), Liu et al. (2018)
provides the underpinning for the work presented here.

In this paper, we investigate the coupling between a GABA
interneuron, an astrocyte terminal and the pre and postsynaptic
terminals. The main contributions of this paper include (i) a
novel biophysical model that describes the signaling pathways
at the tripartite synapse and (ii) a novel mechanism that
can potentially explain postsynaptic neuron burst firing. The
rest of paper is organized as follows. Section 2 presents the
biophysical model while section 3 provides simulation results
that demonstrate the bursting. Section 4 concludes the paper and
discusses future work.

2. BIOPHYSICAL MODEL OF A NETWORK
BURSTING

In this section, a detailed discussion of the signaling pathways
at the tripartite synapse is presented with a specific focus
on GABA signaling between the presynaptic terminal and the
nearby astrocyte. It will be shown that this interplay acts as a
frequency dependent switch, which modulates the probability of
release (PR) at the presynaptic terminal. Our Ca2+ dynamics
model shows that calcium (Ca2+) oscillations only occur over
a range of inositol 1, 4, 5-trisphosphate (IP3) concentrations
and furthermore this paper will show that Ca2+ oscillations are
periodic and this behavior is key to the bursting behavior.

2.1. Signaling Pathways and Activity
Regulations
The conventional tripartite synapse has three terminals: the
presynaptic axon, postsynaptic dendrite and the astrocyte cell

(Wade et al., 2012; Liu et al., 2018). In this paper we consider
earlier work where, in a hippocampal astrocyte neural network,
GABA interneurons interact with excitatory tripartite synapses
to dynamically change the synaptic transmission behavior from
inhibitory to excitatory through modulation of PR (Perea
et al., 2016). The signaling pathways between the GABA
interneuron and tripartite synapse are shown in Figure 1. When
an input stimulus of frequency (fpre) is present at the excitatory
presynaptic axon, neurotransmitter (glutamate) is released into
the cleft and subsequently binds to receptors at the postsynaptic
dendrite causing the depolarization of the postsynaptic neuron.
While the authors accept that fast-spiking interneurons can fire
at much higher frequencies than glutamatergic neurons, in this
work we assume for simplicity that the firing rate of the GABA
interneuron (fGABA) follows fpre, as the most likely physiological
condition would be the activation of GABA interneuron by
activation of glutamatergic axons (Serrano et al., 2006; Covelo
and Araque, 2018). While GABA initially binds to GABA-
A receptors inhibiting synaptic transmission and post-synaptic
neuronal activity, recent work (Perea et al., 2016) has shown that
with repeated firing of GABA interneurons, GABA also binds
to GABA-B receptors on the astrocyte membrane, resulting in a
switch from inhibition to excitation at the presynaptic terminal,
and an associated excitatory response at the postsynaptic
terminal. In this paper we focus on astrocyte-mediated GABA-
induced excitation since the postsynaptic inhibition was found
negligible, and the transient acute presynaptic inhibition was
overpowered by the astrocyte signaling during sustained activity
(Perea et al., 2016). Hence, our model dos not incorporate
these negligible or transient inhibitory effects, focusing in the
sustained mechanisms and effects of inhibitory signaling through
astrocyte activation.

As fGABA increases, the GABA concentration level in the
extracellular space increases, and a level is reached whereby
binding to GABA-B receptors on the astrocyte membrane
commences, leading to the production of IP3: we subsequently
refer to IP3 due to GABA as IPGABA3 , which contributes to
the overall cytosolic IP3 (Perea et al., 2016). IPGABA3 is a
secondary messenger which is degraded when released into the
cytoplasm: initially cytosolic Ca2+ and IP3 levels are low and
therefore degradation of IP3 will also be low, as the degradation
rate correlates with both Ca2+ and IP3 concentrations. This
degradation is gradually overcome with increasing levels of
GABA and the PLCδ signaling pathway, which is modulated by
Ca2+ and is accounted for in this work. Finally IPGABA3 starts
to bind to IP3 receptors (IP3Rs) on the Endoplasmic Reticulum
(ER). When the total cytosolic IP3 is sufficiently high, Ca2+ is
released from the ER (De Pittà et al., 2009). At some point both
IP3 and Ca2+ reaches a level at which an oscillating Calcium-
Induced Calcium Release (CICR) occurs from the ER (Marchant
et al., 1999): hereafter referred to as TCICR. Several mechanisms
are believed to contribute to Ca2+ oscillation but there is still
much debate around this topic. For example, IP3Rs have binding
sites for both IP3 and Ca2+, and Ca2+ release from the ER is
believed to rely on coincidence binding of these ions. The time
between IP3 and Ca2+ binding depends on the concentration of
these ions and therefore this could explain why Ca2+ is believed
to be a regulator of IP3Rs activity: at low Ca2+ levels IP3Rs
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FIGURE 1 | Signaling pathways at the tripartite synapse where GABA released from GABA interneuron binds to GABA-B receptors on the astrocyte membrane and

IPGABA3 is released into the astrocyte cytosol. 2-AG released from the postsynaptic neuron binds to the receptors on the astrocyte membrane triggering the

generation of IPAG3 . With fpost low and IP3 reached a level, IP3 induces Ca2+ release from the ER and gliotransmitter is released into the synaptic cleft [Glu (e-SP)

pathway] where it binds to mGluR receptors on the presynaptic membrane. This causes an increase in PR and the plasticity window opens.

activity is increased, whereas the opposite is true at high Ca2+

levels. This is in agreement with other research (Dawson, 1997).
However, there is not enough experimental evidence on these
receptors to formulate a sufficiently detailed model. Therefore,
in this work we revert to a hitherto accepted model (Perea et al.,
2016) where Ca2+ oscillatory behavior is believed to arise from
the feedback interplay between Ca2+, IP3, and IP3 degradation.
As Ca2+ and IP3 rapidly increase there is a complex dependency
between the concentrations of both Ca2+ and IP3 and Ca2+/IP3-
induced degradation of IP3, which is the dominant process at
elevated Ca2+/IP3 levels. Therefore, a transient elevation of Ca2+

and/or IP3 is followed by a rapid drop in IP3, which can reduce
IP3 to below TCICR. At this point degradation of IP3 is weak
because both the Ca2+ and IP3 levels have fallen and therefore
IP3 starts to increase again due to IPGABA3 . When the TCICR

level is reached again a transient elevation of Ca2+ re-occurs.
We will demonstrate that our results support this behavior. This
oscillatory behavior causes the release of the glutamate from
the astrocyte (gliotransmitter) into the synapse [see Glu (e-
SP) pathway in Figure 1], which binds to pre-synaptic group I
metabotropic Glutamate Receptors (mGluRs) at the presynaptic
terminal. This signaling pathway results in an increase in PR at
the presynaptic terminal (Navarrete and Araque, 2010).

As PR increases more glutamate is released into the
cleft and potentiation/depression of the synaptic weight can
commence with the availability of glutamate to bind to N-
methyl-D-aspartate (NMDA)-type glutamate receptors (Lüscher
and Malenka, 2012). While we acknowledge that the biophysical
mechanisms regulating the functional dependency between
PR and plasticity are complex and not fully understood, we

propose that PR acts as a “switch” which can turn on/off
potentiation/depression at synaptic sites. To formulate a tractable
mathematical model that captures this relationship we modulate
the height of the Spike Timing Dependent Plasticity (STDP)
associated plasticity window using PR: with PR ≥ PR∗ (PR∗ is
defined as the plasticity activation level) the plasticity window
fully opens and with PR < PR∗ the plasticity window closes.
The decision on whether potentiation or depression occurs
is governed by the STDP rule (Magee and Johnston, 1997)
where potentiation occurs when the presynaptic spike precedes
postsynaptic spike, otherwise depression occurs. Additionally, we
consider the case where the postsynaptic neuron is sufficiently
depolarized such that the retrograde messenger 2-arachidonyl
glycerol (2-AG) is released from the postsynaptic neuron.
Since the contribution of 2-AG signaling to the observed
GABA-mediated regulatory effects of astrocytes on excitatory
transmission is negligible (Perea et al., 2016), the authors take
the view that 2-AG signaling onto GABAergic terminals would
not be a significant factor in network bursting. However, we do
consider 2-AG binding to type 1 Cannabinoid Receptors (CB1Rs)
on the astrocyte membrane which then initiates the release of the
IP3 into the cytoplasm of the astrocyte: we denote this secondary
messenger as IPAG3 .

During the synapse learning phase, the frequency of the
postsynaptic neuron, fpost , is increasing, as is the 2-AG signal

and consequently IPAG3 . As IPAG3 contributes to the total IP3, IP3
will eventually reach a level where degradation of IP3 no longer
reduces IP3 (and thereforeCa

2+) to below TCICR. In this instance,
both the oscillatory Ca2+ transient and Glu (e-SP) pathways
cease (Liu et al., 2018) (see Figure 2). In addition, the released
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FIGURE 2 | Signaling pathways of the tripartite synapse where for high fpost TCICR is reached and hence the Ca2+ oscillation and the Glu (e-SP) pathway ceases

causing PR to fall and the plasticity window shuts: PR also falls due to the increase in the 2-AG (DSE) pathway. Under this condition the level of neurotransmitter in the

cleft falls to baseline and fpost diminishes.

2-AG also binds to CB1Rs on the presynaptic terminal triggering
the Suppression of Excitation (DSE) pathway, and results in a
decrease in PR (Alger, 2002). Due to the reduction in the Glu (e-
SP) pathway and the increase in theDSE pathway, PR decreases at
the presynaptic terminal, the level of neurotransmitter in the cleft
then falls to baseline and the frequency of the postsynaptic fpost
diminishes which in turn causes IPAG3 to reduce. Furthermore,

the total IP3 degrades due to cytosolic degradation pathways
including IP3 3-kinase IP3K3 , and dephosphorylation by inositol
polyphosphate 5-phosphatase (IP5P3 ) (see Equation 11). Together,
these processes reduce IP3 levels below TCICR, and the rate
of degradation diminishes sufficiently to allow IP3 to increase
again due to IPGABA3 . When the TCICR level is again exceeded,
Ca2+ oscillations re-commence, the Glu (e-SP) pathway is re-
established, PR increases and the level of neurotransmitter in the
cleft is raised. In this post-learning phase PR cannot be elevated
to a level where the plasticity window opens (PR < PR∗), as the
postsynaptic neuron is active and therefore the 2-AG pathway
leads to a reduction in PR due to the DSE pathway. Consequently,
the postsynaptic neuron firing rate reaches a maximum when
the TCICR level is reached but it subsequently falls afterwards:
a postsynaptic burst has occurred. This is followed by repeated
bursts at each Ca2+ oscillatory period. We therefore propose
that neuronal burst firing directly correlates with astrocytic
Ca2+ oscillation.

Moreover, it should be noted that the duration of the burst
correlated with the frequency of presynaptic terminal fpre at the
excitatory presynaptic axon. As fpre increases so does the rate
of increase of IP3 and the burst period is reduced. Therefore,
network bursting is fpre dependant and will only occur over a
range of fpre.

2.2. Postsynaptic Neuron Model
In this paper, the Leaky Integrate and Fire (LIF) model (Gerstner
and Kistler, 2002) is used due to the relatively low computing
requirement and minimal parameters tuning. The LIF model is
given by

τm
dv

dt
= −v(t)+ Rm

n
∑

i=1

Iisyn(t), (1)

where τm is the neuron membrane time constant, v is the neuron
membrane potential, Rm is the membrane resistance, Iisyn is the
current injected to the neuron membrane by ith synapse, and

n is the total number of synapses associated with the neuron.
When the neuron membrane potential v is greater than the firing
threshold value, vth, the neuron fires and outputs a spike followed
by a reset state or a refractory period (∼ 2ms). The release of 2-
AG correlates with the postsynaptic neuron activity (Naeem et al.,
2015) and this is expressed as

d(AG)

dt
=

−AG

τAG
+ rAGδ(t − tsp), (2)

where AG denotes the released amount of 2-AG, τAG, and
rAG are the 2-AG decay and production rates, and tsp is the
postsynaptic spike time. The released 2-AG binds to the CB1Rs
at the presynaptic terminal and at the astrocyte terminal, and this
will be discussed in section 2.4.

2.3. GABA Interneuron
The spike train at the presynaptic axon also presents at the GABA
interneuron causing the release of GABA neurotransmitter
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(Perea et al., 2016), which can be described by

d(GABA)

dt
=

−GABA

τGABA
+ rGABAδ(t − tsp), (3)

where GABA denotes the released amount of the
neurotransmitter GABA, τGABA, and rGABA are the GABA
decay and production rates, and tsp is the presynaptic spike
arrival time. GABA binds to the GABA-B receptors at the
astrocyte cell and this is modeled in the next subsection.

2.4. Astrocyte Cell
When GABA binds to GABA-B receptors on the astrocyte
membrane, the amount of IP3 released is given by

d(IPGABA3 )

dt
=

IPGABA∗3 − IPGABA3

τGABAip3

+ rGABAip3 GABA, (4)

where IPGABA3 is the quantity of IP3 generated by GABA within
the cytoplasm, IPGABA∗3 is the baseline GABA level, τGABAip3 is the

decay rate of IPGABA3 and rGABAip3 is the production rate of IPGABA3 .

When the postsynaptic neuron fires, the released 2-AG can also
trigger IP3 generation (Wade et al., 2012) and this is modeled by

d(IPAG3 )

dt
=

IPAG∗3 − IPAG3
τAGip3

+ rAGip3AG, (5)

where IPAG3 is the quantity of IP3 generated by 2-AG within the
cytoplasm, IPAG∗3 is the baseline level, τAGip3 is decay rate of IPAG3 ,

and rAGip3 is production rate of IPAG3 .

In addition, the IP3 production is also increased by
the hydrolysis of the highly phosphorylated membrane lipid
phosphatidylinositol 4, 5–bisphosphate (PIP2), such as the
phosphoinositide-specific phospholipase C (PLC) isoenzyme of
PLCδ (De Pittà et al., 2009). The PLCδ signaling is agonist
independent and modulated by Ca2+ (De Pittà et al., 2009), and
its activation rate can be modeled by

PLCδ = PLCδ′Hill(Ca2+,KPLCδ , 2), (6)

where the maximum PLCδ-dependant IP3 production rate
(De Pittà et al., 2009) can be modeled by

PLCδ′ = PLCδ′/(1+ IP3/Kδ), (7)

and Kδ is the inhibition constant of PLCδ activity. The Hill
function (De Pittà et al., 2009) is described by

Hill(x,K, n) ≡
xn

xn + Kn
, (8)

where n is the Hill coefficient and K is the midpoint of the Hill
function, namely the value of x at which Hill(x,K, n)|x=K = 1/2.

The degradation of IP3 mainly occurs through
phosphorylation into inositol 1, 3, 4, 5-tetrakisphosphate
(IP4), catalyzed by IP3 3-kinase (3K), and dephosphorylation

by inositol polyphosphate 5-phosphatase (5P). The rate of IP3
degradation by IP5P3 (De Pittà et al., 2009) can be modeled by

IP5P3 ≈ r5PIP3, (9)

where r5P is the IP3 degradation rate by IP-5P. The activity of
IP3K3 is regulated by Ca2+ in a complex fashion (De Pittà et al.,
2009). The rate of IP3 degradation by IP3K3 can be modeled by

IP3K3 = v3KHill(Ca
2+,KD, 4)Hill(IP3,K3, 1), (10)

where v3K is the maximum degradation rate by IP3K3 , KD is the
Ca2+ affinity of IP3K3 , and K3 is the IP3 affinity of IP3K3 . Based on
the previous contributions of IP3, the total IP3 is given by

IP3 = IPGABA3 + IPAG3 + PLCδ − IP5P3 − IP3K3 . (11)

The Li-Rinzel model (Li and Rinzel, 1994) is used to model the
Ca2+ dynamics within the astrocyte cell. The model consists of
three channels, Jchan, Jleak, and Jpump, where Jchan models the
Ca2+ channel opening based on the mutual gating of the Ca2+

and IP3, Jleak models the Ca2+ leakage from the ER into the
cytoplasm and Jpump models how Ca2+ is pumped out from the
cytoplasm into the ER via Sarco-Endoplasmic-Reticulum Ca2+-
ATPase (SERCA) pumps. The Ca2+ model in the approach of
De Pittà et al. (2009) is used in this work, and it is described by

d(Ca2+)

dt
= Jchan(Ca

2+, h, IP3)+ Jleak(Ca
2+)− Jpump(Ca

2+),

(12)

dh

dt
=

h∞ − h

τh
, (13)

where Jchan is Ca2+ release depending on the Ca2+ and IP3
concentrations, Jpump is the amount of stored Ca2+ within the
ER via the SERCA pumps, Jleak is the Ca

2+ leaking out of the ER
and h is the fraction of activated IP3Rs. The parameters h∞ and
τh are given by

h∞ =
Q2

Q2 + Ca2+
, (14)

τh =
1

a2(Q2 + Ca2+)
, (15)

where

Q2 = d2
IP3 + d1

IP3 + d3
. (16)

Jchan is given by

Jchan = rCm
3
∞n3∞h3∞(C0 − (1+ C1)Ca

2+), (17)

where rC is the maximal Calcium-Induced Calcium Release
(CICR) rate, C0 is the total free Ca

2+ cytosolic concentration, C1

is the ER/cytoplasm volume ratio, and m∞ and n∞ are the IP3
Induced CalciumRelease (IICR) and CICR channels respectively,
which are given by

m∞ =
IP3

IP3 + d1
, (18)
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and

n∞ =
Ca2+

Ca2+ + d5
. (19)

Jleak and Jpump are described by

Jleak = rL(C0 − (1+ C1)Ca
2+), (20)

and

Jpump = vER
(Ca2+)2

k2ER + (Ca2+)2
, (21)

where rL is the Ca2+ leakage rate, vER is the maximum
SERCA pump uptake rate and kER is the SERCA pump
activation constant.

The intracellular astrocytic calcium dynamics are used to
regulate the release of glutamate from the astrocyte: the Glu
pathway. To model this release, it is assumed that when Ca2+

crosses the CICR threshold, a quantity of glutamate is released
(Wade et al., 2012). It is described by

d(Glu)

dt
=

−Glu

τGlu
+ rGluδ(t − tCa), (22)

where Glu is the quantity of released glutamate, τGlu is decay rate
of glutamate, rGlu is production rate of glutamate, and tCa is the
time at which Ca2+ crosses the threshold. The released glutamate
drives the generation of e-SP (Wade et al., 2012). The level of e-SP
is modeled by

τeSP
d(eSP)

dt
= −Glu+meSPGlu(t), (23)

where τeSP is the decay rate of Glu, andmeSP is a constant weight
used to control the height of e-SP. It shows that the e-SP level
depends on the glutamate released from the astrocyte cell.

The model of DSE in the approach of Wade et al. (2012)
is used to describe the relationship between the DSE and the
released 2-AG from postsynaptic neuron. The DSE is assumed to
change linearly with the cytosolic concentration of 2-AG, which
is described by

DSE = AG× KAG, (24)

where AG is the concentration of 2-AG and KAG is the scaling
factor for the DSE.

2.5. Synapse Model
For the synapse, a probabilistic model is employed which
is based on the failure and success mechanisms of synaptic
neurotransmitter release (Navarrete and Araque, 2010; Wade
et al., 2012). A uniformly distributed pseudo-random number
generator is used. If the generated random number rand is less
than or equal to the PR, a current Iinj is injected into the neuron
which is shown by

Iisyn(t) =

{

rI ∗ w
i
syn(t), rand ≤ PR

0, rand > PR
(25)

where rI is the current production rate, and wi
syn is the weight of

the ith synapse. The associated PR of each synapse is determined
by the DSE and e-SP together, which is given by

PR(t) = PR(t0)+ DSE(t)/100+ eSP(t)/100, (26)

where PR(t0) is the initial PR for each synapse. As discussed in
section 2.1, the PR can switch on/off learning at the synaptic
terminal by modulating the height of the plasticity learning
window. The authors are not aware of any biophysical model
that relates PR to the plasticity window weighting parameter A0

and therefore in this work it is assumed that A0 is modulated
according to

A0 =

{

0, PR ≤ PR∗

(PR− PR∗) ∗ r, PR > PR∗
(27)

where PR∗ is the learning activation level and r is a constant value
which controls the maximum height of the learning window.
The STDP rule used in this approach to update the synaptic
weights according to the timing difference between the post and
presynaptic spikes is described by

δw (1t) =















−A0exp(
1t

τ+
), 1t ≤ 0

A0exp(
− 1t

τ−
), 1t > 0

(28)

where δw(1t) is the weight update, 1t is the time difference
between the post and presynaptic spikes, A0 is the height of the

plasticity window which limits the maximum levels of weight
potentiation and depression, and τ+ and τ− control the width
of the plasticity window. A symmetrical plasticity window is
assumed in this approach, and τ+ = τ− = 40ms.

From the proposedmodels, it can be seen that if the fpre is large
enough, IP3 is generated sufficiently to cause Ca2+ oscillations.
Then theCa2+-induced glutamate binds to themGluRs receptors
at the presynaptic terminal resulting in an increase of the synaptic
transmission probability PR. Note that the authors wish to point
out that astrocytes are believed to gate LTP and LTD by regulating
glutamate levels in the synaptic cleft (Foncelle et al., 2018). Since
there are many complex biophysical mechanisms involved in the
regulation of glutamate, which are still under debate, the authors
take the view that modulating the STDP plasticity window using
PR is an effective way to capture this gating function. Elevating
PR opens the synaptic plasticity learning window and over time
fpost gradually increases which, via the 2-AG pathway, contributes
to astrocytic IP3 level until the Ca2+ oscillation stops. This is
accompanied by a reduction in the Glu (e-SP) pathway and PR
falls causing a reduction in fpost . Therefore, the bursting activity
of the postsynaptic neuron is regulated by the GABA interneuron
and the astrocyte cell. The results in the next section show the
signaling pathways leading to a bursting postsynaptic neuron.

3. RESULTS

This section provides simulation results which highlight the
dynamic behavior at the synapse terminals and how the
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FIGURE 3 | PR as a function of Glu (e-SP) and DSE signals over time. Note that the plasticity window will only be open when PR > PR* and this can be observed

in Figure 4.

FIGURE 4 | Plasticity window height A0 as a function of time. Note that PR acts as a switch to open/close the plasticity window controlling the learning period.

interactions between an astrocyte and GABA interneuron can
give rise to bursting behavior. TheMATLAB simulation platform
is used in this work together with the Euler method with the time
step of 1 ms. Tables A1, A2 give all the model parameters.

3.1. Bursting Output Spike Pattern
In this simulation both the presynaptic excitatory neuron
and the GABA interneuron are stimulated by the same spike
train at frequency fpre = fGABA which causes the release
of GABA and glutamate (Perea et al., 2016). The presynaptic
excitatory neuron/GABA interneuron stimulus is 40 Hz in the
following simulations as this is sufficient to produce a cytosolic
[IP3] > 0.5µM. With PR > PR∗ (see Figure 3), a significant
increase occurs in the level of neurotransmitter in the cleft,
the learning window opens (Figure 4) and weight potentiation
starts (Figure 5) resulting in postsynaptic firing. Note that in
Figure 4, the plasticity window height parameter A0 increases
periodically with a corresponding potentiation of the synaptic
weight (Figure 5). In our model the resting level for PR is 0.1 and
based on the model in Equation (27), if PR > PR∗ (PR∗ = 0.45
in this work), the STDP learning window opens (A0 > 0) at ∼80
s, as shown in Figure 4. After the synaptic weight is potentiated,
the synapse generates a depolarising current only when the input
stimulus is presented at the presynaptic terminal and the PR value
is greater than the value of a random number (see probabilistic-
based synapse model in Equation 25): this current is injected
into the postsynaptic LIF neuron. This injected current increases

the postsynaptic potential and the neuron fires a spike if the
membrane potential is greater than the firing threshold, vth.

After a period of learning the postsynaptic neuron activity has
stabilized and PR drops sufficiently, toward the end of the first
set of PR “spikes” (see Figure 3), closing the plasticity window
(A0 = 0) and the weight stabilizes to ∼610 at 110 s, as shown
in Figure 5: note that because the postsynaptic neuron is now
active, PR < PR∗ for all subsequent Ca2+ oscillations as the
DSE pathway is also active. Figure 6 shows the amount of GABA
released by the GABA interneuron as a function of time where, as
expected, GABA increases gradually and then stabilizes at 0.027
µM under the input spike stimulus. IPGABA3 is shown in Figure 7

(blue) as a function of time and stabilizes at ∼ 0.58µM which is
consistent with the input stimuli profile. Figure 7 shows the other
IP3 sources that contribute to the total IP3 in the cytosol.

Initially the total IP3 increases with IPGABA3 until the TCICR

level is reached triggering the release of Ca2+, as shown in
Figure 8. We have observed from our model that TCICR is
consistent with an IP3 level of approximately 0.5 µM and
whenever IP3 exceeds this threshold a transient elevation in Ca

2+

occurs, as can be seen in Figure 8. Note however that as the IP3
level increases with IPAG3 the degradation in IP3 due to elevated
Ca2+/IP3 levels is insufficient to reduce IP3 to below 0.5 µM
and consequently the transient elevations of Ca2+ stops just after
100 s followed by a relatively slow degradation of IP3 and Ca2+:
these periodic bursts in Ca2+ gives rise to a Ca2+ oscillatory
wave where the initial Ca2+ burst is longer due to synaptic
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FIGURE 5 | Time dependant synaptic weight update governed by the STDP learning rule. When the plasticity window is open, learning commences, the synaptic

weight begins to potentiate and after a period of learning the window shuts off and the synaptic weight stabilizes.

FIGURE 6 | GABA released from the GABA interneuron as a function of time. Under the input spike stimulus of fGABA, GABA increases and then stabilized.

FIGURE 7 | IP3 dynamics within the astrocyte cell over time. The overall IP3 includes contributions from IPGABA3 , IPAG3 , PLCδ, IP5P3 , and IP3K3 , where the degradations

of IP3, IP
5P
3 , and IP3K3 , are shown as negative values.

potentiation. At the onset of each subsequent Ca2+ burst the IP3
level drops sharply and we attribute this to strong dependence
of IP3K3 on Ca2+ (Equation 10). As the Ca2+ level drops Jchan
(Equation 17) reverses direction perturbing the rate of change in
Ca2+ (Equation 12) and this causes a rapid increase in IP3K3 and
a corresponding decrease in IP3 (Equation 11).

The Ca2+ oscillation is initiated at ∼20 s (TCICR is exceeded;
Figure 8) and this triggers the release of glutamate targeting
group I mGluRs on the presynaptic terminal, i.e., Glu (e-SP)
pathway is activated (Figure 9). Figure 9 shows that the Glu (e-
SP) signal accumulates at each CICR and rapidly decays after the
Ca2+ transients have ceased at ∼120 s. Also the DSE pathway

increases as the activity of the postsynaptic neuron is increasing,
and competes with the Glu (e-SP) pathway to restrict PR to a
relatively stable low value for all subsequent Ca2+ oscillations
that occur post-learning, as shown in Figure 10. Again note a
longer period of elevation of the DSE signal at the start due
to synaptic potentiation but thereafter the DSE profile repeats
in time.

Figure 11 shows the firing rate of the postsynaptic neuron,
which is calculated based on a sliding time window of 10
s (blue) and 40 s (red), respectively. Note that the first
burst reaches a higher level of postsynaptic neuron activity
when compared to subsequent bursts. Also, between bursts
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FIGURE 8 | Ca2+ oscillations in the astrocyte cell as a function of time. Note a longer oscillatory period at the start due to learning but thereafter the oscillator period

stabilizes with constant on/off ratio.

FIGURE 9 | Glu (e-SP) signaling pathway as a function of time. Note a longer period of elevation of Glu (e-SP) at the start due to synaptic potentiation but thereafter

the Glu (e-SP) profile repeats in time.

FIGURE 10 | DSE signaling pathway from the postsynaptic neuron, which correlates with the activity of the postsynaptic neuron.

the activity never falls back to zero. This is because the first
burst occurs during the weight potentiation phase when the
synaptic weight is continually updated and eventually stabilized,
whereas in all subsequent neuronal bursts no weight potentiation
occurs. Clearly from Figure 11 a continual postsynaptic bursting
behavior is evident.

Referring to Figure 12, we show simulations for fpre of
20, 40, and 80 Hz where clearly only fpre = 40Hz results
in repeated Ca2+ oscillations. This is because at 20Hz the
TCICR level cannot be reached whereas at 80Hz the astrocyte
cytosol is quickly swamped with both IP3 and Ca2+ and
subsequent degradation in IP3 is insufficient to allow further

CICR. Consequently our model shows presynaptic frequency
selectivity which is consistent with work reported elsewhere
(Bienenstock et al., 1982; Dong et al., 2015).

In addition, as the morphology of GABA interneurons and
receptor density at the astrocyte cell differ, the IPGABA3 levels
vary under the same input fpre. IP

GABA
3 is a main contributor to

the total IP3, thus the greater IP
GABA
3 , the longer the process of

IP3 degradation.
Figure 7 shows that when IP3 degrades sufficiently to once

again enable IP3 to cross TCICR from below, a transient
elevation in Ca2+ results and PR increases with a corresponding
increase in the postsynaptic neuron burst frequency. Therefore,
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FIGURE 11 | Firing rate of the postsynaptic neuron where a continual bursting behavior is evident. The firing activity was calculated using a sliding time window of 10

s (blue) and again for a sliding window of 40 s (red) where the latter gives a better average.

FIGURE 12 | Astrocytic Ca2+ as a function of time with fpre of 20, 40, and 80 Hz as a parameter. Note that for the extreme cases of (20 or 80 Hz) no Ca2+

oscillations occur: for fpre = 20 Hz TCICR can never be achieved and at 80Hz degradation of IP3 is insufficient to allow CICR to repeatedly occur. Consequently, there

is a frequency window over which oscillations can occur.

FIGURE 13 | Postsynaptic neuron burst firing as a function of time with IPGABA3 production rates (rGABA
ip3 ) as a parameter. When rGABA

ip3 increases, IPGABA3 level

increases and the frequency of the bursting decreases. Due to a high IPGABA3 level, a long time period is required to degrade the overall IP3 and to restart the Ca2+

oscillation. Thus, the bursting frequency is low.

different IPGABA3 levels lead to different burst frequencies of the
postsynaptic neuron. To determine the dependency of neuronal
burst frequency on the production rate of IPGABA3 , rGABAip3 , a

simulation was carried out (Figure 13) which shows the firing
rates of the postsynaptic neuron under different production rates
with fpre fixed at 40 Hz. It can be seen that when the rGABAip3

increases, the frequency of the bursting decreases. For example,

for the first 1,000 s, there are 6, 5, 4 bursts under the IPGABA3
production rates (rGABAip3 ) of 1.8, 2, and 2.2, respectively. This is

because a high IPGABA3 level requires a significant time period
to degrade the total IP3, and to restart the Ca2+ oscillation and
bursting behavior, thus the bursting frequency is low. Note that
a fixed frequency of the input stimulus (i.e., fpre = 40 Hz) is
used in this experiment, however the same results are observed
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for other fpre values such as 50 Hz, and the burst frequency
variation is not constrained for specific fpre values. The results
in Figures 12, 13 demonstrate the functionalities of the GABA
interneuron including the presynaptic frequency selectivity and
postsynaptic bursting frequency regulation.

4. CONCLUSIONS

In this paper, a biophysical model is proposed where it
is shown that GABA interneuron regulates the astrocytic
IP3 secondary messenger and thus the probability of release
(PR) at the presynaptic terminal. In our model we propose
that PR modulates the height of the plasticity window and
therefore controls when synaptic potentiation/depression occurs.
Specifically, the simulations show that during the weight
potentiation phase, increasing IP3 leads to a cycle of CICR events
where each is followed by rapid degradation in IP3. Over time the
firing frequency of the postsynaptic neuron continually increases
and eventually the synaptic weights stabilize. Postsynaptic firing
results in the release of 2-AG into the extracellular space
and this messenger binds to CB1R receptors on the astrocyte
membrane. The associated IPAG3 contributes to the total cytosolic
IP3 and eventually Ca2+ oscillations, and therefore the Glu (e-
SP) pathway ceases: 2-AG also binds to CB1Rs on the presynaptic
terminal causing a decrease of the synaptic transmission PR
via the DSE pathway. PR therefore decreases at the presynaptic
terminal which reduces the level of neurotransmitter in the
cleft, and consequently the firing frequency of the postsynaptic
neuron diminishes, as does IPAG3 . Thereafter, the total IP3/Ca

2+

degrades significantly over time but is replenished by IPGABA3
and a subsequent cycle of CICR events commences—the Glu
(e-SP) pathway is re-established with an associated increase
in PR and the level of neurotransmitter in the cleft is raised.
However, in this instance weight potentiation does not occur as
PR < PR∗. The postsynaptic neuron firing rate increases again
until the Ca2+ transients stop and thereafter the activity of the
postsynaptic neuron falls off again. A network burst has occurred
and this is followed by repeated bursts where each coincides
with Ca2+ transients: the network burst frequency correlates
with the Ca2+ oscillatory wave. In addition, the GABA released
by the GABA interneuron controls the frequency range within
which the network bursts can occur. Future work will further
explore other neurotransmitters released by astrocytes such as D-
serine and ATP, and also slow inward currents at the postsynaptic
terminal as a result of glutamate release by astrocytes.

The authors recognize that this study is based on biological
findings of the simplest signaling mechanisms involving
astrocytic GABA responses and astrocytic glutamate signaling
in presynaptic terminals that regulate network function. Other
factors, such as astrocytic ATP/adenosine release from astrocytes
(Covelo and Araque, 2018), are not considered in the present
model, but may also contribute to further shape of network
activity, adding further complexity of the network effects

of astrocyte signaling. Further studies incorporating these
additional elements are therefore required to get a complete
view of the astrocyte roles in network function. Despite this the
present findings have potential implications for the generation of
normal and pathologic circuit behavior in the brain, relevant to
brain diseases that feature altered synaptic properties or where
there is a propensity for the episodic synchronized bursting
behavior of neurons. The electroencephalogram (EEG) is a
composite product of population-level neuronal firing patterns
of differing frequencies. Our findings suggest that GABA-B
signaling via astrocytes may be relevant to the generation of
certain frequencies and behaviors in the EEG. Seizures are
the hallmark of the common brain disease epilepsy and are
generated by hyper-synchronous discharges of populations of
neurons. Notably, gene expression levels of key components
modeled here, including the IP3 receptor and GABA-B receptor,
are dysregulated in human epileptic brain tissue or animal
models (Matsumoto et al., 1996; Nishimura et al., 2005; Sheilabi
et al., 2018) of epilepsy. Mutations in these genes have also
been identified in individuals with epilepsy (Møller et al., 2017;
Yoo et al., 2017). Indeed, the GABA-B receptor is a long-
standing therapeutic target for the treatment of epilepsy (Bowery,
2006), and more recently the IP3 receptor was reported to
be a target of levetiracetam, one of the most effective anti-
epileptic drugs (Nagarkatti et al., 2008). The present model
offers a novel mechanism to explain how astrocyte-neuron
interactions regulate seizure-like activity (Gómez-Gonzalo et al.,
2010), and how alterations in the described pathways may
contribute to hyper-synchronous firing. It may also offer
therapeutic insights through targeted manipulation of the
astrocytic GABA-B or IP3 systems followed by evaluation of the
resting electroencephalogram (EEG) and investigating whether
this alters the frequency or occurrence of pathophysiological
neuronal firing and seizures.
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APPENDIX

TABLE A1 | GABA interneuron, neuron, and synapse parameters.

Parameter Parameter description Value Source

τGABA GABA decay rate 10 s -

rGABA GABA production rate 0.07 µMs−1 -

τm Neuron membrane time

constant

24 ms -

Rm Neuron membrane

resistance

1.2G�

Wade et al., 2012

τAG 2-AG decay rate 10 s
Wade et al., 2012

rAG 2-AG production rate 0.27 µMs−1

Wade et al., 2012

rI Synaptic current production

rate

16 -

PR∗ Learning activation level 0.45 -

r Maximum height weighting

factor of learning window

40 -

τ+ Potentiation width of the

plasticity window

40 ms
Liu et al., 2019

τ− Depression width of the

plasticity window

40 ms
Liu et al., 2019

TABLE A2 | Astrocyte cell parameters.

Parameter Parameter description Value Source

IPGABA∗3 Baseline value of IPGABA3 0.16 µM -

τGABAip3 Decay rate of IPGABA3 7 s -

rGABAip3 Production rate of IPGABA3 2 µM -

IPAG∗3 Baseline value of IPAG3 0.16 µM

Wade et al., 2012

τAGip3 Decay rate of IPAG3 7 s
Wade et al., 2012

rAGip3 Production rate of IPAG3 5 µM

Wade et al., 2012

KPLCδ Ca2+ affinity of PLCδ 0.1 µM
De Pittà et al., 2009

Kδ Inhibition constant of PLCδ activity 1.5 µM
De Pittà et al., 2009

r5P IP3 degradation rate by IP-5P 0.27 -

v3K Maximum degradation rate by IP3-3K 2
De Pittà et al., 2009

KD Ca2+ affinity of IP3-3K 0.7
De Pittà et al., 2009

K3 IP3 affinity of IP3-3K 1
De Pittà et al., 2009

rC Maximal CICR rate 6 s−1

De Pittà et al., 2009

rL Ca2+ leakage rate from ER 0.11 s−1

De Pittà et al., 2009

vER Maximum SERCA pump uptake rate 0.9 µMs−1

De Pittà et al., 2009

kER SERCA pump activation constant 0.1 µM

De Pittà et al., 2009

rGlu Production rate of glutamate 65 µMs−1 -

τGlu Decay rate of glutamate 0.1s
Wade et al., 2012

meSP e-SP weighting factor 35000 -

τeSP Decay rate of e-SP 40 s
Wade et al., 2012

a2 IP3R Ca2+ inactivation binding rate 0.2 µMs−1

Wade et al., 2012

c0 Total free Ca2+ cytosol concentration 2 µM

Wade et al., 2012

c1 Ratio of ER volume to cytosol volume 0.185
Wade et al., 2012

d1 IP3 dissociation constant 0.13 µM

Wade et al., 2012

d2 Ca2+ inactivation dissociation constant 1.049 µM

Wade et al., 2012

d3 IP3 dissociation constant 0.9434 µM

Wade et al., 2012

d5 Ca2+ activation dissociation constant 0.08234 µM

Wade et al., 2012

Ca2+

threshold

Astrocyte glutamate

release Ca2+ threshold

0.7 µM -

KAG DSE weighting factor 1,000 -
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Autism spectrum disorder (ASD) is a developmental condition whose primary features
include social communication and interaction impairments with restricted or repetitive
motor movements. No approved treatment for the core symptoms is available and
considerable research efforts aim at identifying effective therapeutic strategies. Emerging
evidence suggests that altered endocannabinoid signaling and immune dysfunction
might contribute to ASD pathogenesis. In this scenario, phytocannabinoids could hold
great pharmacological potential due to their combined capacities to act either directly
or indirectly on components of the endocannabinoid system and to modulate immune
functions. Among all plant-cannabinoids, the phytocannabinoid cannabidivarin (CBDV)
was recently shown to reduce motor impairments and cognitive deficits in animal
models of Rett syndrome, a condition showing some degree of overlap with autism,
raising the possibility that CBDV might have therapeutic potential in ASD. Here, we
investigated the ability of CBDV treatment to reverse or prevent ASD-like behaviors
in male rats prenatally exposed to valproic acid (VPA; 500 mg/kg i.p.; gestation day
12.5). The offspring received CBDV according to two different protocols: symptomatic
(0.2/2/20/100 mg/kg i.p.; postnatal days 34–58) and preventative (2/20 mg/kg i.p.;
postnatal days 19–32). The major efficacy of CBDV was observed at the dose of
20 mg/kg for both treatment schedules. CBDV in symptomatic rats recovered social
impairments, social novelty preference, short-term memory deficits, repetitive behaviors
and hyperlocomotion whereas preventative treatment reduced sociability and social
novelty deficits, short-term memory impairments and hyperlocomotion, without affecting
stereotypies. As dysregulations in the endocannabinoid system and neuroinflammatory
markers contribute to the development of some ASD phenotypes in the VPA model,
neurochemical studies were performed after symptomatic treatment to investigate
possible CBDV’s effects on the endocannabinoid system, inflammatory markers and
microglia activation in the hippocampus and prefrontal cortex. Prenatal VPA exposure
increased CB1 receptor, FAAH and MAGL levels, enhanced GFAP, CD11b, and TNFα
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levels and triggered microglia activation restricted to the hippocampus. All these
alterations were restored after CBDV treatment. These data provide preclinical evidence
in support of the ability of CBDV to ameliorate behavioral abnormalities resembling core
and associated symptoms of ASD. At the neurochemical level, symptomatic CBDV
restores hippocampal endocannabinoid signaling and neuroinflammation induced by
prenatal VPA exposure.

Keywords: cannabidivarin, valproate, autism, endocannabinoid system, neuroinflammation

INTRODUCTION

Autism spectrum disorder (ASD) represents a group of
developmental disabilities whose primary symptoms include
social communication and interaction impairments with
restricted or repetitive motor movements, frequently associated
with general cognitive deficits (American Psychiatric Association
[APA], 2013). About 1% of the global population receives an ASD
diagnosis (Baio et al., 2018), with a male to female ratio of 3:1
(Loomes et al., 2017). Diagnosis can be made as early as 2 years of
age and patients are expected to have a normal lifespan. Despite
the critical medical need, no approved treatments for the core
symptoms of ASD are available; hence, reliable animal models
are of fundamental importance for identifying and testing
new therapeutic strategies. Although ASD is a typical human
pathology, endophenotypes including impairments of social
interaction, cognitive deficits, repetitive behaviors and motor
dysfunctions can be reproduced in rodents by means of genetic
and/or environmental manipulations (Ergaz et al., 2016; Kim
et al., 2016). Environmentally based models are relevant when the
same risk factor contributing to human autism produces similar
brain and behavioral alterations in the animal. The use of valproic
acid (VPA) in pregnancy has been consistently associated with
an increased risk to develop congenital malformations and
features of ASD in children (Duncan, 2007; Dufour-Rainfray
et al., 2011; Christensen et al., 2013; Roullet et al., 2013; Ornoy
et al., 2019). Similar to humans, rodents prenatally exposed to
VPA show increased impaired social interactions and preference
for social novelty, stereotypic repetitive behaviors, learning and
memory defects and hypersensitivity (Schneider and Przewłocki,
2005; Dufour-Rainfray et al., 2010; Gandal et al., 2010; Kim
et al., 2011; Mehta et al., 2011; Melancia et al., 2018). Therefore,
because of its strong construct and face validity, the VPA animal
model has been one of the most widely used to understand the
neural underpinnings and to test novel therapeutic possibilities
in the context of ASD (Mabunga et al., 2015; Ornoy et al., 2015;
Tartaglione et al., 2019).

Recent studies in the prenatal VPA exposure model have
implicated the endocannabinoid system in the development
of ASD-like features. Changes in components of this
neuromodulatory system were reported in different brain
regions as a consequence of in utero VPA exposure, including
alterations in 2-arachidonyilglycerol (2-AG) and anandamide
(AEA) signaling and abnormalities in CB1 receptor (Kerr et al.,
2013, 2016; Servadio et al., 2016; Melancia et al., 2018). Changes
in other targets including PPARα, PPARγ, and GPR55 receptors
were also observed (Kerr et al., 2013; Servadio et al., 2016;

Melancia et al., 2018). Remarkably, recent studies have confirmed
the presence of dysregulations of the endocannabinoid system in
ASD patients (Brigida et al., 2017; Yeh and Levine, 2017; Karhson
et al., 2018; Aran et al., 2019). A correlation between altered
endocannabinoid signaling and ASD traits is supported by the
observation that enhancing AEA signaling through inhibition
of its degradation partially attenuated the behavioral phenotype
induced by prenatal VPA exposure (Kerr et al., 2016; Servadio
et al., 2016; Melancia et al., 2018), suggesting that modulation of
the endocannabinoid signaling could represent a novel strategy
for mitigating ASD symptoms. Besides the endocannabinoid
system, recent evidence suggests that modulation of immune
dysfunction might be beneficial toward ASD symptomatology.
Indeed, signs of neuroinflammation have been reported in
the brain of ASD patients, including microglia and astrocyte
activation and increased expression of pro-inflammatory factors
(Vargas et al., 2005; Morgan et al., 2010; Suzuki et al., 2013; Kern
et al., 2016), reinforcing the idea that immunological dysfunction
might play a role in ASD. In line with human evidence, signs of
neuroinflammation, including increased reactive oxygen species,
pro-inflammatory cytokines, astrocyte and microglia activation,
have been observed in the VPA-induced ASD animal model
(Lucchina and Depino, 2014; Codagnone et al., 2015; Deckmann
et al., 2018; Kuo and Liu, 2018; Bronzuoli et al., 2019). The
administration of compounds able to reduce this inflammatory
response resulted in neuroprotection and amelioration of
ASD-like phenotypes (Banji et al., 2011; Bambini-Junior et al.,
2014; Pragnya et al., 2014; Al-Amin et al., 2015; Gao et al., 2016;
Kumar and Sharma, 2016; Morakotsriwan et al., 2016; Bertolino
et al., 2017; Deckmann et al., 2018; Fontes-Dutra et al., 2018),
suggesting that inflammatory dysfunction might play a role in
the development of ASD symptoms.

In this scenario, phytocannabinoids possess great and
interesting pharmacological potentials. In addition to their
indirect actions on components of the endocannabinoid
system, plant-derived cannabinoids possess a broad range of
pharmacological properties including proved anti-inflammatory
and anti-oxidant properties (Nagarkatti et al., 2009; Ligresti
et al., 2016; Morales et al., 2017; Maroon and Bost, 2018)
that may contribute to achieve an overall beneficial effect in
the context of ASD.

Recent studies have shown that the plant-derived cannabinoid
Cannabidivarin (CBDV) exerts beneficial effects toward
neurological and motor impairments as well as cognitive deficits
in two animal models of Rett syndrome (Vigli et al., 2018;
Zamberletti et al., 2019). CBDV’s simultaneous capacity to
ameliorate neurological and motor defects as well as cognitive
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impairment in these animal models raises the possibility that
this phytocannabinoid might have interesting yet unexplored
therapeutic potential in ASD, prompting its evaluation in animal
models of this disorder.

Therefore, in this study we examined the ability of CBDV
treatment to reverse or prevent sociability and preference for
social novelty deficits, repetitive behaviors, hyperactivity and
recognition memory impairments in rats prenatally exposed to
VPA (500 mg/kg i.p.; gestation day 12.5). To this aim, CBDV was
administered using two treatment protocols in the male offspring
of VPA-treated dams; a symptomatic treatment was performed
between postnatal day (PND) 34–58 to assess the ability of
CBDV to counteract VPA-induced autism-like behaviors whereas
a preventative treatment was carried out from PND 19–32 to test
CBDV’s ability to prevent the appearance of autism-like traits
in the model. In addition to behavioral analysis, neurochemical
studies were carried out after symptomatic CBDV treatment
to investigate its effect on the endocannabinoid system as well
as on inflammatory markers and microglia activation in the
hippocampus and prefrontal cortex (PFC).

MATERIALS AND METHODS

Prenatal VPA Administration
Pregnant Sprague-Dawley rats (Charles River, Calco, Italy)
received a single intraperitoneal injection of sodium valproate
500 mg/kg (or saline) on gestation day (GD) 12.5. Sodium
valproate (Sigma Aldrich, Milan) was dissolved in saline at a
concentration of 250 mg/ml. Females were housed individually
and were allowed to raise their own litters. Gross toxic effects
were not observed in VPA-exposed rats in both dams and pups.
No postnatal mortality was observed. Body weight was slightly
but significantly reduced in VPA-exposed pups with respect to
controls from PND 12–17. Eye opening was delayed in VPA-
exposed pups with respect to vehicles between PND 14 and 16. At
PND 9, male pups from VPA-treated dams showed significantly
increased latencies in nest-seeking behavior compared to controls
as well as impaired righting reflex (Supplementary Methods,
Supplementary Results and Supplementary Figure S1). Nine
vehicle- and 15 VPA-treated dams were used in this study.
Litters were not culled and the offspring was weaned on
PND 21, separated by sex and the animals were kept four
to a cage, with controlled temperature and light conditions.
Rats had free access to food (standard laboratory pellets)
and water. All the experiments were performed in the light
phase between 09:00 and 15:00. Experimental procedures were
performed in accordance with the guidelines released by the
Italian Ministry of Health (D.L. 2014/26) and the European
Community directives regulating animal research (2010/63/EU).
Protocols were approved by the Italian Minister for Scientific
Research and all efforts were made to minimize the number of
animals used and their suffering.

CBDV Treatment
A total of 54 rats from 9 vehicle-treated dams and 75 rats from
15 VPA-treated dams were used in this study. Pharmacological

treatments and behavioral testing were carried out in 5–6 rats
per litter during four separate experiments. Pure CBDV was
provided by GW Research Ltd. (Cambridge, United Kingdom)
and dissolved in ethanol, Kolliphor EL and saline (2:1:18) and
was administered according to the treatment schedules reported
in Figures 1A, 2A. Symptomatic treatment with CBDV 0.2, 2,
20 or 100 mg/kg/day i.p. was performed starting from PND 34
(early adolescence) to 58 (early adulthood) in the male offspring
of dams injected with VPA 500 mg/kg (or saline) on GD 12.5
(Figure 1A). Starting from PND 56, a series of behavioral tests
was performed. The three chamber test was carried out at PND
56 in order to assess the effect of chronic CBDV on sociability
and social novelty preference, the novel object recognition (NOR)
test was performed at PND 57 to assess short-term memory, and
locomotion and stereotyped/repetitive behaviors were measured
in the activity cage at PND 58. Preventative treatment with CBDV
2 or 20 mg/kg/day i.p. was performed starting from PND 19 (pre-
weaning) to 32 (post-weaning) in the male offspring of VPA-
and vehicle-treated dams (Figure 2A). Behavioral analysis was
carried out at PND 30 (three chamber test), 31 (NOR test), and
32 (repetitive behavior and locomotion).

Behavioral Studies
Three-Chamber Test
The three-chamber test was performed to measure social
approach and social preference. In brief, animals were placed
into a novel arena (80 cm × 31.5 cm × 40 cm) composed
of three communicating chambers separated by Perspex walls
with central openings allowing access to all chambers for 5 min.
Distance moved (meters) and time spent (seconds) in the various
compartments were recorded during this time to evaluate general
locomotor activity and ensure that animals did not have a
preference for a particular side of the arena. Following this
acclimatization period, animals were briefly confined to the
central chamber while an unfamiliar rat confined in a small wire
cage was placed in one of the outer chambers. An identical empty
wire cage was placed in the other chamber. The unfamiliar rat
was randomly either assigned to the right or left chamber of the
arena. The test animal was then allowed to explore the arena for
a further 5 min. The arena was cleaned between animals with
0.1% acetic acid. Time spent engaging in investigatory behavior
with the rat was evaluated with the aid of ANY-maze program
(Ugo Basile, Italy) in order to examine social approach. To
investigate the preference for social novelty, a novel unfamiliar
rat was then placed in the empty cage and the test animal was
allowed to explore the arena for a further 5 min. Time spent
engaging in investigatory behavior with the novel unfamiliar rat
was evaluated with the aid of Anymaze program (Ugo Basile,
Italy) in order to examine the preference for social novelty.
Sociability index and preference for social novelty index were
calculated as the ratio of time spent exploring the stranger rat
(sociability) or the unknown rat (preference for novelty) vs. the
total time of exploration× 100.

Novel Object Recognition (NOR) Test
The experimental apparatus used for the object recognition
test was an open-field box (43 cm × 43 cm × 32 cm)
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FIGURE 1 | Symptomatic CBDV treatment protocol. Pregnant Sprague-Dawley rats received a single injection of VPA 500 mg/kg i.p. (or vehicle) at GD 12.5.
(A) Symptomatic treatment with CBDV 0.2, 2, 20, 100 mg/kg/day i.p. was performed from PND 34 and male offspring was tested at PND 56 (three chamber test),
57 (NOR test), and 58 (repetitive behavior and locomotion). Effect of symptomatic CBDV 0.2, 2, 20, 100 mg/kg/day treatment in male offspring of VPA- and
vehicle-exposed rats on (B) sociability and (C) social novelty preference as measured through the three chamber test; (D) short-term memory as measured through
the novel object recognition; (E) compulsive self-grooming and (F) locomotor activity as measured in the activity cage. Data represent mean ± SEM of n = 9
vehicle-vehicle, n = 6 vehicle-CBDV 0.2 mg/kg, n = 6 vehicle-CBDV 2 mg/kg, n = 8 vehicle-CBDV 20 mg/kg, n = 6 vehicle-CBDV 100 mg/kg, n = 15 VPA-vehicle,
n = 5 VPA-CBDV 0.2 mg/kg, n = 10 VPA-CBDV 2 mg/kg, n = 13 VPA-CBDV 20 mg/kg, n = 10 VPA-CBDV 100 mg/kg. Results were analyzed by two-way ANOVA
followed by Tukey’s post hoc test (∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05 vs. vehicle-vehicle;◦◦◦p < 0.001,◦◦p < 0.01,◦p < 0.05 vs. VPA-vehicle).

made of Plexiglas, placed in a dimly illuminated room.
The experiment was performed and analyzed as previously
described (Zamberletti et al., 2014). Animals performed each
test individually. Briefly, each animal was placed in the
arena and allowed to explore two identical previously unseen
objects for 5 min (familiarization phase). After an inter-
trial interval of 3 min one of the two familiar objects
was replaced by a novel, previously unseen object and rats
were returned to the arena for the 5-min test phase. The
arena was cleaned between animals with 0.1% acetic acid.

During the test phase the time spent exploring the familiar
object (Ef) and the new object (En) was videotaped and
recorded separately by two observers blind to the treatment
groups and the discrimination index was calculated as follows:
[(En− Ef)/(En+ Ef)]× 100.

Activity Cage
Locomotor activity was recorded in an activity cage
(40 cm × 40 cm × 40 cm) for 20 min with the aid of Anymaze
program (Ugo Basile, Italy). In this period, repetitive behaviors
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FIGURE 2 | Preventative CBDV treatment protocol. Pregnant Sprague-Dawley rats received a single injection of VPA 500 mg/kg i.p. (or vehicle) at GD 12.5.
(A) Preventative treatment with CBDV 2 or 20 mg/kg/day i.p. was performed from PND 19 and animals were tested at PND 30 (three chamber test), 31 (NOR test),
and 32 (repetitive behavior and locomotion). Effect of preventative CBDV 2, 20 mg/kg/day treatment in male offspring of VPA- and vehicle-exposed rats on (B)
sociability and (C) social novelty preference as measured through the three chamber test; (D) short-term memory as measured through the novel object recognition
test; (E) compulsive self-grooming and (F) locomotor activity as measured in the activity cage. Data represent mean ± SEM of n = 7 vehicle-vehicle, n = 6
vehicle-CBDV 2 mg/kg, n = 6 vehicle-CBDV 20 mg/kg, n = 6 VPA-vehicle, n = 8 VPA-CBDV 2 mg/kg, n = 8 VPA-CBDV 20 mg/kg and were analyzed using two-way
ANOVA followed by Tukey’s post hoc test (∗∗∗p < 0.001, ∗p < 0.05 vs. vehicle-vehicle;◦◦◦p < 0.01,◦p < 0.05 vs. VPA-vehicle).

(compulsive self-grooming) were measured by an observer blind
to the treatment group. The cage was cleaned between animals
with 0.1% acetic acid.

Biochemical Studies
All animals underwent behavioral assessment. 24 h after the last
CBDV (or vehicle) injection, all the animals were euthanized,
their brain tissues collected and randomly assigned to different
procedures for subsequent biochemical analysis. For Western
blot analysis, PFC and hippocampi were dissected, frozen in
liquid nitrogen and stored at−80◦C; for immunohistochemistry,

the brains were quickly removed and post-fixed in 4%
paraformaldehyde in 100 mM phosphate buffer pH7.4, stored in
fixative for 48 h, kept in 30% sucrose for 24 h. Coronal sections
were serially collected using a Leica cryostat CM1510 set to 40 µm
thickness and a−20◦C chamber temperature.

Western Blotting
Cytosolic fractions from rat hippocampus and PFC were obtained
using a protocol published by Shen and Chen (2013), with slight
modifications. In brief, animals were sacrificed and cerebral areas
quickly dissected. Samples were homogenized by 25 strokes in a
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glass-glass homogenizer in 0.32 M sucrose solution containing
20 mM HEPES, 1 mM MgCl2, protease inhibition cocktail, and
0.1 mM phenylmethylsulfonyl fluoride (PMSF) (pH 7.4). The
homogenized tissue was centrifuged at 500 × g for 2 min.
Resultant pellets (P1) were resuspended in 500 µL of a solution
containing HEPES 20 mM, MgCl2 1.5 mM, NaCl 420 mM,
EDTA 0.2 mM, glycerol 25%, DTT 2 mM, PMSF 2 mM, protease
inhibition cocktail and stored as nuclear fraction. The resulting
supernatant (S1) was centrifuged at 10,000 × g for 10 min to
obtain a fraction containing mitochondria and synaptosome-
enriched pellets (P2) and the supernatant (S2) containing soluble
proteins. S2 fraction was conserved as cytosolic fraction while
the P2 fraction was resuspended in 0.32 M sucrose, layered onto
0.8 M sucrose and centrifuged at 4100 rpm for 15 min in a
swinging bucket rotor to obtain crude synaptosome fractions.
The protein concentrations were determined according to the
Micro-BCA assay kit (Pierce, Rockford, IL, United States).

Equal amount of protein lysates from the cytosolic fractions
(30 µg) were run on a 10% SDS-polyacrylamide gel. The
proteins were then transferred to polyvinylidene difluoride
(PVDF) membranes, blocked for 2 h at room temperature
in 5% dry skimmed milk in TBS 1×, 0.1% tween-20 before
incubation overnight at 4◦C with the primary antibody. The
following primary antibodies were used: rabbit polyclonal
anti-CB1 (1:1000; Cayman Chemical, United States), rabbit
polyclonal anti-CB2 (1:1000; Cayman Chemical, United States),
rabbit polyclonal anti-FAAH (1:1000; Cayman Chemical,
United States), rabbit polyclonal anti-MAGL (1:1000; Cayman
Chemical, United States), rabbit polyclonal anti-NAPE-PLD
(1:3000; Cayman Chemical, United States), goat polyclonal
anti-DAGLα (1:1000; AbCam, United Kingdom), rabbit
polyclonal anti-GFAP (1:1000; Sigma Aldrich, United States),
rabbit polyclonal anti-CD11b (1:1000; Novus Biologicals,
United States), rabbit polyclonal anti-TNF-α (1:2000;
Millipore, United States).

Bound antibodies were detected with horseradish peroxidase
(HRP) conjugated secondary anti-rabbit, anti-mouse or anti-
goat antibodies (1:1000–10000; Santa Cruz Biotechnology,
United States) for 1 h at room temperature and visualized using
ECL Western Blotting Detection Reagents (Bio-Rad Laboratories,
Hercules, CA, United States). For detection of β-actin, the
blots were stripped with Restore Western Blot Stripping Buffer
(Thermo Scientific, Rockford, IL, United States) and re-blotted
with mouse monoclonal anti-β-actin (1:20000; Sigma Aldrich,
United States) overnight at 4◦C and visualized as described
above. Bands were detected with G-Box (Syngene) instrument.
For densitometry, images were digitally scanned and optical
density of the bands was quantified using ImageJ software (NIH,
Bethesda, MD, United States) and normalized to controls. To
allow comparison between different blots, the density of the
bands was expressed as arbitrary units.

Immunohistochemistry
Free-floating sections containing the dorsal hippocampus
were washed three times in 0.05% Tryton X-100 in TBS,
incubated with 3% normal goat serum, 0.05% Triton X-100
in TBS for 1 h at room temperature and then overnight at

4◦C with rabbit anti-IBA1 antibody (1:1000, Wako, Neuss,
Germany) diluted in blocking solution. After blocking peroxidase
activity with 0.3% H2O2 in TBS for 15 min, sections
were washed in TBS and incubated for 4 h at room
temperature with HRP-conjugated goat anti-rabbit antibody
(1:500; Santa Cruz Biotechnology, United States). The peroxidase
activity was revealed with 0.05% diaminobenzidine and 0.03%
hydrogen peroxide in PBS for 10 min. After several washes
in PBS, sections were mounted on gelatin-coated slides,
dehydrated and cover slipped. For each animal, a complete
series of one-in-six sections (240 µm apart) through the
hippocampus was analyzed. Digital Images were captured using
Retiga R1 CCD camera (QImaging, Surrey, BC, Canada)
attached to an Olympus BX51 (Tokyo, Japan) polarizing/light
microscope. Ocular imaging software (QImaging) was used
to import images from the camera. Images of microglia
cells in the subgranular zone of the hippocampus were
acquired by first delineating the brain sections and the
regions of interest at low magnification (×4 objective) and
the region of interest outlines were further refined under a
×40 objective. Three mice per each experimental group (four
sections/mouse) were analyzed. The morphometric analysis
was carried out in DAB-stained microglial cells labeled with
IBA-1 antibody. For this purpose, cells were selected and
cropped according to the following criteria: (i) random
selection in the subgranular zone of the hippocampus; (ii) no
overlapping with neighboring cells; and (iii) complete soma
and branches (at least apparently). Selection was done blinded
to the treatment. Eight cells from each animal were analyzed.
Each grayscale single cell cropped image was processed in
a systematic way to obtain binary image using the same
threshold for all pictures. The binary image was edited to
clear the background and transformed into a filled shape and
its pairwise outline shape that were used for morphological
parameters measurements. Analysis was performed using FIJI
free software (NIH, Bethesda, MD, United States). Four
parameters, measured on the filled and outlined processed
images obtained as described previously (Fernández-Arjona
et al., 2017), were analyzed: cell area, cell perimeter, roundness
of the soma and soma area.

Statistical Analysis
The Shapiro–Wilk normality test was first used to determine if
the data were normally distributed. Results were then expressed
as mean ± SEM and quantitative normally distributed data were
analyzed by two-way ANOVA (VPA and CBDV as independent
variables), followed by Tukey’s post hoc test. The level of statistical
significance was set at p < 0.05.

RESULTS

Behavioral Studies
Symptomatic CBDV Treatment
Figure 1 represents the effect of symptomatic CBDV treatment
(0.2, 2, 20, and 100 mg/kg/day; PND 34–58; Figure 1A)
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on autism-like phenotypes in the male offspring of VPA-
exposed rats.

Sociability and social novelty preference
In the three-chamber test (Figures 1B,C), no differences in the
time spent in each compartment of the apparatus were observed
during the habituation phase, suggesting that animals belonging
to all the experimental groups did not show a preference
for a particular side of the arena (data not shown). During
the sociability test (Figure 1B), two-way ANOVA revealed
significant main effects of VPA [F(1,75) = 34.35; p < 0.0001] and
VPA × CBDV interaction [F(4,75) = 2.636; p = 0.0405] on the
percentage of time spent exploring the stranger rat with respect
to the empty cage. Indeed, the percentage of time spent by male
VPA-exposed rats in the chamber containing the unfamiliar rat
was significantly reduced compared to controls (58.673± 1.389%
in VPA-vehicle vs. 78.668 ± 3.069% in vehicle-vehicle). CBDV
at all doses tested did not affect sociability when administered to
control animals. CBDV treatment at doses of 20 and 100 mg/kg
significantly restored the impairment in sociability observed in
VPA rats while doses of 0.2 and 2 mg/kg failed to reverse the
sociability deficit in VPA-treated rats.

Concerning the preference for social novelty (Figure 1C),
significant effects of VPA [F(1,75) = 21.54; p < 0.0001] and
VPA × CBDV interaction [F(4,75) = 2.556; p = 0.0456] were
observed on the percentage of time spent exploring the unknown
rat during the test. Control male rats spent a significantly
higher percentage of time exploring the novel rat than the
known rat (75.021 ± 3.301%). In contrast, VPA animals spent
a similar time exploring the two stimuli (53.757 ± 2.072%).
Treatment with CBDV 20 mg/kg completely reversed the deficit
in social preference in VPA rats, as demonstrated by the fact
that VPA-CBDV rats spent significantly more time exploring the
novel rats with respect to the familiar one (69.128 ± 2.900%).
In contrast, CBDV 0.2, 2, and 100 mg/kg were not able to
restore social novelty preference in VPA rats. None of the doses
tested had per se any effect on social novelty preference when
administered to controls.

Short-term recognition memory
Figure 1D represents the effect of chronic CBDV 0.2, 2,
20, and 100 mg/kg/day treatment on short-term memory as
evaluated through the NOR test. Total exploration time during
the familiarization phase was similar in all the groups under
investigation (data not shown). During the test phase, significant
effects of VPA [F(1,75) = 17.47; p < 0.0001] and VPA × CBDV
interaction [F(4,75) = 4.565; p = 0.0024] were observed. Prenatal
VPA administration significantly impaired short-term memory,
as demonstrated by a significant reduction of the discrimination
index by about 81% with respect to controls. Statistical analysis
did not reveal any significant effect of CBDV when administered
in control rats. Interestingly, CBDV 2, 20, and 100 mg/kg
significantly reversed the short-term memory deficit in male
VPA rats, without affecting per se recognition memory when
administered to vehicles. In contrast, CBDV 0.2 mg/kg failed to
counteract memory deficits in VPA rats, the discrimination index
being still reduced by about 79% with respect to controls.

Compulsive self-grooming and locomotion
The effect of chronic CBDV 0.2, 2, 20, and 100 mg/kg/day
treatment on compulsive self-grooming and locomotor activity
is reported in Figures 1E,F respectively.

Statistical analysis showed significant effects of VPA
[F(1,75) = 17.06; p < 0.0001] and VPA × CBDV interaction
[F(4,75) = 2.518; p = 0.0483] and a trend for CBDV’s effect
[F(4,75) = 2.381; p = 0.0590] on self-grooming. VPA exposure
significantly increased the time spent by male rats in compulsive
self-grooming by about 121% with respect to vehicles. Chronic
CBDV administration at the dose of 20 mg/kg significantly
normalized the time spent in repetitive behaviors in VPA-treated
rats without having any effect when administered to controls.
CBDV 2 and 100 mg/kg showed a trend to ameliorate compulsive
self-grooming in VPA-vehicle rats. The lowest dose of CBDV was
instead ineffective.

Main effects of VPA [F(1,75) = 17.52; p < 0.0001], CBDV
[F(4,75) = 5.527; p = 0.0006] and VPA × CBDV interaction
[F(4,75) = 2.485; p = 0.0500] were also found on locomotor
activity. Indeed, VPA administration significantly increased
locomotion by about 69% compared to controls and CBDV
administration at the dose of 2, 20, and 100 mg/kg significantly
normalized it. In contrast, CBDV 0.2 mg/kg failed to recover
hyperlocomotion in VPA-exposed rats. None of the CBDV doses
tested affected locomotion in control animals.

Preventative CBDV Treatment
Figure 2 represents the effect of preventative CBDV treatment
(2 and 20 mg/kg/day; PND 19–32; Figure 2A) on autism-like
phenotypes in the male offspring of VPA-exposed rats.

Sociability and social novelty preference
The effect of preventative CBDV 2 and 20 mg/kg/day treatment
on sociability in the male offspring of VPA- and vehicle-exposed
rats, as measured through the three chamber apparatus is
shown in Figure 2B. During the habituation phase, VPA and
CBDV administration did not affect the time spent in each
compartment of the maze and all animals spent similar amounts
of time exploring each compartment of the apparatus (data not
shown). During the sociability test, significant effects of VPA
[F(1,35) = 9.385; p = 0.0005] and VPA × CBDV interaction
[F(2,35) = 11.78; p = 0.0001] were found. Vehicle-vehicle
rats spent significantly more time exploring the unfamiliar rat
compared to the empty cage (68.113 ± 2.345%). A similar
effect was also observed in vehicle animals treated with CBDV
2 mg/kg (67.773 ± 2.297%) and 20 mg/kg (64.861 ± 2.788%).
In contrast, male VPA-exposed rats spent similar amount of
time in the chamber containing the unfamiliar rat compared to
the time spent in the empty compartment when compared to
controls (53.484 ± 3.220%), indicating a deficit in sociability.
Chronic CBDV treatment at both doses significantly prevented
the deficit in sociability in VPA rats without affecting sociability
in control animals.

In the preference for social novelty trial (Figure 2C),
statistical analysis showed a significant VPA× CBDV interaction
[F(2,35) = 4.426; p = 0.0196] and a trend for VPA [F(1,35) = 4.088;
p = 0.0511] and CBDV [F(2,35) = 3.174; p = 0.0545] effects.
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Control male rats spent a significantly greater percentage of time
exploring the novel rat than the known rat (66.819 ± 1,995%).
A similar effect was also present in vehicle animals treated
with CBDV 2 mg/kg (69.199 ± 6.227%) and 20 mg/kg
(61.095 ± 3.0147%). Conversely, VPA animals spent a similar
percentage of time exploring the two stimuli (48.003 ± 4.535%).
Treatment with CBDV 2 and 20 mg/kg significantly prevented
the deficit in social novelty preference in VPA-exposed rats.

Short-term recognition memory
Figure 2D depicts the effect of preventative CBDV 2 and
20 mg/kg/day treatment on short-term memory in vehicle-
and VPA-treated rats evaluated through the NOR test. Total
exploration time during the familiarization phase was similar in
all the groups under investigation (data not shown).

Two-way ANOVA revealed significant effects of VPA
[F(1,35) = 8.943; p = 0.0051] and VPA × CBDV interaction
[F(2,35) = 6.127; p = 0.0052] on short-term memory. Prenatal
VPA administration significantly impaired short-term memory,
as demonstrated by a significant reduction of the discrimination
index by about 60.9% with respect to controls. Both doses of
CBDV did not affect recognition memory when administered
to vehicles. CBDV 20 mg/kg significantly prevented the short-
term memory deficit in male VPA rats, whereas the lowest dose
was ineffective.

Compulsive self-grooming and locomotion
Figures 2E,F represent the effect of preventative CBDV 2 and
20 mg/kg/day treatment on repetitive behaviors (compulsive
self-grooming) and locomotion, respectively.

A significant main effect of VPA [F(1,35) = 13.64; p = 0.0008]
was found on self-grooming behavior. Indeed, VPA exposure
significantly increased the time spent by male rats in compulsive
self-grooming by about 133.9% with respect to vehicle-vehicle
animals. CBDV treatment did not affect self-grooming in control
rats and no dose of CBDV tested was able to prevent compulsive
self-grooming in male VPA-exposed rats.

Significant VPA [F(1,35) = 7.301; p = 0.0106] and
VPA × CBDV [F(2,35) = 7.554; p = 0.0019] effects were
observed on locomotor activity in male rats. VPA administration
significantly increased locomotor activity by about 137.9%
compared to controls. Chronic CBDV treatment did not
affect locomotion when administered to controls while
CBDV administration in VPA rats significantly prevented
hyperlocomotion only at the dose of 20 mg/kg.

Biochemistry
All biochemical studies were performed 24 h after the last CBDV
(or vehicle) injection using the dose of CBDV more efficacious
toward ASD-like phenotypes (i.e., 20 mg/kg).

Effect of Symptomatic CBDV Treatment (20 mg/kg)
on Components of the Endocannabinoid System in
the Hippocampus of Vehicle- and VPA-Exposed Rats
Figure 3 shows the effects of CBDV on the protein levels
of components of the endocannabinoid system in the
hippocampus of vehicle and VPA rats. Two-way ANOVA
revealed significant effects of VPA [F(1,12) = 8.198; p = 0.0143],

CBDV [F(1,12) = 13.32; p = 0.0033], and VPA × CBDV
interaction [F(1,12) = 15.88; p = 0.0018] on CB1 receptor
expression. Prenatal VPA exposure significantly increased
CB1 receptor levels in the hippocampus compared to vehicle
littermates. CBDV treatment at the behaviorally efficacious dose
of 20 mg/kg significantly normalized CB1 receptor expression
without affecting its levels when administered to vehicles.
A significant effect of VPA [F(1,12) = 10.31; p = 0.0075] was also
found on CB2 receptor levels. Indeed, prenatal VPA exposure
alone did not affect receptor expression whereas a significant
increase in CB2 receptor levels was observed in VPA-exposed
rats after chronic administration of CBDV 20 mg/kg. Statistical
analysis revealed significant effects of VPA [F(1,12) = 8.722;
p = 0.0121] and VPA × CBDV interaction [F(1,12) = 5.830;
p = 0.0326] on FAAH protein levels within the hippocampus.
FAAH expression was significantly enhanced in VPA exposed
rats and it was reduced by chronic CBDV treatment. A similar
effect was also found regarding MAGL expression. Indeed,
MAGL levels were increased by prenatal VPA exposure and
CBDV administration significantly restored MAGL expression in
the hippocampus of VPA exposed rats without affecting its levels
when administered in controls [VPA: F(1,12) = 7.536; p = 0.0178;
VPA × CBDV interaction: F(1,12) = 4.499; p = 0.0564]. Neither
VPA exposure nor CBDV treatment alone or in combination
affected NAPE-PLD and DAGLα expression in this brain region.

Effect of Symptomatic CBDV Treatment (20 mg/kg)
on Neuroinflammatory Markers and Microglia
Morphology in the Hippocampus of Vehicle- and
VPA-Exposed Rats
Figure 4A shows the effects of prenatal VPA exposure and
symptomatic CBDV treatment on the expression of the astrocyte
marker GFAP, the microglia marker CD11b and the pro-
inflammatory cytokine TNF-α in the hippocampus. Two-way
ANOVA showed significant effects of VPA [F(1,12) = 12.12;
p = 0.0045], CBDV [F(1,12) = 14.71; p = 0.0024] and
VPA × CBDV interaction [F(1,12) = 8.361; p = 0.0135] on
GFAP expression. Prenatal VPA exposure significantly increased
GFAP protein levels in the hippocampus. Symptomatic CBDV
treatment completely restore GFAP expression in VPA rats
without affecting the levels of this marker in control animals.
Similarly, a significant increase in CD11b expression was found
in the hippocampus after VPA exposure in utero and CBDV
administration showed a trend toward reducing the expression
of this marker when given to VPA rats without having any effect
per se in control animals [VPA: F(1,12) = 5.673; p = 0.0308].
Significant effects of VPA [F(1,12) = 4.902; p = 0.0469] and
VPA × CBDV interaction [F(1,12) = 8.531; p = 0.0128]
were observed on TNF-α, whose expression was significantly
increased in the hippocampus of VPA pre-treated rats. CBDV
treatment significantly restored TNF-α levels when chronically
administered to VPA rats.

Figures 4B,C shows the effects of prenatal VPA and
symptomatic CBDV treatments on some parameters of microglia
morphology, namely soma size and roundness as well as surface
area and perimeter. Statistical analysis revealed main effects of
VPA [F(1−8) = 17.55; p = 0.0030], CBDV [F(1−8) = 18.41;
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FIGURE 3 | Effect of symptomatic CBDV 20 mg/kg/day treatment on components of the endocannabinoid system in the hippocampus of the male offspring of VPA-
and vehicle-exposed rats as measured by means of Western blot analysis in cytosolic fractions. Data represent mean ± SEM of n = 3 vehicle-vehicle, n = 3
vehicle-CBDV 20 mg/kg, n = 5 VPA-vehicle, n = 5 VPA-CBDV 20 mg/kg and were analyzed using two-way ANOVA followed by Tukey’s post hoc test (∗∗p < 0.01,
∗p < 0.05 vs. vehicle-vehicle;◦◦p < 0.01,◦p < 0.05 vs. VPA-vehicle).

p = 0.0026], and VPA × CBDV interaction [F(1−8) = 16.26;
p = 0.0038] on soma size. Soma size was significantly increased
in rats prenatally exposed to VPA compared to controls. CBDV
treatment did not alter soma size in control animals but it
significantly restored soma area when administered to VPA-
treated rats. Similarly, main effects of VPA [F(1−8) = 25.21;
p = 0.0010], CBDV [F(1−8) = 7.376; p = 0.0264], and
VPA × CBDV interaction [F(1−8) = 7.221; p = 0.0276]
were observed on soma roundness. Prenatal VPA exposure
significantly reduced roundness of the soma of Iba-1 positive
cells in the hippocampus with respect to controls. CBDV
completely rescued this alteration without affecting soma
roundness in control rats.

Statistical analysis also revealed main effects of VPA
[F(1−8) = 26.18; p = 0.0009], CBDV [F(1−8) = 11.98; p = 0.0086],
and VPA × CBDV interaction [F(1−8) = 13.60; p = 0.0062] on
surface area and perimeter [VPA: F(1−8) = 34.68; p = 0.0004,
CBDV: F(1−8) = 17.28; p = 0.0032, and VPA×CBDV interaction:
F(1−8) = 20.71; p = 0.0019]. Morphological analysis showed
that prenatal VPA exposure significantly reduced both surface

area and perimeter of microglia cells. Again, CBDV did not
affect either surface area or perimeter of Iba-1 positive cells in
control animals but its administration significantly normalized
both parameters in rats prenatally exposed to VPA.

Effect of Symptomatic CBDV Treatment (20 mg/kg)
on Components of the Endocannabinoid System and
Neuroinflammatory Markers in the PFC of Vehicle-
and VPA-Exposed Rats
As shown in Figure 5A, no effect of prenatal VPA and
symptomatic CBDV treatments were found on CB1 and CB2
receptor, FAAH, MAGL, and NAPE-PLD levels in the PFC. In
contrast, statistical analysis revealed significant effects of VPA
[F(1,12) = 11.02; p = 0.0041] and CBDV [F(1,12) = 13.39;
p = 0.0033] on DAGLα expression. Prenatal VPA exposure
significantly reduced DAGLα levels in this brain area and a
similar effect was observed after CBDV administration both in
control and in VPA rats. Concerning the neuroinflammatory
markers (Figure 5B), neither VPA nor CBDV affected GFAP,
CD11b, and TNF-α levels in the PFC.
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FIGURE 4 | (A) Effects of prenatal VPA exposure and symptomatic CBDV 20 mg/kg/day treatment on the expression of the astrocyte marker GFAP, the microglia
marker CD11b and the pro-inflammatory cytokine TNF-α in the hippocampus as measured by means of Western blot analysis in cytosolic fractions. Data represent
mean ± SEM of n = 3 vehicle-vehicle, n = 3 vehicle-CBDV 20 mg/kg, n = 5 VPA-vehicle, n = 5 VPA-CBDV 20 mg/kg and were analyzed using two-way ANOVA
followed by Tukey post hoc test. (B) Effect of prenatal VPA exposure and CBDV treatment (20 mg/kg/day; PND 34–58) on microglia morphology in the hippocampus
as analyzed through Iba1 immunostaining. (C) Representative Iba-1 staining and microglia morphology at ×40 magnification (upper panels: grayscale images; lower
panels: filled images). Data represent mean ± SEM of three animals per group (4 slices/animal, 240 µm apart; 8 cells/animals) and were analyzed using two-way
ANOVA followed by Tukey’s post hoc test (∗∗∗p < 0.001,∗∗p < 0.01, ∗p < 0.05 vs. vehicle-vehicle;◦◦◦p < 0.001,◦◦p < 0.01,◦p < 0.05 vs. VPA-vehicle).

DISCUSSION

This study was performed to determine whether CBDV treatment
could be beneficial toward ASD-like features induced by
prenatal VPA exposure in rats. In particular, we evaluated
CBDV’s efficacy toward VPA-induced deficits in sociability
and social novelty preference, repetitive self-grooming behavior,
recognition memory deficits and hyperactivity in the male
offspring of VPA-treated dams using either symptomatic (PND
34–58) and preventative (PND 19–32) treatment protocols.

Results here presented show that chronic CBDV treatment
was able to ameliorate ASD-like signs induced by prenatal
VPA exposure in the male offspring. Treatment with CBDV
at the dose of 20 mg/kg in symptomatic rats rescued deficits

in sociability and social novelty preference, repetitive self-
grooming, recognition memory impairment and hyperactivity.
In contrast, doses of 2 and 100 mg/kg only partially affected
the phenotypes under investigation: CBDV 2 mg/kg recovered
short-term memory deficits and hyperlocomotion while, at the
dose of 100 mg/kg, CBDV’s activity against the deficit in social
novelty preference and stereotyped behaviors was lost. The
lowest dose tested, 0.2 mg/kg, was instead ineffective. Hence,
in this experimental model and at the doses tested in this
study, CBDV does not show a linear dose-response curve,
being more effective at the intermediate dose of 20 mg/kg
with respect to doses of 2 and 100 mg/kg. This could suggest
that CBDV might display a bell shaped dose-response curve
as demonstrated for other phytocannabinoids in some animal
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FIGURE 5 | Effect of prenatal VPA exposure and symptomatic CBDV 20 mg/kg/day treatment on protein levels of (A) components of the endocannabinoid system
and (B) the astrocyte marker GFAP, the microglia marker CD11b and the pro-inflammatory cytokine TNF-α in the PFC as measured by means of Western blot
analysis in cytosolic fractions. Data represent mean ± SEM of n = 3 vehicle-vehicle, n = 3 vehicle-CBDV 20 mg/kg, n = 5 VPA-vehicle, n = 5 VPA-CBDV 20 mg/kg
and were analyzed using two-way ANOVA followed by Tukey’s post hoc test. (∗∗p < 0.01, ∗p < 0.05 vs. vehicle-vehicle).

models (Pertwee, 2004; Mishima et al., 2005; Mechoulam et al.,
2007; Campos and Guimarães, 2008; Zuardi, 2008; Zanelati et al.,
2010; Campos et al., 2012). Alternatively, it could be possible that
the experimental paradigm used in our study failed to identify a
linear dose response range.

Slightly different results were found in the preventative
treatment schedule. Preventative CBDV treatment at the dose
of 2 mg/kg significantly prevented sociability and social novelty
preference deficits but failed to ameliorate repetitive behaviors,
hyperactivity and short-term memory deficits. In contrast, CBDV
20 mg/kg prevented sociability and social novelty preference
deficits, normalized locomotor activity and improved short-
term memory deficits but was ineffective toward repetitive self-
grooming behavior.

An aspect that emerges from these data is the different efficacy
of CBDV depending on the time of administration. In fact,
while symptomatic treatment at the dose of 20 mg/kg appears
to be efficacious in reverting most ASD-like phenotypes, none
of CBDV’s doses tested in this study completely prevented
the behaviors under investigation when administered during
early developmental period (i.e., peri-weaning). Nevertheless,

independent from the time window of administration, CBDV
at all doses was devoid of any side effect when administered
to control animals, further supporting the safety profile of this
compound (Huizenga et al., 2019).

In the search for possible correlates of the effects observed
at the behavioral level, we performed neurochemical analysis
in the PFC and hippocampus of VPA-exposed rats treated
with CBDV at the dose that showed the maximum behavioral
efficacy, i.e., 20 mg/kg. Neurochemical investigations were
carried out after symptomatic CBDV treatment only, as the
translational value of a preventative treatment in the context
of ASD is quite limited at present. In fact, diagnosis of ASD
is based on the identification of symptoms and a preventative
treatment could only be useful when reliable biomarkers are
available. Identifying biomarkers for early disease detection,
especially in high-risk populations, is therefore a primary
need to allow for earlier pharmacological interventions, with
the intent of improving outcomes. Of note, results here
presented raise the intriguing possibility that early CBDV
treatment might partially prevent/attenuate the development
of ASD symptoms.
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Recent data from human and animal studies suggest an
involvement of the endocannabinoid system in the pathogenesis
of ASD. Lower circulating endocannabinoid levels and changes
of endocannabinoid receptors and enzymes have been reported
in ASD patients (Siniscalco et al., 2013, 2014; Brigida et al.,
2017; Karhson et al., 2018; Aran et al., 2019). Animal studies
support human data demonstrating the presence of alterations in
several components of the endocannabinoid system in the brain
of both genetic and environmental ASD models (Maccarrone
et al., 2010; Jung et al., 2012; Foldy et al., 2013; Kerr et al.,
2013; Speed et al., 2015; Zamberletti et al., 2017). Remarkably,
pharmacological modulation of the endocannabinoid signaling
can ameliorate some ASD-like phenotypes in animals (Busquets-
Garcia et al., 2013; Qin et al., 2015; Gomis-González et al., 2016;
Kerr et al., 2016; Servadio et al., 2016; Wei et al., 2016; Melancia
et al., 2018), suggesting that interfering with the endocannabinoid
system might be beneficial for relieving ASD symptomatology. In
line with literature data, we found that prenatal VPA exposure
triggers endocannabinoid system alterations in the brain of the
male offspring. These changes are more pronounced in the
hippocampus with respect to the PFC. Specifically, enhanced
FAAH and MAGL expression together with an up-regulation of
CB1 receptor were observed in the hippocampus while reduced
DAGLα levels were detected in the PFC. Increases in the enzymes
responsible for AEA and 2-AG degradation in the hippocampus
and the reduction of 2-AG synthesis in the PFC possibly support
the presence of a reduced endocannabinoid tone in the brain of
VPA-exposed animals, in line with previous findings (Kerr et al.,
2013). Interestingly, FAAH, MAGL, and CB1 receptor protein
levels returned to control level following CBDV treatment,
suggesting that CBDV’s ability to restore endocannabinoid
system abnormalities might contribute to its beneficial effects on
ASD-like behaviors. In addition, we found that CBDV treatment
also up-regulated CB2 receptor expression in the hippocampus of
VPA-exposed rats. CB2 is emerging as an important regulator of
the inflammatory response in the central nervous system (Basu
and Dittel, 2011). Although still debated, several authors suggest
its immunosuppressive and neuroprotective potential (Ehrhart
et al., 2005; Palazuelos et al., 2009; Tumati et al., 2012; Zoppi
et al., 2014; Navarro et al., 2016). Its deletion in animals usually
exacerbates the inflammatory phenotype in several models and
CB2 activation by cannabinoids can slow the progression of
some diseases, in addition to reducing inflammation (Turcotte
et al., 2016), suggesting that modulation of CB2 receptor could
be beneficial for relieving inflammation. Although our data does
not allow to establish a causal relationship, we observed that
CBDV-induced up-regulation of hippocampal CB2 receptor was
associated with the rescue of the neuroinflammatory markers
GFAP, CD11b, and TNF-α in the same brain region. Further
supporting its either direct or indirect neuroprotective effects, we
observed that CBDV treatment can restore microglia activation
and consecutive morphological changes in terms of cell size and
soma shape in the hippocampus of VPA-treated animals. Hence,
CBDV treatment restores the endocannabinoid system and
reduces neuroinflammation in the VPA model but, based on the
present data, we cannot establish any causality between the two
events. Although literature data clearly indicate that alterations

of the endocannabinoid system and neuroinflammation co-exist
in the brain of VPA-treated rats, there is no evidence about
a possible correlation between the two events in the animal
model at baseline. Indeed, the consequences of a modulation
of either the endocannabinoid system or inflammation have
been evaluated in the VPA model but no study has checked
whether modulating one of the two events affects the other.
Starting from the observation that CBDV does not directly
interact with the cannabinoid system at physiologically relevant
concentration, we speculate that restoration of the homeostatic
endocannabinoid tone by CBDV might be secondary to its
effect on neuroinflammation. We hypothesize that CBDV might
promote a shift from a pro-inflammatory state, also called the
“M1 phenotype,” presenting neurotoxic activities and releasing
pro-inflammatory signals, to a more neuroprotective profile
called the “M2 phenotype” which involves anti-inflammatory
responses. Of note, upregulation of CB2 receptors has been
associated with a restoration of tissue homeostasis in pathological
neuroinflammatory conditions (Miller and Devi, 2011) and
our observation that CBDV increases the expression of CB2
receptors in VPA rats further supports its anti-inflammatory
action in this model. We speculate that microglia cells
shifted to an anti-inflammatory phenotype would then increase
endocannabinoid production (Mecha et al., 2015), which by
acting autocrinally and/or paracrinally could facilitate/amplify
the M2 anti-inflammatory phenotype and might contribute to the
restoration of endocannabinoid signaling.

CONCLUSION

This study provides preclinical evidence in support of the
ability of CBDV to ameliorate behavioral abnormalities
resembling the core and associated symptoms of ASD, a
developmental condition for which no cure is available.
Restoration of hippocampal endocannabinoid signaling
and neuroinflammation are likely to contribute to CBDV’s
beneficial effects toward ASD-like phenotypes induced by
prenatal VPA exposure.

Although further work is required to determine the
mechanism(s) of action of CBDV and to evaluate its effect
in other animal models, the present results identify for the first
time CBDV as a suggested candidate for the treatment of ASD.
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Temporal Lobe Epilepsy (TLE) is the most common form of human epilepsy and
available treatments with antiepileptic drugs are not disease-modifying therapies. The
neuroinflammation, neuronal death and exacerbated plasticity that occur during the
silent period, following the initial precipitating event (IPE), seem to be crucial for
epileptogenesis. Damage Associated Molecular Patterns (DAMP) such as HMGB-1,
are released early during this period concomitantly with a phenomenon of reactive
gliosis and neurodegeneration. Here, using a combination of primary neuronal and
glial cell cultures, we show that exposure to HMGB-1 induces dendrite loss and
neurodegeneration in a glial-dependent manner. In glial cells, loss of function studies
showed that HMGB-1 exposure induces NF-κB activation by engaging a signaling
pathway that involves TLR2, TLR4, and RAGE. In the absence of glial cells, HMGB-1
failed to induce neurodegeneration of primary cultured cortical neurons. Moreover,
purified astrocytes were unable to fully respond to HMGB-1 with NF-κB activation
and required microglial cooperation. In agreement, in vivo HMGB-1 blockage with
glycyrrhizin, immediately after pilocarpine-induced status epilepticus (SE), reduced
neuronal degeneration, reactive astrogliosis and microgliosis in the long term. We
conclude that microglial-astroglial cooperation is required for astrocytes to respond
to HMGB-1 and to induce neurodegeneration. Disruption of this HMGB-1 mediated
signaling pathway shows beneficial effects by reducing neuroinflammation and
neurodegeneration after SE. Thus, early treatment strategies during the latency period
aimed at blocking downstream signaling pathways activated by HMGB-1 are likely
to have a significant effect in the neuroinflammation and neurodegeneration that are
proposed as key factors in epileptogenesis.
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INTRODUCTION

Epilepsy is a devastating neurological disease characterized by
recurrent seizures. A significant number of patients develop
refractory epilepsy that is unresponsive to currently available
treatments, which leaves them with very limited clinical options,
being surgical resection of the epileptic focus the most common
choice. Retrospective studies have shown that most patients
suffering of Temporal Lobe Epilepsy (TLE), the most common
human epilepsy, refer an initial precipitating event (IPE) in early
childhood, followed by a silent period when the epileptic seizures
begin (Cendes et al., 1993; French et al., 1993; Hamati-Haddad
and Abou-Khalil, 1998; Theodore et al., 1999; Blume, 2006;
Majores et al., 2007). Different types of IPE have been described,
but complex febrile seizures with status epilepticus (SE) are
frequently associated with adult TLE (Cendes et al., 1993; French
et al., 1993; Koyama et al., 2012). The pilocarpine experimental
model of TLE reproduces in rodents most features of human
TLE, including the IPE induced by acute SE and a latency period
before the onset of spontaneous seizures (reviewed in Curia et al.,
2008). Previous studies performed in our laboratory, during the
latency period that follows pilocarpine-induced seizures, have
shown early neuroinflammation, macrophage infiltration and
exacerbated neuronal plasticity, which seem to have a main role
in the epileptogenesis (Rossi et al., 2013, 2017).

In general terms, acute brain injury causes the release
of Damage Associated Molecular Patterns (DAMP). DAMP
are intracellular molecules capable of activating the Pattern
Recognition Receptors (PRR) such as Toll-Like Receptors (TLR)
and the Receptor for Advanced Glycation End products (RAGE).
The result of this interaction is the activation of downstream
signaling cascades in immune-competent cells eventually leading
to the expression of multiple pro-inflammatory mediators,
mainly in an NF-κB -dependent manner. High Mobility Group
Box 1 (HMGB1) is an ubiquitous nuclear protein that is
implicated in the maintenance of chromatin structure (Ellwood
et al., 2000; Verrijdt et al., 2002) and that, following Central
Nervous System (CNS) injury, is released as a DAMP (Qiu
et al., 2008; Maroso et al., 2010). The release of HMGB-1 has
been demonstrated in human patients (reviewed in Parker et al.,
2017) and in different models of experimental brain injury,
including epileptic seizures produced by different experimental
paradigms (Maroso et al., 2010); ischemia by middle cerebral
artery occlusion (Qiu et al., 2008); traumatic brain injury (TBI)
(Laird et al., 2014; Braun et al., 2017); cortical spreading
depression (Takizawa et al., 2017); intracerebral hemorrhage
(Wang et al., 2017) and it was shown to be increased in aging
(Fonken et al., 2016). Moreover, several recent reports have
proposed that HMGB-1 release is involved in the epileptogenic
process that ultimately develops into overt disease (Fu et al., 2017;
Walker et al., 2017a,b; Yang et al., 2017).

The abundant evidence in this regard has raised the hypothesis
that blockage of HMGB-1 may blunt the pro-inflammatory
activation of PRR that follows brain injury (Yang et al., 2010).
In line with this idea, a number of reports have shown
that HMGB-1 blockage reduces inflammation and improves
behavioral recovery in experimental stroke (Wang C. et al., 2016).

In this work, we investigated the HMGB-1 effects on
neuronal survival, and specifically, how glial cells interact
to induce neuronal alterations and analyzed the signaling
pathways driving those effects. Having in mind that HMGB-1
is released after SE, we aimed to block HMGB-1 signaling
pathway with glycyrrhizin after pilocarpine-induced SE. Our
results showed that HMGB-1 exposure induces reactive gliosis
in astrocytes and microglia, and exerts glia-mediated detrimental
effects on neurons. The NF-κB signaling pathway was activated
by HMGB-1 by engaging TLR2, TLR4 and RAGE innate
immunity receptors. In order to fully activate glial NF-κB
signaling, HMGB-1 requires the cooperation between microglia
and astrocytes. Finally, we observed that HMGB-1 blockage
with glycyrrhizin in vivo immediately after pilocarpine-induced
seizures reduces neuronal degeneration and reactive gliosis in
the long term. Taken together, our results show that HMGB-
1 has distinct effects on the different CNS cell types, in the
context of the early stages following a typical acute precipitating
injury in epilepsy. Thus, early blockage of HMGB-1 is likely
to have a beneficial effect, as it would blunt pro-inflammatory
cooperation between astrocytes and microglia during a critical
period following seizures-induced IPE, a key event related
to epileptogenesis.

MATERIALS AND METHODS

Cell culture reagents were obtained from Invitrogen Life
Technologies (Carlsbad, United States). Fetal calf serum (FCS)
was purchased from Natocor (Córdoba, Argentina). Antibodies
were purchased from Chemicon-Millipore (mouse monoclonal
anti-Actin, cat# MAB1501; mouse monoclonal anti-NeuN, cat#
MAB 377; rabbit polyclonal anti-MAP-2, cat# AB5622), Sigma
(mouse monoclonal anti-S100B cat# S2532; mouse monoclonal
anti-Glial Fibrillary Acidic Protein, GFAP cat# G3893), Santa
Cruz (rabbit polyclonal anti-TREM-2 cat# SC-48765; rabbit
polyclonal anti-p65 cat# SC-372), Abcam (goat polyclonal anti-
Iba-1, cat# ab5076); Dako (rabbit polyclonal anti-GFAP, cat#
Z0334), and Promega (mouse monoclonal anti-β-3-tubulin, cat#
G712A). Poly-L-lysine, DAPI (4′,6-diamidino-2-phenylindole);
glycyrrhizin, human recombinant HMGB1 and other chemicals
were from Sigma (United States). Fluorescent secondary
antibodies and peroxidase conjugated secondary antibodies were
purchased from Jackson Immunoresearch (United States).

Animals and Lithium-Pilocarpine
Model of TLE
Adult male Wistar rats (250–300 g) were obtained from
the Animal Facility of the School of Exact and Natural
Sciences, University of Buenos Aires. TLR4 (TLR4 B6.B10ScN-
Tlr4lps−del/JthJ) and TLR2 (B6.129-Tlr2tm1Kir/J) knockout mice
(The Jackson Laboratory, United States) were kindly provided by
Dr. P. Iribarren and Dr. M. Maccioni (CIBICI, UNC, Córdoba,
Argentina). Animals were housed in a controlled environment
(12/12-h light/dark cycle, controlled humidity and temperature,
free access to standard laboratory food and water) under the
permanent supervision of professional technicians.
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All procedures involving animals and their care were
conducted in accordance with our institutional guidelines, which
comply with the NIH guidelines for the Care and Use of
Laboratory Animals, the principles presented in the Guidelines
for the Use of Animals in Neuroscience Research by the
Society for Neuroscience and the ARRIVE guidelines, and were
approved by the CICUAL committee of the School of Medicine,
University of Buenos Aires (Res. Nr. 1278/2012). All efforts were
made to minimize animal suffering and to reduce the number
of animals used.

Rats were randomly assigned to the different treatments
groups and subjected to the lithium-pilocarpine model of
TLE as described in Rossi et al. (2013). Briefly, animals were
intraperitoneally (i.p.) injected with 3 mEq/kg lithium chloride
(LiCl) or saline and 20 h later received either i.p. saline or
30 mg/kg pilocarpine (Li-pilo group). Animals that received
saline-saline (control group) or Li-saline did not show significant
differences either in behavioral or morphometric parameters.
The development of behavioral seizures was evaluated according
to the Racine scale (Racine et al., 1972) and SE was defined
as continuous seizures with a Racine score of 3 to 5, without
returning to lower stages for at least 5 min. Approximately
70% of the pilocarpine treated rats showed acute behavioral
features of SE between 40 and 60 min after pilocarpine
injection (SE group). Thirty percent of the animals that
were injected with pilocarpine did not develop SE, showing
only behavioral signs corresponding to stages 1–2 of the
Racine score and were not used for this study. All animals
received 20 mg/kg diazepam 20 min after the onset of SE
and doses were repeated as needed to terminate SE. Half
of the animals that develop SE received glycyrrhizin i.p. at
a dose of 333 mg/kg every 12 h during 4 days. Fifteen
days post-SE (DPSE), animals were deeply anesthetized with
ketamine/xylazine (90/10 mg/kg, i.p.) and fixed by intracardiac
perfusion through the left ventricle. Dissected brains were
cryoprotected, snap frozen and coronal 30 µm thick brain
sections were cut using a cryostat as previously described
(Aviles-Reyes et al., 2010). Free floating sections were kept in
a cryoprotective solution (30% glycerol, 20% ethylene glycol in
0.05 M phosphate buffer) at−20◦C until use.

Cell Culture
Rat or mice glial cell cultures were performed using the
same protocol. Brains from neonatal rats, wild type mice or
transgenic mice pups (3 days old) were removed and brain
cortices were isolated following the procedure previously
described (Villarreal et al., 2014). When mixed glial cultures
reached confluence (typically 8–10 days), they were collected
following trypsin treatment and seeded for the experimental
procedures. Hippocampal neuro-glial cultures (containing
glia and neurons), primary cortical neurons, cortical mixed
glial cultures (containing approximately 60% astrocytes,
40% microglia), cortical astroglial enriched cultures (99%
astrocytes) or microglial cultures (>99% microgliocytes)
were obtained as described in Rosciszewski et al. (2018). For
immunocytochemistry, primary cell cultures were washed
with cold PBS and fixed with 4% paraformaldehyde plus 4%

sucrose in PBS pH 7.2 for 15 min at room temperature. The
procedure was then followed as stated below. For cell viability
analysis, cell survival was measured by the MTT [(3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)] assay
(Mosmann, 1983) with some modifications (Alaimo et al.,
2011). Briefly, MTT was added to each well (0.125 mg/ml) and
incubated for 2 h at 37◦C. Then, formazan reaction product
was solubilized in DMSO and absorbance was measured
at 570 nm with background subtraction at 655 nm in a
microplate reader (BIO-RAD Laboratories, Hercules, CA,
United States). The MTT reduction activity was expressed as the
absorbance at 570 nm.

Astrocyte conditioned medium (ACM) was prepared as
described previously (Diniz et al., 2012). Briefly, confluent
astroglial-enriched cultures were washed to eliminate residual
FCS and then exposed to 500 ng/ml HMGB-1 for 24 h in
serum free medium. Then, cells were washed and cultures were
maintained 24 h in serum-free medium. Finally, ACM was
centrifuged to remove cellular debris and kept at−80◦C until use.

For neuron-glial reconstituted cultures, primary cortical
neurons and glial cells were grown separately as stated above
and we designed a two-chamber system to allow co-culture
without cell contact. Neurons were grown at a density of
7 × 103 cells/cm2 on poly-L-lysine-coated glass coverslips, and
maintained for 10 days in NeuroBasal medium (Invitrogen)
supplemented with 2% B27 (Invitrogen) and 0.5 mM glutamine.
Glial cells were grown in 12-well plastic plates for 7 days
and exposed to HMGB-1 500 ng/ml or LPS 25 ng/ml for
3 h. Glial cells were washed and medium was replaced by a
1:1 mixture of supplemented Neurobasal and DMEM culture
medium. Thereafter, a coverslip containing 10 DIV (DIV, days
in vitro) primary cortical neurons was placed on top of the
glial culture supported by U-shape custom-made sterile surgical
steel spacers. The coverslips were placed with neurons facing
the glial cell layer and the tissue culture medium covered all
the system. Plates containing the co-culture were incubated
for additional 24 h and then cells were fixed separately to
analyze neuronal survival.

RT-PCR Assays
RT-PCR assays were performed as previously described
(Rosciszewski et al., 2018). Briefly, RNA was isolated using the
RNAeasy Mini kit (Qiagen, Germany). The cDNA was generated
using the Omniscript RT kit (Qiagen) with random hexamers
(Roche Products, United States). PCR were performed using
specific primers: Actin (Fwd: CAC CAC TTT CTA CAA TGA
GC; Rev: CGG TCA GGA TCT TCA TGA GG; amplification
product: 323 bp); TLR4 (Fwd: GCC GGA AAG TTA TTG
TGG TGG T; Rev: ATG GGT TTT AGG CGC AGA GTT T;
amplification product: 356 bp). Both TLR4 and actin were
amplified by 35 cycles and annealing temperature was 58◦C
for both genes. PCR products were run in a 1.5% agarose gel
and imaged using a VersaDoc 4000 imaging system (Bio-Rad,
United States). Each experiment included negative controls in
which Omniscript reactions were performed in the absence of
reverse transcriptase. All samples were run in triplicate. Detailed
PCR protocols are available from authors under request.
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FIGURE 1 | Continued
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FIGURE 1 | HMGB-1 effects on hippocampal neuro-glial mixed cultures. Rat hippocampal mixed cultures (10–12 DIV) containing neurons and glial cell types were
exposed to HMGB-1 for 24 h. (A) Representative images of hippocampal neuron morphology in the mixed culture identified by beta-3-tubulin immunostaining;
bar = 20 µm. (B) Quantitative analysis of neurites evaluated as the total length of neurites per neuron. (C) Quantitative analysis of the surviving neurons after 24 h of
exposure to HMGB-1. The number of neurons per field was represented as the ratio of neurons vs. the total number of DAPI + nucleus per field. (D) Representative
images of GFAP-immunostained astrocytes in hippocampal mixed cultures exposed to HMGB-1; bar = 15 µm. (E) Quantitative analysis of the stellated reactive
GFAP + astrocytes abundance in hippocampal mixed cultures. Stellated fibrilar GFAP + astrocytes were counted with the ImageJ plugin Cell Counter and
expressed as the percent of GFAP + cells in each field. (F) Representative images of Iba-1 + microgliocytes in hippocampal mixed cultures co-stained with GFAP
astrocytic cell marker; bar = 100 µm. (G) Quantitative analysis of the microgliocytes cell abundance in the hippocampal mixed cultures showing that microglial
abundance is not significantly affected by HMGB-1 exposure. Statistical analyses were performed by one way ANOVA and Student Newman–Keuls post-test, with
statistical significance represented as ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001. In multiple comparisons, statistical significance against control group is shown as
“a”; “aa” and “aaa” that represents p < 0.05, p < 0.01, or p < 0.001, respectively. Data presented in the graphs are mean ± SEM from three experiments.

FIGURE 2 | HMGB-1 effects in primary neuronal cultures. (A) Quantitative analysis of rat primary cortical neuron survival exposed to HMGB-1 during 24 h and
analyzed by the MTT survival assay with results shown as absorbance at 570 nm. (B) Representative images of rat primary cortical neurons exposed to HMGB-1
(500 ng/ml) for 24 h and immunostained for MAP-2; bar = 10 µm. (C) Quantitative analysis of the area occupied by MAP-2 + neurons after exposure to 500 ng/ml
HMGB-1. (D) Number of neurons showing normal nuclei per microscopic field analyzed by MAP-2 and DAPI co-staining after 24 h of exposure to HMGB-1 as
indicated. Statistical analyses were performed by one way ANOVA. Data presented in the graphs are mean ± SEM from three experiments.

Immunohistochemistry and
Immunofluorescence
Brain sections from control and treated animals were simulta-
neously processed in free-floating state and immunolabelling
was detected with diaminobenzidine (DAB) as described
previously (Aviles-Reyes et al., 2010; Angelo et al., 2014). For
immunofluorescence studies on tissue sections, primary and
secondary antibodies were diluted in a solution containing
3% normal horse serum and 1% Triton X-100 in PBS.
Isotypic specific secondary antibodies were labeled with Alexa

488 or Alexa 594. Counterstaining was performed with
0.1 µg/ml DAPI. For cell cultures, fixed cells were washed
three times with cold PBS and permeabilized with 0.1%
Triton X-100. The staining procedure was identical as above
except that Triton X-100 was not included in blocking
and antibody solutions. Epifluorescence images were obtained
using an Olympus IX-81 microscope equipped with a DP71
camera (Olympus, Japan); or a Zeiss Axiophot (Carl Zeiss,
Germany) microscope equipped with a Q5 digital camera
(Olympus, Japan).
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FIGURE 3 | Continued
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FIGURE 3 | Pattern Recognition Receptor (PRR) requirement for HMGB-1 effects in neuronal survival. Mice primary cortical neuronal and glial cultures were allowed
to grow separately. Glia was exposed to HMGB-1 or LPS during 3 h, medium was replaced and then glia and primary cortical neurons (10DIV) were co-cultured
without physical contact but sharing the same culture medium for 24 h to study neuronal survival. (A) Quantitative analysis of neuronal survival analyzed by counting
homogeneous, non-pycnotic, DAPI-stained neuronal nuclei per field. (B) Representative images of primary cortical neurons after co-culture with glial cells exposed to
HMGB-1. Bar = 30 µm. (C,D) Quantitative analysis of neuronal survival in co-cultures performed as described above but using TLR2 knockout glia or VGX-1027
(TLR4 signaling inhibitor)-treated glia (10 µg/ml; 1 h preincubation). Statistical analyses were performed by one way ANOVA and Student Newman–Keuls post-test,
with statistical significance is represented as ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001. Data presented in the graphs are mean ± SEM from three experiments.

Quantitative Studies and Statistical
Analysis
Changes in astroglial cell morphology as well as neuronal or
glial cell counting were evaluated using the NIH ImageJ software
on cells observed with phase contrast or immunostained as
mentioned in figure legends. Cell counting was performed with
ImageJ Cell Counter plugin. Neurite length and area covered
by immunostaining was also done with ImageJ software as
previously described (Angelo et al., 2014). Cell viability was
analyzed biochemically with MTT assay, as described above, or
by observing the nuclear morphology with DAPI as indicated
in figure legends. Observers were blinded with respect to the
experimental conditions. In vitro experiments were run in
triplicates, a minimum of ten photographs were taken in each
well of the triplicates and experiments were repeated three
times. In vivo experiments were done with six animals per
group and only control animals or those pilocarpine-treated
that developed SE were used for glycyrrhizin administration.
A minimum of 10 tissue sections per animal were used for
each morphometrical analysis. Data were analyzed for normal
distribution and homogeneity of variances and subjected to
appropriate parametric or non-parametric statistical tests as
specified in figure legends. Statistical analyses were performed
using GraphPad Prism 5.0 (GraphPad Software, United States)
and statistical significance was assumed when p < 0.05.

RESULTS

HMGB-1 Exposure Induces Reactive
Gliosis and Dendrite Loss in
Hippocampal Neuro-Glial Mixed Culture
Primary hippocampal mixed cultures containing neurons and
glia were exposed to increasing concentrations of recombinant
HMGB-1: 50 ng/ml, 500 ng/ml, and 5000 ng/ml for 24 h. As
shown in Figures 1A,B, neurons from the neuro-glial culture
showed an increase in dendrite length at low 50 ng/ml HMGB-1
and then a dose-dependent reduction in the dendrite length at
higher concentrations (500–5000 ng/ml) reaching a significant
neurodegenerative toxic effect at 5000 ng/ml. In fact, the relative
number of neurons in the mixed culture was dose-dependently
reduced after exposure to higher doses of HMGB-1 (Figure 1C).
An analysis of astroglial cell population in the culture showed
that 24 h exposure to HMGB-1 induced astroglial stellation at
500 and 5000 ng/ml HMGB-1 (Figures 1D,E). The observation
of glial pyknotic cell nuclei at 5000 ng/ml dose precluded further
use of this high dose in the next experiments due to toxic
effects for astrocytes. Microglial cell population was present in

the hippocampal mixed culture as shown in Figure 1F, however,
HMGB-1 exposure did not significantly altered the microglial cell
abundance (Figure 1G). Having in mind that astroglial stellation
is considered the in vitro correlation of reactive gliosis, we
conclude that exposure to high HMGB-1 levels induces reactive
astrogliosis, dendrite loss and neuronal degeneration in mixed
neuro-glial hippocampal cultures.

HMGB-1 Exposure Does Not Affect
Neurons in the Absence of Glial Cells
We then tested the effect of HMGB-1 on primary neuronal
cultures in the absence of glial cells. For that purpose, primary
cortical neurons were exposed to HMGB-1 and neuronal
survival was assessed by the MTT survival assay. As shown in
Figure 2A, neuronal survival was not significantly affected by
exposure to neither 50 nor 500 ng/ml HMGB-1. Primary cortical
neurons morphology and proximal dendritic trees stained for the
dendritic marker MAP-2 were also evaluated in these cultures
and they were not significantly affected by HMGB-1 exposure
(Figure 2B). Quantitative evaluation of MAP-2 + areas in
primary cortical neurons is a sensitive parameter that detects not
only changes in somatic MAP-2 expression, but also alterations
in dendrite morphology and complexity. Following HMGB-1
exposure, this parameter did not show statistical differences
between control and HMGB-1-exposed neurons (Figure 2C). In
addition, there was not a significant neuronal loss in HMGB-1-
exposed primary neuronal cultures (Figure 2D). We conclude
that direct contact with HMGB-1 does not affect neuronal
survival in absence of glial cells.

HMGB-1 Neurodegenerative Effects Are
Mediated by Glial Cells
Having established that HMGB-1 exposure induces neuronal
alterations in neuro-glial mixed cultures, and that direct contact
with HMGB-1 does not induce in vitro neurodegeneration,
we then wondered whether glial-derived factors released by
HMGB-1-activated glia could alter neuronal survival in culture.
In order to answer this question, we performed glio-neuronal
reconstituted co-cultures in a modified two chamber design,
which prevents glial-neuronal cell contact, but allows diffusion
of soluble molecules among the cells. Mixed glial cultures were
seeded separately from neurons and exposed to HMGB-1 or LPS
as a positive pro-inflammatory-neurodegenerative stimulus for
3 h. Then, medium was replaced by a 1:1 DMEM/neurobasal
mixture and a coverslip with primary cortical neurons was
added to the glial culture for 24 h to evaluate neuronal survival.
As shown in Figures 3A,B, neuronal survival was significantly
reduced by HMGB-1-treated glia, but to a lesser extent than in
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FIGURE 4 | Differential HMGB-1 effects in astrocytes and microglia. (A) End point RT-PCR of rat glial mixed cultures containing astrocytes and microglia were
exposed to 500 ng/ml HMGB-1 for 18 h to evaluate TLR4 mRNA expression; Actin was used as loading control. (B) Rat mixed glial cultures were exposed to
HMGB-1 (50 or 500 ng/ml) or 25 ng/ml LPS and TREM-2 expression was evaluated after 24 h; bar = 20 µm. The graph shows the ratio of TREM-2 + cells in culture
relative to the total number of Hoechst + stained cells. (C) Representative images of iNOS/GFAP immunostaining showing the differential effects in astroglial
morphology and iNOS expression of HMGB-1 and LPS exposure on mixed glial cell cultures after 24 h of exposure; bar = 10 µm. (D) Quantitative analysis of p65
nuclear localization over time as the percentage of GFAP + astrocytes from mixed glial cultures showing nuclear p65 staining (NF-κB activation) after 500 ng/ml
HMGB-1 exposure. (E) A similar experiment in mixed glial culture showing the Iba-1 + microglia with nuclear p65 staining over time after 500 ng/ml HMGB-1
exposure. (F,G) Astrocyte enriched cultures (less that 1% microglia) (F) or mixed glia (G) showing the percentage of GFAP + astrocytes with different patterns of
NF-κB p65 subunit localization at different time points after 500 ng/ml HMGB-1 exposure. High activation was defined as predominant nuclear p65; mild activation is
nuclear and cytoplasmic p65 of equivalent intensity, and inactive is cytoplasmic-only p65 immunostaining. Insets represent typical patterns of the NF-κB p65 subunit
localization in astrocytes. Note the absence of cells showing highly activated NF-κB in astroglial-enriched culture. (H) Rat microglial culture (> 99% Iba-1 + microglia)
showing the p65 nuclear localization after 3 h exposure to 25 ng/ml LPS (pro-inflammatory control) or 500 ng/ml HMGB-1. (I,J) Rat microglial cultures were exposed
to 500 ng/ml HMGB-1 for 18 h and the percentage of amoeboid microglia (I) or TREM-2 immunostained microgliocytes (J) were evaluated. Statistical analyses were
performed by one way ANOVA and Student Newman–Keuls post-test, with statistical significance represented as ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001. Data
presented in the graphs are mean ± SEM from three experiments. In (I,J), Mann–Whitney non-parametrical test was used and data were represented as the median
with box showing the interquartile range and whiskers showing the highest and lowest values.

LPS-exposed glial cells. Considering that HMGB-1 effects are
proposed to be mediated by PRR, mainly TLR2 and TLR4, we
then performed the same experimental design but using primary
glia from TLR2 knockout mice, or exposed to LPS and the
antagonist VGX-1027 to block TLR4. As expected, HMBG-1 was
less efficient in inducing neuronal death in glial cultures obtained
from TLR2 knockout animals or exposed to TLR4 blockade
(Figures 3C,D). We conclude that detrimental HMGB-1 effects
on neurons are mediated by glial cells by engaging TLR2-
and TLR4-signaling.

HMGB-1 Induces TLR4 Expression and
Activates NF-κB Dependent Signaling in
Primary Astroglial Cultures Containing
Microglia
In different cell types, including glia, engagement of TLR2
and TLR4 classically activates feed-forward loops that stimulate
innate immunity receptor expression and pro-inflammatory
polarization by stimulating downstream NF-κB signaling.
To evaluate if HMGB-1 was able to induce these effects, mixed
glial cultures containing astrocytes and microglia were exposed
to HMGB-1, and TLR4, and TREM-2 innate immunity receptor
expression was assessed. As shown in Figure 4A, HMGB-1
exposure increased TLR4 mRNA expression in glial cells.
Immunocytochemistry experiments also showed that HMGB-1
increased TREM-2 (Figure 4B) and augmented iNOS expression
in glial cells, although to a lesser extent than the classical pro-
inflammatory molecule LPS (Figure 4C). TREM-2 expression
was mainly regarded to myeloid-derived cells and microglia,
but some groups, including ours have shown that TREM-2
can be expressed by reactive astrocytes (Rosciszewski et al.,
2018). In addition, HMGB-1 induced morphological changes
in GFAP + astrocytes toward a stellated and highly ramified
reactive phenotype (Figure 4C). We then looked into NF-κB
activation, which is the canonical TLR2 and TLR4 downstream
pathway. Analysis of NF-κB p65 subunit nuclear localization
in glial mixed cultures, containing astrocytes and microglia,
showed that HMGB-1 exposure induces a time-dependent NF-
κB activation in both cell types, identified with GFAP and Iba-1,
respectively (Figures 4D,E). However, a closer cell-type specific

analysis in these glial mixed cultures revealed a higher microglial
NF-κB activation following HMGB-1 treatment (Figures 4D,E).
Then, we compared the results found in mixed glial cultures
with experiments in astroglial enriched cultures obtained by
reducing the amount of microgliocytes to less than 1% by
shacking and subsequent 5-fluorouracyl treatment, as described
in Rosciszewski et al. (2018). In these conditions, purified
astrocytes did not achieve a high NF-κB activation level (nuclear
p65 localization without cytoplasmic p65 staining) following
HMGB-1 exposure (Figure 4F). They rather became mildly
activated, showing similar intensity in nuclear and cytoplasmic
p65 staining, while inactive cells showed negative nuclear p65
staining (Figure 4F). Conversely, the presence of microglia
facilitated astrocytic NF-κB activation, since highly NF-κB -
activated astrocytes after HMGB-1 exposure were only observed
in the presence of microglia (Figure 4G). We conclude that
microglia facilitates NF-κB activation in astrocytes following
HMGB-1 exposure. Then, we wondered if HMGB-1 had a direct
effect on microglia. To test that hypothesis, we exposed pure
microglial cultures to HMGB-1 and analyzed NF-κB activation,
microglial cell morphology and the expression of TREM-2 as
a marker of the M2 anti-inflammatory phenotype. HMGB-1
exposure induced NF-κB activation in microglial cultures, but
to a lesser extent than the activation level observed in response
to LPS exposure used as a pro-inflammatory control stimulus
(Figure 4H). On the other hand, neither the morphology
nor TREM-2 expression was significantly affected by HMGB-1
exposure (Figures 4I,J). We conclude that HMGB-1 activates an
NF-κB dependent pathway in glial cells. While HMGB-1 displays
a direct effect on microglia, astrocytes require the presence of
microglia to achieve the highest level of NF-κB activation.

HMGB-1 –Induced NF-κB Activation in
Primary Glial Cultures Is
TLR2/TLR4/RAGE-Dependent
Previous reports have shown that HMGB-1 effects are mediated
by different PRR including TLR2, TLR4, and RAGE (reviewed
in Tian et al., 2017); however, the reported studies comprised
different cell types. As stated above, our results have shown
that glial-mediated HMGB-1 detrimental effects on neurons
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FIGURE 5 | HMGB-1 –induced NF-κB activation in astrocytes depends on the PRR TLR2, TLR4, and RAGE. (A) Representative images of glial cell cultures
containing approximately 95% astrocytes (star-like cells) and 5% microglia (small rounded cells) exposed to Histidine-tagged recombinant HMGB-1 for 1 h, medium
was replaced and immunocytochemistry for the His-tag was performed; bar = 10 µm. (B–D) Quantitative results of the p65 NF-κB subunit nuclear localization in glial
cell cultures obtained from wild type, TLR2 (B), TLR4 (C) knockout mice or incubated with the RAGE neutralizing antibody (1 ug/ml) (D). (E) Representative images
of p65 NF-κB subunit nuclear localization in glial cell cultures exposed to HMGB-1 and immunostained for p65 (red) and counterstained with nuclear DAPI. Control
cultures were wild type glial cell cultures incubated with an unspecific antibody of the same isotype as anti-RAGE; bar = 40 µm. In all cases, glial cultures were
exposed to 500 ng/ml HMGB-1 during 3 h. Data show the percentage of GFAP + astrocytes showing nuclear p65 NF-κB subunit localization. Statistical analyses
were performed by one way ANOVA and Student Newman–Keuls post-test, with statistical significance represented as ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001.
Data presented in the graphs are mean ± SEM from three experiments.

require TLR2 and TLR4 signaling (Figure 3). We then decided
to perform a loss-of-function study by analyzing the specific
contribution of TLR2, TLR4, and RAGE to the HMGB-1 effects
in glial cells. Firstly, we analyzed whether HMGB-1 effectively
binds to glial cells in vitro by exposing cultures to human
recombinant His-tagged HMGB-1, subsequent washing and
revealing the bound protein with an anti-His tag specific antibody
avoiding the permeabilization step. As shown in Figure 5A,
immunofluorescence showed a dose-dependent increase in the
HMGB-1 binding to microglia and astrocytes, demonstrating that
HMGB-1 binds to glial cells. To analyze the signaling pathways
activated by HMGB-1 in glial cells and the requirement of TLR2
and TLR4 for downstream HMGB-1-induced NF-κB activation,
we exposed mixed glial cultures from TLR4 or TLR2 knockout
animals to HMGB-1. As shown in Figures 5B,C, the HMGB-1
effect on astrocytes from mixed glial cultures is TLR2- and TLR4-
dependent, since a decreased NF-κB activity was observed in the
knock out cultures exposed to HMGB-1. RAGE dependence was
established by blocking RAGE with neutralizing antibodies, and
Figure 5D shows that NF-κB activation in glial cells is abolished
by pre-incubation with these blocking immunoglobulins. In
Figure 5E, representative images of the p65 NF-κB subunit
nuclear localization patterns in the different loss-of-function
paradigms are shown. We conclude that HMGB-1 –induced NF-
κB activation in glial cells can be mediated by either TLR2, TLR4,
or RAGE-dependent signaling.

In vivo HMGB-1 Blockage With
Glycyrrhizin Reduces Reactive Gliosis
and Neuronal Degeneration in a
Model of TLE
Having established that HMGB-1 activates PRR-dependent
signaling pathways in glial cells and that it is detrimental
for neuronal survival, we decided to analyze the neuronal
and glial effects of HMGB-1 blockage after the SE induced
by lithium-pilocarpine administration in rats. The lithium-
pilocarpine model of TLE is a well-established epilepsy paradigm
that reproduces most of the features of human TLE, by inducing
a precipitating event (SE) followed by a silent epileptogenic
period, and subsequently developing spontaneous epileptic
seizures (reviewed in Curia et al., 2008). SE induced by lithium-
pilocarpine treatment produces sustained reactive gliosis and
neurodegeneration in piriform cortex and hippocampus, which
are hypothesized to be essential for epileptogenesis (Rossi et al.,
2013, 2017). Here, animals received the HMGB-1 blocking
drug glycyrrhizin twice a day for 4 days, after developing

SE (4DPSE) by lithium-pilocarpine administration and were
analyzed after 15 days (15DPSE) (Figure 6). As shown in
Figure 7, animals treated with glycyrrhizin showed a significative
reduction in reactive microgliosis compared with the SE exposed
animals that received vehicle. Early treatment with glycyrrhizin
drastically reduced reactive Iba-1 + microglia in hippocampal
CA-1 (Figures 7A–C) and piriform cortex (Figures 7D,E),
although glycyrrhicin did not prevent the formation of a necrotic
core in the piriform cortex (Figure 7F). Reactive astrocytes
overexpress GFAP showing evident signs of hypertrophy,
enlarged projections and soma size. As shown in Figure 8,
glycyrrhizin early treatment also attenuated reactive gliosis in the
hippocampal CA1 region (Figures 8A–C) and piriform cortex
(Figures 8D,E). In addition, glycyrrhizin treatment prevented
neuronal alterations evidenced by atypical NeuN mobilization
from the nucleus to the cytoplasm, in the pyramidal cell layer of
hippocampal CA-1 area (Figures 9A–C). However, glycyrrhizin
treatment was not able to prevent NeuN alypical sub-cellular
distribution in the piriform cortical neurons, but successfully
reduced neuronal loss in that brain area (Figures 9D–F).
It should be noted that NeuN mobilization to the neuronal
cytoplasm is an early marker of reversible neuronal alterations,
while its disappearance evidence neuronal loss (Robertson et al.,
2006; Angelo et al., 2014). We conclude that HMGB-1 blockage
immediately after SE, during the silent period that follows this
IPE, is beneficial to reduce reactive gliosis and to improve
neuronal survival.

DISCUSSION

HMGB-1 is a prototypical DAMP released after cell injury and
capable of activating innate immune responses. In the CNS,

FIGURE 6 | Schematic representation of the in vivo treatment with HMGB-1
antagonist glycyrrhizin after pilocarpine-induced status epilepticus (SE).
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FIGURE 7 | HMGB-1 antagonist glycyrrhizin reduces reactive microgliosis after pilocarpine-induced SE. Rats were exposed to pilocarpine-induced SE, treated with
glycyrrhizin or vehicle for 4 days and analyzed after 15 days. (A) Representative images of Iba-1-immunostained microgliocytes in the CA-1 hippocampal area
showing hippocampal Stratum Oriens (SO), hippocampal pyramidal layer (Pyr), and also the Corpus Callosum (CC). Note the increased microglial cell abundance in
SE exposed animals and the decrease in microglial cell abundance in SE glycyrrhizin-treated animals. Scale bar: 15 µm. (B) Quantitative analysis of the
Iba-1 + microglial cell abundance hippocampus of control, SE and SE animals treated with glycyrrhizin. (C) Low magnification of the Iba-1-immunostained
hippocampus to visualize the different regions (scale bar: 350 µm) and the schematic representation of the analyzed areas in a coronal rat brain section. Cx, Brain
cortex; CC, Corpus Callosum; DG, Dentate Gyrus; CA-1, Hippocampal CA-1 area; SR, Stratum Radiatum; SO, Stratum Oriens; Pyr, Pyramidal neurons.
(D) Representative images of Iba-1-immunostained microgliocytes in the piriform cortex. Scale bar = 30 µm. Note that necrotic core has been colonized by
microgliocytes and thus it is not distinguished in these images but noticeable in the low magnification image (F). (E) Quantitative analysis of Iba-1-immunostained cell
area in the piriform cortex and hippocampus of control, SE and SE animals treated with glycyrrhizin. Statistical analyses were performed by one way ANOVA and
Student Newman–Keuls post-test, with statistical significance represented as ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001. Control animals were exposed to lithium
chloride and saline was used as vehicle. The number of animals were n = 6 per experimental group.

HMGB-1 was shown to be released after different types of acute
injury (Muhammad et al., 2008; Qiu et al., 2008, 2010; Gao
et al., 2012, 2018; Laird et al., 2014; Sun et al., 2014; Haruma
et al., 2016; Parker et al., 2017) and after SE (Fu et al., 2017).
Extracellular HMGB-1 interacts with TLR2, TLR4, and RAGE
to induce innate immunity activation and neuroinflammation
within the CNS (Qiu et al., 2010; Yang et al., 2010; Weber et al.,
2015; reviewed in Tian et al., 2017). Once released into the
brain parenchyma, HMGB-1 can reach the blood, where brain-
derived HMGB1 can be redox modified in the circulation; the
oxidized form acts as a cytokine targeting peripheral organs,
specifically bone marrow and spleen, to recruit myeloid cells and
activate peripheral immune cells (Liesz et al., 2015; Singh et al.,
2016). Activated immune competent cells also actively release an
acetylated form of HMGB-1, probably as a result of maturation
in the periphery (Venereau et al., 2016; Singh et al., 2016).

In epilepsy studies, HMGB-1 has gathered increasing
attention because it has been hypothesized that it may play
a role in epileptogenesis, being both a pharmacological target
and a biomarker for the silent phase of the disease (reviewed
in Paudel et al., 2018). Animal models of acute and chronic
seizures have shown that HMGB-1 receptors are expressed after
experimental seizures (Maroso et al., 2010; Rossi et al., 2017)
and that HMGB-1/TLR4 signaling plays a role in generating
and perpetuating seizures by modifying ionotropic glutamatergic
subunit NR2B phosphorylation (Maroso et al., 2010). Human
tissue from epileptic lesions has shown overexpression of HMGB-
1 and the proposed binding receptors TLR2, TLR4, and RAGE
(Zurolo et al., 2011).

Our present results support the assumption that HMGB-1
dependent signaling pathways appear to be centrally involved
in the well-characterized initial neuroinflammation and
neurodegeneration that follow the IPE (Rossi et al., 2013, 2017).
HMGB-1 is released after SE (Fu et al., 2017) and we here
propose that, acting on astrocytes and microglia, HMGB-1
activates TLR2/TLR4/RAGE signaling pathways that facilitate
neurodegeneration. Undoubtedly, our results also support that
HMGB-1-dependent signaling pathways are also likely to be
involved in other acute injuries in the CNS such as TBI and
ischemia where HMGB-1 was shown to be released from the
necrotic core (Muhammad et al., 2008; Kim et al., 2018).

In vitro experiments using hippocampal mixed cultures
containing glial cells and neurons showed the ability of
HMGB-1 to induce neurite retraction and reactive gliosis. The

dose-response studies show that neurodegenerative HMGB-1
effects correlate with reactive gliosis. This neurotoxic effect is
abolished when neurons are seeded in absence of microglia and
astrocytes. These observations remarkably show that glial cells
are required for the detrimental HMGB-1 effects on neuronal
survival to become evident. Previous reports have proposed
that neurodegenerative HMGB-1 effects after SE and TBI are
due to HMGB-1-induced alterations in blood-brain barrier
permeability (Laird et al., 2014; Fu et al., 2017). We here report
that exogenously applied HMGB-1 is able to induce neuronal
degeneration when glial cells are present in the culture, showing
that HMGB-1 requires glial cells to promote neurodegeneration.

As a DAMP, HMGB-1 has the ability of activating PRR,
which are innate immunity receptors that are also activated
by PAMP. By comparing HMGB-1 with the prototypical pro-
inflammatory PAMP LPS, we here show that both HMGB-1
or LPS-treated glia induces neuronal death. Signaling pathways
activated by HMGB-1 in different cell types, including the
professional immune cells, are triggered by engaging the classical
innate immunity receptors RAGE, TLR2, and TLR4 (Pedrazzi
et al., 2007; Choi et al., 2017; Paudel et al., 2018). By combining
glial cell cultures obtained from TLR2 knockout mice brains
and TLR4 pharmacological blockade with the chemical inhibitor
VGX-1027, we demonstrate here that detrimental HMGB-1
effects on neurons are mediated by glial TLR2 and TLR4.
Upon ligand binding, TLR2 or TLR4 initiate a well-characterized
signal transduction pathway, that leads to the activation of NF-
κB and expression of pro-inflammatory target genes (reviewed
in Crack and Bray, 2007; Tajalli-Nezhad et al., 2018). By
using glial cell cultures containing astrocytes and microglia,
we here show that both cell types exhibit a significant NF-κB
activation following HMGB-1 exposure, and that this activation
is TLR2/TLR4/RAGE-dependent. However, astroglial enriched
cultures containing less than 1% microglia showed a reduced NF-
κB activation, thus suggesting that microglial cells are necessary
to achieve a significant level of NF-κB activation in astrocytes
after HMGB-1 exposure. Microglial cultures lacking astrocytes,
on the other hand, still responded to HMGB-1 but to a lesser
extent than to the prototypical PAMP LPS, and failed to show
the phenotypical switch to the amoeboid activated state, or to
change the expression of the classical M2 phenotype marker
TREM-2. HMGB-1-induced AQP4 expression was previously
shown to depend on microglia-astroglial interaction through
soluble mediators (Ohnishi et al., 2014). Moreover, Gao et al.
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FIGURE 8 | HMGB-1 antagonist glycyrrhizin reduces reactive astrogliosis after pilocarpine-induced SE. Rats were exposed to pilocarpine-induced SE, treated with
glycyrrhizin or vehicle for 4 days and analyzed after 15 days. (A) Representative images of GFAP-immunostained astrocytes showing the CA-1 hippocampal area.
The insets depict astroglial cell morphology in detail. Note the increased astroglial hypertrophy with enlarged projection and increased soma size in SE-exposed
animals and the decreased hypertrophy in SE glycyrrhizin-treated animals. Scale bar: 30 µm. (B) Quantitative analysis of the GFAP + astroglial cell morphology in
the hippocampus of control, SE and SE animals treated with glycyrrhizin. (C) Low magnification of the GFAP-immunostained hippocampus to visualize the different
regions (scale bar: 300 µm) and a schematic representation of the analyzed areas in a coronal rat brain section. Cx, Brain cortex; CC, Corpus Callosum; DG,
Dentate Gyrus; CA-1, Hippocampal CA-1 area; SR, Stratum Radiatum; SO, Stratum Oriens; Pyr, Pyramidal neurons. (D) Representative images of
GFAP-immunostained astrocytes in the piriform cortex. Note the necrotic core (∗) that is characteristic of SE-exposed animals surrounded by highly hypertrophied
astrocytes. Scale bar = 35 µm. (E) Quantitative analysis of GFAP-immunostained cell area in the piriform cortex and hippocampus of control, SE and SE animals
treated with glycyrrhizin. Statistical analyses were performed by one way ANOVA and Student Newman–Keuls post-test, with statistical significance represented as
∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001. Control animals were exposed to lithium chloride and saline was used as vehicle. The number of animals were n = 6 per
experimental group.
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FIGURE 9 | HMGB-1 antagonist glycyrrhizin improves neuronal survival after pilocarpine-induced SE. Rats were exposed to pilocarpine-induced SE, treated with
glycyrrhizin or vehicle for 4 days and analyzed after 15 days. (A) Representative images of NeuN immunostaining that labels the CA-1 hippocampal pyramidal
neurons. Stratum Oriens (SO) and Stratum Radiatum (SR) are also shown. Note the decreased NeuN immunostaining and NeuN relocalization to the cytoplasm,
both features of neurodegeneration, in SE-exposed animals and the partial recovery induced by glycyrrhizin treatment. Scale bar: 28 µm. (B) Quantitative analysis of
NeuN-immunostained neurons showing atypical NeuN localization in the cytoplasm in the CA-1 pyramidal cell layer of control, SE and SE animals treated with
glycyrrhizin. (C) Low magnification of the NeuN-immunostained hippocampus to visualize the different regions and the typical NeuN labeling of hippocampal
neurons. Scale bar: 350 µm. Cx, Brain cortex; CC, Corpus Callosum; SO, Stratum Oriens; Pyr, Pyramidal cell layer; SR, Stratum Radiatum; CA-1, Hippocampal
CA-1 area. The scheme shows the localization of the analyzed areas in a coronal rat brain section (D) Representative images of NeuN-immunostained neurons in the
piriform cortex, images were taken in caudal position to the necrotic core. The absence of NeuN immunostaining in the brain cortical layer I (moleculare), scale bar:
40 µm. (E) Quantitative analysis of the atypical NeuN-immunostained neurons showing the NeuN redistribution to the cytoplasm in the piriform cortex of control, SE
and SE animals treated with glycyrrhizin. (F) Quantitative analysis of the total area of NeuN-immunostained neurons in the piriform cortex of control, SE and SE
animals treated with glycyrrhizin. Note that glycyrrhizin treatment did not prevent the atypical NeuN localization but significantly reduced neuronal loss induced by SE.
Statistical analyses were performed by one way ANOVA and Student Newman–Keuls post-test, with statistical significance represented as ∗p < 0.05, ∗∗p < 0.01,
and ∗∗∗p < 0.001. The number of animals were n = 6 per experimental group.

(2011) have shown that dopaminergic neurodegeneration in
experimental Parkinson Disease requires HMGB-1-activated
microglia and downstream NF-κB signaling (Gao et al., 2011).

HMGB-1 exposure also seems to induce pro-inflammatory
priming in microglial cells of aged brains (Fonken et al., 2016)
and the microglial inhibitor named minocicline reduces reactive
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microgliosis and HMGB-1 release by activated glia (Hayakawa
et al., 2008) Stroke. In this scenario, our results support the
notion that microglial-astroglial interaction is required for glial
cells to fully respond to HMGB-1, and that this interaction
is also required for the HMGB-1 neurodegenerative effects to
become evident, since HMGB-1 was unable to reduce neuronal
survival in primary cultures lacking glial cells. In addition,
our findings in reconstituted cultures that prevent cell contact
support the notion that soluble glial cell-derived neurotoxic
mediators released upon HMGB-1 stimulation are those able to
induce neuronal degeneration without requiring cell contact to
exert their effect. The obvious candidate molecules to mediate
this effect are classical proinflammatory cytokines such as IL-1β

and TNF-α as well as the complement molecule C1q. All these
molecules have shown to facilitate astroglial polarization to
the proinflammatory-neurodegenerative phenotype (Liddelow
et al., 2017). However, more complex cell-to-cell communication
pathways like extracellular vesicles can not be ruled out. This area
requires further studies in the near future.

Upon binding to target receptors, extracellular HMGB-1
behaves as a typical DAMP, activating PRR-dependent signaling
pathways (reviewed in Paudel et al., 2018). We here demonstrated
that HMGB-1 induces the translocation of NF-κB to the glial
cell nucleus in a TLR2-, TLR4-, and RAGE-dependent manner.
The NF-κB-dependent pro-inflammatory responses are probably
centrally involved in the neurodegeneration induced by HMGB-
1-activated glial cells. Taken together, our results show a
novel microglial-astroglial cooperation required for the DAMP
HMGB-1 to induce neurodegeneration. This cellular interaction
reflects the astroglial engagement in innate immunity and is likely
to be a common pathway in brain injury.

A growing body of evidence shows the beneficial role of
interfering with HMGB-1 effects after brain injury. HMGB-1
blockade using neutralizing antibodies has been repeatedly
shown to be beneficial for brain ischemia and TBI (Okuma et al.,
2012; Wang C. et al., 2016), to prevent BBB disruption in a model
of Alzheimer’s disease (Festoff et al., 2016), reduce 6 hydroxy-
dopamine induced neuronal death (Sasaki et al., 2016) and to
reduce neuroinflammation and neurocognitive dysfunction in
the aged brain (Fonken et al., 2016; Terrando et al., 2016).

The natural molecule glycyrrhizin, a component from the
liquorice root, has also been tested to block HMGB-1 effects
since it directly binds to HMGB-1 preventing its interaction
with ligand receptors (Okuma et al., 2014). Glycyrrhizin
administration was shown to reduce dopamine neuronal death
in experimental models of Parkinson’s disease (Qi et al., 2015;
Santoro et al., 2016). Glycyrrhizin treatment after experimental
stroke was effective in reducing infarction (Kim et al., 2012)
and neuroinflammation (Xiong et al., 2016), ameliorated
intracerebral hemorrhage-induced edema and neuronal loss
(Ohnishi et al., 2011), reduced isofluorane-induced neuronal
death in neonatal brains (Wang W. et al., 2016) and diminished
motor deficits as well as neuroinflammation after experimental
TBI (Okuma et al., 2014).

It has been reported that a transient induction of HMGB-1
release occurs after pilocarpine-induced seizures (Fu et al., 2017)
in a striking similarity to the HMGB-1 release previously reported

in other acute brain injuries (Muhammad et al., 2008; Kim
et al., 2018). Accordingly, anti-HMGB-1 antibody administration
after seizures reduces neuronal death, acute cytokine release, and
astroglial and microglial reactivity in the acute time frame (Fu
et al., 2017). In addition, glycyrrhizin administration 30 min
before initiating kainic acid-induced seizures in mice suppresses
HMGB-1 release (Luo et al., 2014), and consequently reduces
reactive gliosis and neuronal death (Luo et al., 2013, 2014).
Very recently, Li et al. (2018) have shown that glycyrrhizin
treatment ameliorates acute hippocampal neuronal damage and
reduces BBB disruption after lithium-pilocarpine treatment (Li
et al., 2018). Together, this evidence points toward a main
role of HMGB-1 released in the early stages that follow an
IPE. In agreement with this, and extending these previous
findings, we here show that glycyrrhizin administrated 30 min
after pilocarpine-induced seizures partially protects neurons
and reduces reactive gliosis in the long term. Thus, having
in mind our in vitro and in vivo mechanistic findings, we
propose that early interference with HMGB-1 released by
seizure-damaged neurons during the initial latency period that
follows the IPE is able to reduce glial conversion to the
pro-inflammatory-neurodegenerative phenotype, and that this
interference produces beneficial long-lasting effects in neuronal
survival and neuroinflammation. Thus, either HMGB-1 blockage
or TLR4/TLR2/RAGE antagonist molecules would be able to
reduce neuroinflammation and neurodegeneration, phenomena
which are proposed as key early steps in epileptogenesis. Taking
together our present results with the available previous published
data, HMGB-1 and its receptors emerge as a tempting pathway to
target in order to change the development of epileptogenesis and
probably the natural history of epilepsy as a disease. Lastly, the
novel astroglial-microglial cooperation required for HMGB-1 to
produce its effects on neuronal survival described here, emerges
as a potentially shared common pathway in the acute injury in the
CNS. Thus our findings could be extended to several other types
of acute brain injury, most notably to TBI and brain ischemia
where HMGB-1 has been shown to play a major role.
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Post stroke epilepsy (PSE) is the most common cause of seizures in the elderly, yet
its underlying mechanism is poorly understood. The classification of PSE is confusing,
and there is neither a clear agreement on its incidence and prognosis nor a consensus
about specific treatments. The diagnosis of PSE requires the occurrence of late seizures:
epileptic events occurring 1 week or more after an ischemic stroke. Late seizures differ
from early seizures by the presence of permanent structural changes in the brain.
Those structural changes cause a shift in the regulation of neuronal firing and lead
to circuit dysfunctions, and thus to a long-term epileptic condition. The coagulation
cascade and some of its major components, serine proteases such as thrombin, are
known to participate in the acute phase of a stroke. Recent discoveries found that
thrombin and its protease-activated receptor 1 (PAR1), are involved in the development
of maladaptive plasticity. Therefore, we suggest that thrombin and PAR1 may have a
role in the development of PSE by inducing permanent structural changes after the
ischemic events toward the development of epileptic focuses. We are confident that
future studies will lead to a better understanding of the pathophysiology of PSE, as well
as development of more directed therapies for its treatment.

Keywords: thrombin, seizure, post stroke epilepsy, proteases-activated receptor 1, ischemic stroke

INTRODUCTION

Cerebrovascular diseases are a major cause of disability worldwide and are the most common cause
of seizure in the elderly population (Tomari et al., 2017) As stroke contributes to a significant
portion of newly diagnosed epilepsy cases (Beghi and Giussani, 2018; Feyissa et al., 2019), there is an
urgent need to further investigate this co-morbidity, which is yet poorly understood. A major cause
for this lack of information lies in the high variance of the incidence of stroke-related seizures which
range from 2 to 20% among different studies (Wang et al., 2017). The lack of clear epidemiological
data both alters the ability to assess the impact and significance of post stroke epilepsy (PSE) as
well as humpers clinical care by leaving many cases misdiagnosed and untreated. The major causes
for this variability derive from multiple stroke etiologies (Stefanidou et al., 2017), inconsistent
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definitions of stroke related seizure and PSE (Stefanidou et al.,
2017; Zhao et al., 2018), variations in time of follow up
(Stefanidou et al., 2017; Zhao et al., 2018) and lack of organized
protocols (Pitkänen et al., 2016).

As a consequence of these discrepancies, little is known
about the relatively common condition of stroke related seizure.
A limited comprehension of the mechanisms underlying the
connection between stroke and epilepsy are significant as it
contributes to the faults described in clinical evaluation and
treatment. Fortunately, recent discoveries involving activation of
the coagulation cascade in the context of blood brain barrier
(BBB) breakdown after stroke are providing novel data on the
possible pathophysiological mechanisms of PSE which may lead
to novel diagnostic and therapeutic tools. In this review, we will
shortly describe the state-of-the-art knowledge on early seizure
(ES) and PSE, discuss the role of the proteases involved in
this process and try to elucidate how proteases are related to
development of circuit dysfunction and maladaptive plasticity
leading to epilepsy in the context of ischemic stroke.

POST STROKE SEIZURES AND
EPILEPSY

In an attempt to settle the discrepancies mentioned above, The
International League Against Epilepsy defined criteria that try
to differentiate between two types of stroke related seizure by
their time of onset. ES occurs within a week after stroke and
a late seizure (LS) takes place at least a week or more after
an ischemic event (Arboix et al., 2003; Lamy et al., 2003; Xu,
2019). This separation has a critical and functional importance:
the pathological mechanisms underlying both conditions seem
to have distinct differences. ES is related to acute ischemic
changes such as hypoperfusion, variations in calcium and
sodium concentrations and glutamate release (Myint, 2006). This
temporary ischemia may lead to uncontrolled epileptic activity
that halts when the patient passes the acute phase. Differently, LS
is a long-term continuing disorder resulting from the permanent
structural and functional remodeling of damaged brain areas
after an ischemic stroke. Importantly, unlike ES, this long term
condition has high probability to lead to permanent changes in
neuronal excitability (Silverman et al., 2002), an hyperexcitability
state leading to increased risk of epileptic activity. PSE diagnosis
is based on the presence of two recurrent seizures, which were not
provoked by any factor (metabolic, toxic or other) and did not
occur in the acute phase of stroke (Sarecka-Hujar and Kopyta,
2019). Therefore, PSE diagnosis does not follow ES, only the
occurrence of a LS is required (Zhao et al., 2018).

It is hard to predict which patient will develop ES, LS, and PSE,
but certain risk factors are involved. For example, specific stroke
types, such as hemorrhagic stroke and total anterior circulation
stroke are strongly correlated with increased chance of PSE
(Leone et al., 2009; Graham et al., 2013). ES, with an overall
prevalence of 3.8% (Feher et al., 2019), is also correlated with
similar stroke groups, being more common after hemorrhagic
(8.4%) compared to ischemic stroke (2.4%) (Szaflarski et al.,
2008). The extent of cortical injury is also considered to be an

important issue for both ES and LS, as studies have shown that
the involvement of the parietotemporal cortex, supramarginal
gyrus and superior temporal gyrus seems to be connected to
post stroke epileptogenesis (Zhao et al., 2018). Lacunar strokes
are also associated with PSE, accounting for 11% of PSE cases
(Pitkänen et al., 2016; Zhao et al., 2018). However, they are
less representative than ischemic events with significant cortical
involvement (Pitkänen et al., 2016).

Management of ES and PSE is of major importance, yet the
present guidelines do not give a definitive curriculum for the
management of those patients. While the current criteria for
antiepileptic drug selection are based on the specific individual
background of the patient, no consideration on either seizures
pathogenesis or risk factors to develop ES and PSE in the
future (De Reuck, 2009; Gilad, 2012) are part of the clinical
decision process. The identification of the risk for developing
ES and PSE through better classification may allow precise
treatment that will benefit patients that are currently managed
as generic focal epilepsy with no regard to prior cerebrovascular
event (Wang et al., 2017). According to recent studies, nearly
35% of the patients with ES, LS, and PSE are resistant to
antiepileptic treatment. Critically, both the drug resistant and
seizure free patients suffer more of drugs adverse effects than
general epilepsy patients (Xu, 2019). Additional limitations can
be found regarding the prediction of PSE patient outcome.
Different studies have shown either an increased (Arntz et al.,
2015) or no association (Arntz et al., 2013) of PSE to risk of
mortality or disability based on Modified Rankin Scale. If in
the future better diagnostic and prognostic tools will be found,
medical decisions regarding PSE management may be dealt in a
more precise manner then it is today.

PROTEINS AND PROTEASES INVOLVED
IN ES AND PSE

In recent years, several studies have suggested a novel approach
which may be key for understanding the basic pathological
mechanisms associated with the development of ES and PSE.
This novel approach is targeting a number of key proteins
and proteases involved in the acute phase of stroke that can
increase the risk to develop epileptic conditions (Lee et al.,
1997; Isaeva et al., 2012; Terunuma et al., 2019). Thrombin,
a serine protease derived from the prothrombin cleavage
by activated factor X, has a major role in the coagulation
cascade (Coughlin, 2000; Göbel et al., 2018) since it mediates
the conversion of fibrinogen to fibrin and activates other
coagulation factors V, VIII, XI, XIII, and protein C. Thrombin
signaling depends on binding to its receptor, the protease-
activated receptor (PAR1), a member of the G coupled receptor
family, and has a major influence on endothelial disruption,
cytotoxicity and inflammation (Coughlin, 2000; Chen et al.,
2010; Pleşeru and Mihailă, 2018). Thrombin also serves as
an important therapeutic target. Dabigatran, a non-vitamin K
antagonist oral anticoagulant approved for stroke prevention
in atrial fibrillation patients, is a direct thrombin inhibitor
(Alberts et al., 2012).
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FIGURE 1 | Suggested model – Ischemic stroke leading to maladaptive plasticity and PSE: Following a cerebral vascular occlusion, thrombin increases in the brain.
This increase may be as a result of BBB breakdown and entrance of vary blood components into the brain parenchyma or by brain tissue intrinsic production.
Thrombin and its main receptor PAR1 enhance NMDA receptor activity and calcium entry, thus leading to a hyperexcitable state and to maladaptive plasticity.
Eventually, synchronized epileptic activity occurs as a part of a PSE condition. Created with BioRender.

Beyond its major role in cerebrovascular disease, thrombin has
also been pointed as main character in the development of ES
after stroke. In acute stroke, cytokine activity promotes an intense
neuroinflammation, which underlies BBB disruption. Loss of
BBB integrity induces an increase in permeability, facilitating
influx of blood components into the brain parenchyma
(Abdullahi et al., 2018; Yang et al., 2019). Among various blood
components, there is also penetration of serine proteases, such
as plasmin and thrombin (Gingrich and Traynelis, 2000), that
in turn activates PAR receptors (Ben Shimon et al., 2015).
This activation enhances NMDA receptor and calcium overload,
thus inducing glutamate mediated neurotoxicity (Gingrich et al.,
2000; Stein et al., 2015). Excitatory and inhibitory synapses may
be both involved in this process, either through Bestrophin-
1 anion channel opening and consequent PAR1 activation in
astrocytes (Park et al., 2015) and/or a direct activation of PAR1
in inhibitory interneurons (Maggio et al., 2013). In the former
case, through an astrocytic mediated response, an increase in
synchronous neuronal firing is achieved (De Pittà and Brunel,
2016; Murphy et al., 2017). In the latter scenario, the activation
of PAR1 in interneurons might directly affect IPSCs and thus
enhance the excitability of the neuronal network (Maggio
et al., 2013). In both cases, a significant hyperexcitable state is
established and contributes to seizure onset in the acute phase
of stroke (Figure 1).

Thrombin and PAR1 signaling contribution to ES is relatively
clear. However, knowledge about their action in late cortical
remodeling remains limited. A possible late outcome of their
signaling could modify physiological plasticity and eventually
lead to the development of maladaptive plasticity that can trigger
PSE. Future research should seek to unravel how and when this
critical shift occurs.

STROKE AS A LEADING CAUSE FOR
MALADAPTIVE PLASTICITY AND
CIRCUIT DYSFUNCTION

One of the main phenomena involved in synaptic plasticity
is long term potentiation (LTP), a process which induces
active strengthening of synapses, thus posing an important

part of memory and learning processes (Rumpel, 2005;
Nabavi et al., 2014). LTP requires the activation of NMDA
receptors (NMDAR), which in turn leads to increased
calcium influx, a hallmark of synaptic plasticity. The calcium
influx induces the expression of more NMDAR as well
as increasing axonal sprouting and the formation of new
synapses, further strengthening the synapse in the process of
positive feedback (Zhou et al., 2015; He and Jin, 2016). LTP is
input specific, since it is originated and spread only through
relevant synapses that will participate in plasticity process
(Luscher and Malenka, 2012).

Proteins and proteases involved in ES and PSE
pathophysiology also contribute to homeostatic plasticity.
Under normal conditions, PAR1 has several functions in
the CNS, such as mediating nerve growth factor release
and astrocyte proliferation (Noorbakhsh et al., 2003). In
the hippocampus, the major expression of PAR1 is in
astrocytes, which are responsible for glutamate release and
NMDAR enhancement, crucial for LTP process (Almonte
et al., 2013). Additionally, it has been shown that thrombin
effects, via PAR1 activation, are dose dependent. Low doses
of thrombin enhances plasticity, contributing to learning
and memory formation, while high concentration, which
typically occurs after stroke, inhibit this physiological
pathway and activate a pathological form of plasticity
(Ben Shimon et al., 2015).

Under stress, such as the one caused by oxygen and glucose
deprivation, the role of ischemic LTP (iLTP), a pathological form
of LTP, alters physiological plasticity.

Ischemic LTP and LTP have shared mechanisms,
since both work through activation of NMDAR, but also
bear major differences. iLTP is not input specific like
physiological LTP, since it is more specific to NMDA
and not necessarily linked to memory (Lenz et al., 2015).
Additionally, it has been shown that iLTP can inhibit
physiological LTP (Lyubkin et al., 1997), resulting in deficits
of hippocampal LTP thus leading to cognitive deficits (Orfila
et al., 2018). Therefore, iLTP can enhance a process called
maladaptive plasticity, which leads to a restructure of
neuronal network and consequently disruption of function
(Ben Shimon et al., 2015).

Frontiers in Cellular Neuroscience | www.frontiersin.org 3 September 2019 | Volume 13 | Article 39791

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


fncel-13-00397 September 12, 2019 Time: 16:14 # 4

Altman et al. Thrombin and Post-stroke Epilepsy

Under acute ischemic conditions, an excessive glutamate
influx drives toxic processes such as extreme excitotoxicity and
hyperexcitability (Lai et al., 2014). To protect the brain and
compensate for neuronal loss, plasticity processes occur through
mechanisms such as iLTP (Stein et al., 2015). However, as
mentioned above, iLTP can also lead to pathological forms of
plasticity, or maladaptive plasticity and consequently a loss of
function. This process can lead eventually to the formation
of synchronized neuronal circuits, that in turn can end up
as epileptic focuses (Cerasa et al., 2014). Interestingly, it has
been shown that, under normal conditions, PAR1 inhibition
has no influence on dendritic morphology, which is affected
during iLTP process. This implicates that PAR1 targeted therapy
could be effective under iLTP conditions, without altering
normal brain tissue (Schuldt et al., 2016). While iLTP processes
occur in the early phase of ischemic stroke and lead to ES,
the mechanism leading to PSE remains unclear. Accumulating
evidence suggests that BBB damage and exposure to blood
protein and proteases may be involved also in LS and epilepsy
(Figure 1). For example, recent studies point that albumin plays
a role in epileptogenesis after BBB breakdown. In this context,
albumin, through TGF-β signaling activation in astrocytes, leads
to abnormal reorganization of neuronal circuits and excitatory
synaptogenesis, facilitating seizure. Similar mechanisms could
also play a role in PSE, as a synergic interaction of proteins and
proteases such as thrombin can result in long-term maladaptive
plasticity (Friedman et al., 2009; Kim et al., 2017).

Another consequence of maladaptive plasticity is linked to
the cognitive outcome. Stroke is known as a major cause of
long term cognitive decline (Cao et al., 2015). Additionally,
recent studies have shown that thrombin induced neurotoxicity
also plays a role in neurodegenerative processes and leads
to cognitive deficits (Mhatre, 2004; Stein et al., 2015) which
involve damage to reference memory and latency (Mhatre,
2004). Specific analysis of thrombin toxicity in ischemic stroke
animal models has also identified damage to similar cognitive
functions that could be rescued using direct thrombin inhibitors
(Chen et al., 2012).

The role of the serine proteases in the late phase of
ischemia and their contribution to maladaptive plasticity and PSE
development remains still unclear. A better comprehension of
the influence of brain thrombin in the development of seizures

is required to gain deeper understanding of these pathological
processes for the development of targeted therapy.

SUMMARY AND CONCLUSION

Post stroke epilepsy is a significant cause of epilepsy, yet the
underlying mechanisms leading to this condition are mostly
unknown. Better understanding of PSE pathology and its
connection to ES is a crucial step forward, since it is possible
that proper management and treatment of ES might modify the
processes of maladaptive plasticity and delay or prevent PSE
development. The lack of precise therapies will continue to be a
major obstacle going forward, as yet no clinical trials have been
set to compare the effectiveness of existing antiepileptic drugs
in PSE management.

Additionally, emerging mechanisms found in recent years
might provide a possibility to repurpose drugs indicated to other
pathologies such as ischemic stroke to ES and PSE patients. In
acute stroke, as a result of thrombin enhancement and iLTP
induction, the strengthening of excitatory synapses leads to
an hyperexcitable state and facilitates ES. Therefore, it can be
beneficial to asses in future studies whether treatment of stroke
patients with anticoagulants, specifically thrombin inhibitors,
might prevent the onset of maladaptive plasticity and possibly
reduce the incidence of PSE. If a significant difference is found,
it may be beneficial to also study the impact of anticoagulation
therapy on seizure frequency among other populations of
epileptic patients. Surely, careful selection of patients is needed to
test this latter hypothesis: patients with generalized tonic clonic
seizures may be at high risk for hemorrhages in case of falls.

All in all, as the incidence of PSE is expected to increase in
the incoming decade, more research toward the understanding
of PSE mechanisms is urgently needed. A possible search for
better PSE animal models as well as the seek of possible
biomarkers (i.e., levels of in thrombin CSF) will improve patient
management in the future.
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Slit1 is one of the known signaling factors of the slit family and can promote neurite
growth by binding to its receptor, Robo2. Upregulation of Slit1 expression in dorsal root
ganglia (DRG) after peripheral nerve injury plays an important role in nerve regeneration.
Each sensory neuronal soma in the DRG is encapsulated by several surrounding satellite
glial cells (SGCs) to form a neural structural unit. However, the temporal and spatial
patterns of Slit1 upregulation in SGCs in DRG and its molecular mechanisms are
not well understood. This study examined the spatial and temporal patterns of Slit1
expression in DRG after sciatic nerve crush by immunohistochemistry and western
blotting. The effect of neuronal damage signaling on the expression of Slit1 in SGCs was
studied in vivo by fluorescent gold retrograde tracing and double immunofluorescence
staining. The relationship between the expression of Slit1 in SGCs and neuronal somas
was also observed by culturing DRG cells and double immunofluorescence labeling.
The molecular mechanism of Slit1 was further explored by immunohistochemistry and
western blotting after intraperitoneal injection of Bright Blue G (BBG, P2X7R inhibitor).
The results showed that after peripheral nerve injury, the expression of Slit1 in the
neurons and SGCs of DRG increased. The expression of Slit1 was presented with
a time lag in SGCs than in neurons. The expression of Slit1 in SGCs was induced
by contact with surrounding neuronal somas. Through injured cell localization, it was
found that the expression of Slit1 was stronger in SGCs surrounding injured neurons
than in SGCs surrounding non-injured neurons. The expression of vesicular nucleotide
transporter (VNUT) in DRG neurons was increased by injury signaling. After the inhibition
of P2X7R, the expression of Slit1 in SGCs was downregulated, and the expression of
VNUT in DRG neurons was upregulated. These results indicate that the ATP-P2X7R
pathway is involved in signal transduction from peripheral nerve injury to SGCs, leading
to the upregulation of Slit1 expression.

Keywords: Slit1, dorsal root ganglia, P2X7R, satellite glial cells, sciatic nerve crush
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INTRODUCTION

It is well established that peripheral nerves can be regenerated
(Stoll, 1999; Vogelaar et al., 2004; Scheib and Hoke, 2013;
Cattin and Lloyd, 2016; Sanna et al., 2017; Mahar and Cavalli,
2018; Tajdaran et al., 2018; Duraikannu et al., 2019). However,
the factors affecting neuron generation are very complicated.
In addition to endogenous gene regulation, external factors
such as nerve regeneration chambers (Cattin and Lloyd,
2016), neurotrophic factors (Duraikannu et al., 2019), cytokines
(Fitzgerald and McKelvey, 2016) and inflammation responses
(Cattin and Lloyd, 2016) should also be taken into account.
Intensive previous studies have focused on Schwann cells (SCs)
(Court et al., 2008; Nave and Trapp, 2008; Parrinello et al., 2010;
Arthur-Farraj et al., 2012; Fontana et al., 2012; Beirowski et al.,
2014; Kang et al., 2014; Painter et al., 2014; Rosenberg et al.,
2014; Gomez-Sanchez et al., 2015; Isaacman-Beck et al., 2015;
Jessen et al., 2015), while little research has been conducted on
satellite glial cells (SGCs), a type of glial cells in the ganglion,
to study their involvement in nerve regeneration (Hanani,
2005). SGCs are flattened glial cells in the peripheral nervous
system that encircle the neuronal bodies in sensory ganglia, thus
supporting and protecting sensory neurons (Hanani, 2005). SGCs
are laminar and have no true processes (Hanani, 2005). Each
sensory neuronal soma is encapsulated by several SGCs to form
a unique SGCs health; thus, the neuron and its surrounding
SGCs form a structural unit (Hanani et al., 2002; Hanani, 2005,
2015; Wang et al., 2016). Inside the dorsal root ganglion (DRG),
SGCs provide support for neurons by mediating the response
against inflammation (Hanani, 2005) and synthesizing multiple
neurotrophic factors to support the survival of the neurons
(Hanani, 2010, 2012; Hanani et al., 2014). Slit1 is one of the
known signaling factors of the slit family and can guide both
axon projection and neuronal migration (Blockus and Chedotal,
2016). Slit can guide axon projection by mediating the branching
of the sensory axon growth cone (Ma and Tessier-Lavigne,
2007). In a previous study (Yi et al., 2006), we observed that
Slit1 expression was increased in the SGCs of damaged DRG.
However, SGCs express specific patterns of Slit1, and the signal
transduction mechanism between neurons and SGCs was not
identified. Signal communication between neurons and SGCs is
bidirectional (Christie et al., 2015). The interacting molecules
include adenosine triphosphate (ATP) (Zhang et al., 2007), nitric
oxide (NO) (Bradman et al., 2010), endothelin 1 (Giaid et al.,
1989; Milner and Burnstock, 2000; Hanani, 2012), glutamic acid
(Kung et al., 2013) and calcium ions (Suadicani et al., 2010;
Castillo et al., 2011). ATP is a neurotransmitter secreted by many
cell types including sensory neurons (Chaudhari, 2014), and it
participates in signal transduction between neurons and SGCs
(Zhang et al., 2007). ATP is stored in many types of neurons
and is released not only at synapses but also in axons and cell
bodies (Zhang et al., 2007). ATP is an important extracellular
signaling molecule that communicates through complex purine
energy signaling pathways (Burnstock, 2006). This signaling
pathway consists of many membrane receptors and extracellular
enzymes including the P2X7 receptor (P2X7R), which belongs
to the P2X family (Yegutkin, 2008). P2X7R, an important

member of the purine receptor family, is a trimer ATP-gated
cation channel encoded by the P2X7R gene (Coddou et al.,
2011). P2X7R can be activated by extracellular ATP, and it
participates in the regulation of cell biological functions such
as cell signaling pathways, cytokine secretion, and the growth
and apoptosis of cells (Sluyter, 2017). P2X7R expressed in the
SGCs is involved in DRG neuron – SGC communication in
adult rats (Chen et al., 2012a). P2X7R is the main receptor in
SGCs (Zhang et al., 2007; Kushnir et al., 2011; Song et al., 2018).
Similar to the closely related dorsal root ganglion neurons, the
membrane capacitance of cultured trigeminal ganglion neurons
increased significantly after electrical stimulation, which resulted
in the release of vesicles content in the extracellular space of
the ganglion (Sforna et al., 2019). The increase of membrane
capacitance is an indicator of somatic exocytosis. Sforna et al.
(2019) identified Ca2+ -dependent and Ca2+ -independent
somatic vesicular release from trigeminal neurons and the Ca2+

channel types involved in the process. The vesicular nucleotide
transporter (VNUT) is a key molecule for the vesicular storage
and nucleotide release of ATP from neutrophils (Sawada et al.,
2008). Injured DRG neurons increase the secretion of ATP and
VNUT (Goto et al., 2017). After the cell is stimulated, ATP is
secreted from the cell body to become an extracellular signaling
molecule that binds to purinoreceptors at the surface of SGCs.
It triggers intracellular signal transduction (Zhang et al., 2007).
ATP is used as the signaling molecule for signal transmission
between neurons and SGCs, and SGCs receive signaling stimuli,
leading to the production of a series of reactions (Zhang et al.,
2007).The molecular mechanisms of the protective effect of SGCs
on DRG neurons and the promotion of the regeneration of
DRG neurons have not been clarified. In this study, we further
clarified the effect of damage signals on the expression of Slit1
in DRG neurons and their SGCs and clarified the role of ATP
and its receptors.

RESULTS

Expression of Slit1 in Intact DRG
Neurons and SGCs in vivo and in vitro
Preliminary analyses were performed to verify the specificity
of the Slit1, microtubule-associated protein 2 (MAP2),
glutamine synthetase (GS), activating transcription factor 3
(ATF3) and VNUT and P2X7R antibodies used in this study
(Supplementary Figure S1). The expression of MAP2 and
Slit1 co-localized in DRG cells subjected to double labeling of
Slit1 and MAP2 [neuron biomarker (Pellegrino et al., 2011)],
(Supplementary Figures S2A–C). Expression of Slit1 was
not observed in the SGCs of intact DRG double labeled for
Slit1 and GS [biomarker for SGCs (Donegan et al., 2013)],
(Supplementary Figures S2D–F). To observe the expression of
Slit1 in cultured neurons and SGCs, double immunofluorescence
labeling of Slit1 and MAP2 or GS in cultured DRG cells was
performed. The results showed that Slit1 was expressed in the
cultured sensory neuronal soma of DRG but not in neurites and
weakly in SGCs (Supplementary Figures S2G–L).
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Neural Trunk Injury Can Up-Regulate the
Expression of Slit1 in DRG Neurons and
SGCs
To observe the effect of nerve injury on the expression of Slit1
in DRG neurons and SGCs, we used a unilateral rat sciatic
nerve crush model (SNC). The immunohistochemistry results
revealed that Slit1 was expressed in the sensory neurons on
the DRG of both sides. However, the expression of Slit1 in
the SNC DRG was higher than that in the contralateral DRG
(Figures 1A–J). At days 1, 3, and 7 after SNC, the numbers of
strongly Slit1-positive neurons were 24.4 ± 2, 32.5 ± 5, and
21.2± 3.8, respectively, and a significant difference was observed
compared with the contralateral side (P < 0.05, Figure 1K).
The number of Slit1-positive neurons was increased at day
1 and peaked at day 3, followed by a gradual decrease and
a return to normal levels at day 14 after SNC (Figure 1K).
The results of Slit1 western blotting after SNC (Figures 1K,L)
were basically consistent with the immunohistochemistry results
(Figure 1L). Slit1 expression was not observed in SGCs in
intact DRG (Figure 2A) and was observed occasionally in
SGCs at day 1, then increased between day 3 and day 14
after SNC according to double immunofluorescence labeling
of Slit1 and GS (Figures 2C–F and Supplementary Figure
S4). Although the level of Slit1 expression was decreased at
day 28 after SNC, it was still higher than in the contralateral
DRG (Figures 2C–F). At each time point after injury, the
Slit1 relative fluorescence intensity (RFI) in SGCs on the
ipsilateral side was higher than that on the opposite side, and
the difference was statistically significant according to one-way
ANOVA (P < 0.001) (Figure 2I). Interestingly, following SNC,
the peak expression of Slit1 in SGCs appeared later than in the
neuronal somas (Figure 2J).

A Neuronal Damage Signal Can Induce
Up-Regulation of Slit1 Expression in
SGCs in the Structural Unit
Because the nerve crush model only causes partial damage
to DRG neurons, it is convenient to observe the effect of
neuron damage signals on SGCs in the anatomical unit of
neurons. Fluor-Gold (FG) is a slow retrograde axonal tracer,
a volume of 0.1 µl of 4% FG solution was inserted into the
epineurium 2 mm from the distal to the injured site of the
sciatic nerve and the neurons that are reached by retrograde
FG transport can be considered uninjured neurons. Additionally,
ATF3 was used as an immunofluorescence marker for injured
neuronal somas (Donegan et al., 2013). The combination of Slit1
immunofluorescence and the FG retrograde labeling method
with Slit1 and ATF3 double immunofluorescence labeling was
used to show the expression of Slit1 in SGCs around normal or
injured neurons. 7 days after SNC, L5-6 DRG from the injured
side were subjected to Slit1 immunofluorescence staining. The
results showed that the expression of Slit1 in SGCs around ATF3-
positive neurons was significantly higher than that around ATF3-
negative neurons (Figures 3A–C). Conversely, the expression
of Slit1 in SGCs around FG-positive neurons was significantly

lower than that around FG-negative neurons (Figures 3D–F).
According to analysis of the RFI with the paired t-test at a
significance level of P < 0.01 (Figures 3G,H).

Contact of Neuronal Soma With SGCs
Induces the Expression of Slit1
In the process of DRG cell culture, an interesting phenomenon
was found. When cultured for 2–7 h, some glial cells detached
from the neuronal soma, while others remained in contact
with the neuronal soma (Figures 4A,D). Significantly, glial
cells that maintained contact with neuronal somas exhibited
a strong expression of Slit1, while those located far from
neurons presented very weak expression of Slit1 (Figures 4A,D).
Immunofluorescence showed that both populations of glial
cells expressed GS. RFI analysis showed that the expression
of Slit1 in SGCs in contact with neurons was stronger
than that in SGCs located far from neurons (Figure 4E)
(2.51± 0.19 folds, P < 0.01).

Damage Signaling Induces an Increase
in VNUT in DRG Neurons
It has been reported that the changes in the contents of VNUT
and ATP are positively associated (Yuri et al., 2013; Menéndez-
Méndez et al., 2015; Pérez de Lara et al., 2015; Harada et al., 2018).
To observe the effect of an injury signal on ATP production
in DRG neurons, we chose to evaluate the changes in VNUT.
Double-labeling of ATF3 and VNUT showed that both were
co-expressed after SNC (Figures 5A–G). Compared to the RFI
of VNUT in ATF3-negative neurons, VNUT expression in
ATF3-positive neurons was stronger than that in ATF3-negative
neurons (Figure 5H) (P < 0.01).

After Inhibiting the P2X7 Receptor, the
Expression of VNUT Increased, While the
Expression of Slit1 in SGCs Decreased
It has been reported that ATP can interact with the P2X7
receptor on SGC membranes, thus activating a series of molecular
events in SGCs (Zhang et al., 2005, 2007; Ryu and McLarnon,
2008; Chen et al., 2012a; Song et al., 2018). BBG is a P2X7
receptor inhibitor (Jiang et al., 2000; Remy et al., 2008; Ryu
and McLarnon, 2008). BBG was injected intraperitoneally after
unilateral SNC in rats. VNUT immunofluorescence and western
blotting showed that the expression of VNUT in DRG neurons
on the ipsilateral side increased significantly (Figure 6). After
BBG injection, the expression of VNUT in the neurons of both
sides was significantly up-regulated (P < 0.01) (Figure 6F).
Double immunofluorescence labeling was performed by using
Slit1 and GS antibodies. The results showed that the expression
of Slit1 in DRG neurons and SGCs was increased at 7 days after
SNC (Figures 7B,F). After BBG treatment, the expression of
Slit1 in neurons and SGCs was downregulated (Figures 7D,H).
The results of western blotting detection were similar to those
of immunofluorescence (Figure 7I). After BBG injection, the
expression of Slit1 on the operated side was significantly lower
than that on the contralateral side (Figure 7J) according to a
paired t-test (p< 0.01). Double immunofluorescence labeling was
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FIGURE 1 | Dynamic changes in Slit1 expression in DRG after sciatic nerve injury. The expression of Slit1 in DRG was detected by immunofluorescence
histochemistry and western blotting at different time points after SNC. (A–E) Contralateral DRG sections. (F–J) Ipsilateral DRG sections. The white arrows indicate
strongly Slit1-positive neurons, and the green arrow indicates weakly Slit1-positive neurons. Scale bar = 100 µm. (K) At different time points, the numbers of strongly
Slit1-positive DRG neurons on both sides were compared, and one-way repeated measures ANOVA and paired t-tests were used for statistical analysis. “∗” in
comparison with the control side, the difference is statistically significant at P < 0.05; “#” in comparisons of the groups at 1, 3 or 7 days after injury with the group at
14 days after injury, the difference is statistically at P < 0.01. (L) Detection of DRG Slit1 protein expression at different time points by western blotting (N = 3). The
level of β-actin was detected as loading control. (M) At different time points, the relative gray values of DRG Slit1 expression on the two sides were compared. N = 3,
and one-way repeated measures ANOVA and paired t-tests were used for statistical analysis, “∗” compared to the contralateral side, P < 0.01. CON: contralateral
DRG, IPS: ipsilateral (crush side) DRG.

performed with the P2X7R and GS antibodies, and the results
showed that the P2X7R and GS antibodies were co-expressed
in the SGCs of the DRG of both sides. After BBG injection, no
expression of P2X7R was found in DRG on the operated side
(Supplementary Figure S3).

DISCUSSION

This study shows that after peripheral nerve injury, the
expression of Slit1 in the neurons and SGCs of DRG increased.
The expression of Slit1 was presented with a time lag in SGCs
than in neurons. The expression in SGCs of Slit1 was induced
by contacting neuronal somas. Through injured cell localization,
it was found that the expression of Slit1 was stronger in SGCs
surrounding injured neurons than in SGCs surrounding healthy
neurons. This result indicates that the damage signal could induce
upregulation of Slit1 expression in the SGCs of the DRG neural
unit. The expression of VNUT in DRG neurons was increased by
the injury signal. After the inhibition of P2X7R, the expression
of Slit1 in SGCs was downregulated, and the expression of VNU
in DRG neurons was upregulated. These results indicate that
the ATP-P2X7R pathway is involved in signal transduction from
peripheral nerve injury to SGCs, leading to the upregulation

of Slit1 expression. These findings suggest that maintaining the
integrity of DRG neurons is beneficial to nerve regeneration
and that the ATP-P2X7 pathway between neurons and SGCs
plays an important role in the regeneration of peripheral nerves
following injury.

Slit, which is generated in glial cells during the development
phase, is the guidance molecule for the growth of neurites.
There are 4 subtypes of the Slit family: Slit1, Slit2, Slit3 and
Slit 4. Slit1, Slit2 and Slit3 all bind to the Robo receptor,
which is present in the neuronal cell membrane, to participate
in the guidance of axons (Ma and Tessier-Lavigne, 2007;
Blockus and Chedotal, 2016; Carr et al., 2017). Previous
studies on Slit focusing on SCs suggested that peripheral nerve
injury could lead to the expression of various neurotrophic
factors in SCs, including NGF, BDNF, neurotrophin 4/5,
insulin growth factor 1 and 2 (Scheib and Hoke, 2013),
and Slit2 and Slit3 (Carr et al., 2017). Temporarily increased
expression of these neurotrophic factors can promote the
regeneration of sensory neurons (Scheib and Hoke, 2013).
However, we used a mouse polyclonal primary antibody against
Slit1 (ab115892, immunogen: Synthetic peptide corresponding
to mouse Slit1 aa 497–504 conjugated to keyhole limpet
hemocyanin), which was predicted to be able to react with
rat Slit1. The results from three repeated experiments were
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FIGURE 2 | Slit1 expression in SGCs of injured DRG. Slit1 expression in the SGCs of injured DRG was detected by immunofluorescence histochemistry. (A) Slit1
(red) immunofluorescence staining of contralateral DRG sections randomly selected from the different groups. (B–F) Slit1 immunofluorescence staining of ipsilateral
DRG at different time points after operation. The arrow indicates Slit1-positive SGCs. (G) GS (green) immunofluorescence staining of DRG sections on the 7th day
after sciatic nerve crush. (H) Merged images from panels (D,E). (I) Summary histograms depicting the changes in the Slit1 RFI in SGCs (one-way repeated measures
ANOVA, ∗ P < 0.01); RFI, relative fluorescence intensity. (J) Changes in the number of strongly Slit1-positive DRG neurons and the RFI of Slit1 expression in SGCs at
different time points after injury are shown. Scale bar = 100 µm.

consistent (Supplementary Figures S1, S2), indicating the
reliability of the Slit1 primary antibody (ab115892). Through
double labeling of Slit1 and MAP2 (neuron biomarker) and
Slit1 and GS (biomarker for SGCs), it was found that Slit1
was strongly expressed in the DRG neuronal soma in vivo and
in vitro, but not expressed in SGCs in vivo and weakly in vitro
(Supplementary Figure S2). These results are consistent with the
literature (Carr et al., 2017).

In this study, an improved SNC model (Gordon and Borschel,
2017) was used to achieve partial DRG neuron injury, allowing
effective evaluation of the regeneration and repair of DRG
after neuron injury (Wood et al., 2011; Faroni et al., 2015;
Cattin and Lloyd, 2016; Gordon and Borschel, 2017; Mahar and
Cavalli, 2018). This model resulted in successful injury of some
neurons in the DRG and retention of the integrity of others,

which is helpful for observing and comparing Slit1 expression
in SGCs located in damaged and undamaged neuron units. In
the rat SNC model, DRG neurons are partially injured, that is
to say, there are two types of neuron subpopulations in DRG:
injured neurons (ATF3 positive, which is a marker of injured
neurons) and uninjured neurons (ATF3 negative) (Figure 3
and Supplementary Figure S5). Combining the fluorescence
double-label staining data of Slit1 and ATF3, VNUT and ATF3
in this study, we found that there were two mainly types of
neuron subpopulations in 7 days post-SNC DRG with using
the analytical method of Luigi Catacuzzeno (Catacuzzeno et al.,
2014) (Supplementary Table S1). There must be existence of
the subpopulations Slit1−VNUT+ATF3+ on injured neurons,
it is suggested that VNUT is mainly expressed in injured
neurons. Other subpopulations such as Slit1+VNUT+ATF3+,
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FIGURE 3 | Effects of DRG-injured neuronal soma on Slit1 expression in SGCs. The Slit1 and ATF3 double immunofluorescence labeling method and the Slit1 and
FG retrograde labeling method were used to show the expression of Slit1 in SGCs around normal and injured neurons. (A–C) Double immunofluorescence labeling
of Slit1 and ATF3 was carried out on DRG sections from 7 days after sciatic nerve crush. (A) Slit1 (red) immunofluorescence staining. (B) ATF3 (green)
immunofluorescence staining. (C) Merged images of panels (A,B). The thick arrow indicates ATF3-positive neurons, and the thin arrow indicates ATF3-negative
neurons, scale bar = 25 µm. (D–F) Slit1 immunofluorescence staining and FG retrograde labeling. (D) DRG Slit1 immunofluorescence on the 7th day after the
operation. (E) FG (white)-traced positive neurons. (F) Merged images of panels (D,E). Scale bar = 200 µm. The large framed image is an enlargement of the small
frame, and thin arrows indicate FG-negative neurons in panels (F). (G) Summary histograms depict the changes in the RFI of Slit1 in SGCs surrounding
ATF3-positive and negative neurons determined with paired t-tests, ∗ P < 0.001; bars represent the standard error of the mean; RFI, relative fluorescence intensity.
(H) Summary histograms depict the changes in the RFI of Slit1 expression in SGCs surrounding FG-negative and FG-positive neurons determined with paired
t-tests, ∗P < 0.001; bars represent the standard error of the mean; RFI, relative fluorescence intensity.

Slit1+VNUT−ATF3+ and Slit1−VNUT−ATF3+ on injured
neurons may also exist. Among the uninjured neurons (ATF3
negative), there is only one subpopulation Slit1−VNUT−ATF3−,
and no other subpopulations exists. Slit1 or VNUT expression
was observed in the uninjured neurons on the control side,
which indicated that their expression was not related to the
injury signal. It was reported from another study (Seijffers
et al., 2006; Carriel et al., 2017) that only a few hours after
peripheral nerve injury, neurons exhibit changes in gene and
protein expression. Most of the affected genes are associated
with neuronal growth factors such as GAP43 and ATF3. ATF3

is used as a marker of injured neurons, and the uninjured
neurons do not express ATF3 (Donegan et al., 2013). FG
is a slow retrograde axonal tracer with a retrograde tracing
speed of approximately 1–12 mm/day. On average, the distance
between the sites of SNC and DRG is 35 ± 3 mm in adult
rats. Therefore, it was estimated that it would take at least
3 days to reach the DRG, which was in agreement with our
experimental results (Figure 3). In this study, FG was injected
into the distal point of the injured site to label uninjured
neuronal somas through retrograde tracing. ATF3 was used as
an immunofluorescence marker for injured neuronal somas.
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FIGURE 4 | Expression of Slit1 in SGCs directly in contact with the neuronal soma in vitro (A–C) Primary cultured DRG cells were double labeled with Slit1 and
MAP2 immunochemistry, nuclear staining by DAPI. (A) Slit1 (red) and DAPI (blue) merged image. The box 1 shows SGCs in contact with neuron bodies, Panel (A1)
is its enlarged image, with arrows indicating SGCs in contact with neuronal soma (white asterisks); and the box 2 shows SGCs located far from neuron bodies as
showed in its enlarged image (A2). (B) MAP2 (green) image. (C) Slit1 (red), MAP2 (green) and DAPI (blue) merged image. (D) Slit1 and GS double immunostaining
were performed on cultured DRG cells, nuclear staining by DAPI. The box 1 shows SGCs in contact with Slit1-positive neuronal soma (white asterisks). The box 2
shows SGCs located far from neuron bodies. Panels (D1,D2) lines of pictures were local enlarged images of the box 1 and box 2 showed in panel (D), respectively.
The white asterisk indicates the neuronal soma. Slit1 (red), MAP2 (green) and DAPI (blue) were showed in panels (D,D1,D2). (E) Summary histograms depict the
changes in Slit1 expression in two different populations of SGCs, ∗ shows the expression of Slit1 in SGCs of population 1 compared with that in SGCs of population
2 analyzed with paired t-tests, ∗ P < 0.001; bars represent the standard error of the mean; RFI, relative fluorescence intensity. Scale bar = 50 µm was showed in
panels (A–C); Scale bar = 15 µm was showed in panel (D).

Thus, we could compare the difference in Slit1 expression in
the SGCs between the injured neuron units and the undamaged
neuron units. We found that the expression of Slit1 was
higher in the SGCs that were in contact with injured DRG
neuronal somas than in those in contact with uninjured DRG
neurons. Many studies (Sebert and Shooter, 1993; Kim et al.,
2011) simply include contralateral comparisons, which would
not meet our experimental requirements. The experimental
animal model and the markers of damaged and undamaged

neurons that we chose ensure that we could achieve the goal
of the experiment.

The expression of Slit1 in SGCs lags behind that in neurons
(Figures 1, 2). One possible explanation is that there is no
direct link between DRG glial cells and the peripheral nerve
trunk (Arkhipova et al., 2010). The peripheral nerve injury
signal must reach the neuronal soma first and is subsequently
transmitted to SGCs. In respond to nerve injury, SGCs are
activated, and upregulate GFAP protein expression, undergo
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FIGURE 5 | Upregulation of VNUT expression in injured neurons. At 7 days after right sciatic nerve crush, double labeling of VNUT and ATF3 was performed in DRG
sections. (A–C) Contralateral DRG images, (D–F) ipsilateral DRG images following sciatic nerve crush. Panels (B,E) immunofluorescence staining for ATF3 (red);
Panels (C,F) merged images of panels (A,B) or (D,E), respectively. A thick arrow indicates ATF3-positive neurons, and a thin arrow indicates ATF3-negative neurons;
scale bar = 20 µm. (G) Summary histograms depicting the changes in VNUT expression in ATF3-positive neurons and ATF3-negative neurons on the crush side with
the paired t-test, α and β, ∗ P < 0.001; bars represent the standard error of the mean; RFI, relative fluorescence intensity.

cell division, activated SGCs generate and release inflammatory
cytokines and neurotransmitters such as bradykinin, interleukin-
1β (IL-1β), tumor necrosis factor-α (TNF-α), neurotrophins, and
ATP into its surroundings (Elson et al., 2004; Zhang et al.,
2009). Wu et al. (2017) reported that SGCs were activated
and NGF was up-regulated after sciatic nerve injury, the
increase was significant on day 7 and 14. This also suggests
that it takes a time for SGCs to receive damage signals to
be activated and express GFAP and NGF. Therefore, this
signal transmission process delays the effect of the injury
signal on SGCs. The continuous increase in Slit1 in SGCs
coincides with the regeneration of damaged sensory neurons
induced by nerve crush injury (Kovacic et al., 2004). Our
previous research (Zhang et al., 2010; Chen et al., 2012b) found
that Slit1 promotes neuronal neurite outgrowth by binding
with Robo2, Slit1- Robo2-srGAP3 pathway plays an important
regulatory role in DRG neuron regeneration. In this study, we
observed that the expression of Slit1 in SGCs was up-regulated
after neuronal injury, which may promote the outgrowth of
neuronal processes.

Neurons within the DRG are pseudounipolar neurons, and
each sensory neuronal soma is encapsulated by several SGCs to

form a unique anatomic unit (Hanani, 2005). Therefore, Hanani
(2005) proposed that the unique structure and relationship of
SGCs and neuronal somas might have special physiological
and pharmacological effects. Thus, we hypothesized that the
continuous increase in Slit1 expression observed in the SGCs
of DRG is closely associated with this unique anatomical
structure. Our experiments showed that 7 days after SNC,
Slit1 expression in SGCs was significantly lower in the FG-
positive neuron unit than in the FG-negative neuron unit
(in which the axon was injured, and axoplasmic transport
was blocked); in comparison, Slit1 expression in SGCs was
significantly stronger in the ATF3-positive neuron unit than
in the ATF3-negative neuron unit (ATF3-negative neuronal
somas may indicate uninjured neurons) (Figure 3). This
result indicated that upon neuronal injury, Slit1 expression
is increased not only in the injured neurons but also in the
SGCs of the unit.

Using cultured primary DRG neurons and glial cells and
applying double immunofluorescence labeling of Slit1 and GS,
we found that the expression of Slit1 in SGCs that accumulated
around the neuronal soma was much stronger than that in SGCs
located at distal sites in the neuronal somas (Figure 4). This
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FIGURE 6 | Upregulation of VNUT expression after inhibition of the P2X7
receptor with BBG. After right sciatic nerve crush, BBG (P2X7 receptor
inhibitor) was injected intraperitoneally. VNUT immunofluorescence in DRG
was detected on the 7th day. (A–D) VNUT immunofluorescence staining
(green), scale bar = 20 µm. (E) The level of VNUT protein was detected by
western blotting (N = 3). The level of GAPDH was detected as loading control.
(F) The expression of VNUT before and after BBG treatment on the 7th day
after SNC was analyzed with the paired t-test, “∗” compared with the control
side, P < 0.001; “#” compared with the contralateral side and the ipsilateral
side before BBG treatment, P < 0.001. CON: contralateral DRG, IPS:
ipsilateral DRG.

result suggests that direct contact between neuronal somas and
SGCs could induce the upregulation of SGC Slit1 expression
(Figure 4). SGCs express a series of receptors which can
respond to the neurotransmitters released by neurons (Elson
et al., 2004; Zhang et al., 2009). Therefore, in the process of
cell culture, SGCs contact with neuronal soma, making SGCs
more easily activated by signal molecules released by neuron,
while SGCs that are not in contact with neuron bodies are
less likely to be activated, possibly because the signal molecules
are diluted by the culture medium. It was shown that signal
transmission between the neuronal soma and SGCs depends
on the physical distance, which indirectly indicates that it is
very important to maintain the functional relationship between
neurons and SGC anatomical units in vivo. These results suggest
that the transmission of injury signals from the neuronal soma
to SGCs is closely associated with the anatomic unit. The
molecular mechanisms underlying the transmission of neuronal
injury signals to SGCs, which subsequently show increased Slit1
expression, remain unknown.

FIGURE 7 | Slit1 expression in SGCs decreased after inhibition of the P2X7
receptor with BBG. After right sciatic nerve crush, BBG (P2X7 receptor
inhibitor) was injected intraperitoneally. The expression of Slit1 on the 7th day
DRG was detected by double immunofluorescence staining and western
blotting. (A–D) Slit1 immunofluorescence staining (red). (E–H) Merged images
of Slit1 (red) and GS (green) immunofluorescence staining. Scale
bar = 200 µm. (I) the level of Slit1 protein was detected by western blotting
(N = 3), the level of β-actin was detected as loading control. (J) The level of
Slit1 before and after BBG treatment on the 7th day post-SNC DRG was
analyzed with the paired t-test. “∗” compared with the control side, the level of
Slit1 in IPS side was upregulated, P < 0.001; “#” compared with the control
side and the ipsilateral side before BBG treatment respectively, the level of
Slit1 in “IPS + BBG” was downregulated, P < 0.001; The change was not
significant in “CON + BBG”, P > 0.05. “∗∗” compared with “CON + BBG”
group, the level of Slit1 in “IPS + BBG” was much lower than that in
“CON + BBG” group, P < 0.001. CON: contralateral DRG, IPS: ipsilateral
DRG.

Signal transmission between neurons and SGCs is
bidirectional (Zhang et al., 2007; Kung et al., 2013; Christie
et al., 2015). The interacting molecules between neurons and
SGCs identified to date include ATP (Zhang et al., 2007),
NO (Bradman et al., 2010), glutamic acid (Kung et al., 2013)
and calcium ions (Suadicani et al., 2010; Castillo et al., 2011).
Additionally, Christie et al. (2015) found that SGCs can sense
the injury signal from the distal axons of adjacent neurons
via cell enlargement and cell proliferation, and neurons can
also transmit some small molecules to the surrounding SGCs.
Under pathological and physiological conditions, activation of
the receptors of glial cells can promote the interaction between
neurons and glial cells (Karadottir et al., 2005; Salter and Fern,
2005; Micu et al., 2006; Castillo et al., 2011). Zhang et al.
(2007) reported that ATP released from the neuronal soma
activates P2X7 receptors in perineuronal SGCs and triggers
communication between neuronal somas and glial cells. They
further showed that activation of P2X7 receptors can lead to
the release of tumor necrosis factor-α (TNF-α) from SGCs.
TNF-α in turn potentiates P2X3 receptor-mediated responses
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and increases the excitability of DRG neurons. Therefore,
we hypothesized that the transmission of damage signals
to SGCs may have been achieved through the ATP-P2X7R
pathway. The VNUT, which is stored in neurons and releases
ATP, was selected as the experimental indicator of changes
in the P2X7R pathway. We found that a damage signal could
increase the expression of VNUT in DRG neurons. The double
immunofluorescence staining of VNUT and ATF3 showed that
the expression of VNUT in injured neurons was stronger than
that in uninjured neurons (Figure 5, P < 0.01). These results
indirectly suggest that injured neurons release more ATP than
uninjured neurons.

Brilliant blue G (BBG) has been reported to be a P2X7-
selective antagonist (Jiang et al., 2000); BBG also shows a
neuroprotective effect and no toxicity (Gourine et al., 2005).
Furthermore, BBG can be used for intraperitoneal injection
in vivo, which is simple and convenient (Ryu and McLarnon,
2008; Coddou et al., 2011). Based on these advantages,
intraperitoneal injection of BBG, a specific inhibitor of P2X7R,
was used as an intervention method. GS and P2X7R double
immunofluorescence labeling showed that P2X7R was expressed
in SGCs, but P2X7R was not expressed in SGCs after BBG
injection (Supplementary Figure S3). Brilliant blue G produced
a non-competitive inhibition of rat P2X7 receptors with IC50
values of 10 nM and it exerts a specific inhibitory effect on
P2X7 receptor by allosteric modulation (Jiang et al., 2000).
The specific antibody of P2X7 receptor could not recognize
and bind to the allosteric P2X7 receptor, so the expression of
P2X7 receptor could not be detected by immunofluorescence
staining after BBG injection. This result illustrates that the
peritoneal injection of BBG was effective, and after inhibition
of P2X7R, the expression of Slit1 in SGCs was downregulated
(Figure 7), and the expression of VNUT in DRG neurons
was upregulated (Figure 6). This result may be explained
by the increased feedback secretion of the ATP ligand after
the receptor is inhibited. It is necessary to further validate
this feedback regulation phenomenon using the P2X7 gene
knockout method.

CONCLUSION

Our experiments have demonstrated that an injury signal from
DRG neurons can activate P2X7R on the SGC membrane and
upregulate the expression of Slit1 in SGCs. These results show
that the ATP-P2X7 pathway is involved in signal transduction
from peripheral nerve injury to SGCs, leading to upregulation
of Slit1 expression. Combined with our previous research
(Zhang et al., 2010; Chen et al., 2012b), these findings indicate
that Slit1 expressed in perineuronal SGCs can bind to Robo2
receptors on neuronal membranes and mediate neuronal process
outgrowth through the Robo2-srGAP3 pathway. Our study
complements the molecular mechanism of bidirectional signal
transmission between neurons and SGCs in the anatomical
unit of DRG neurons and clarifies the role of SGCs in
nerve injury and regeneration, as shown in the schematic
diagram (Figure 8).

FIGURE 8 | Schematic diagram of the role of Slit1 in the communication
between neurons and SGCs. After peripheral nerve injury, neurons activate
perineuronal SGCs, leading to upregulation of Slit1 expression through the
VNUT-ATP-P2X7R pathway, and SGCs then promote the regeneration of
injured neurons through the Slit1-Robo2-srGAP3 pathway (Zhang et al., 2010;
Chen et al., 2012b).

MATERIALS AND METHODS

Animals
Adult Sprague-Dawley (SD) rats of 250–300 g were purchased
from the Experimental Animal Department of Hunan
Agricultural University (Changsha, Hunan, China) and
housed in a standard rat cage with unlimited access to water
and food under 12 h of continuous light every 24 h. Animal
scarification and tissue collection were approved by the animal
ethics committee of Hainan Medical University (Haikou, China)
and were performed according to the guidelines of the Chinese
Care and Use legislation. All efforts were made to minimize
animal suffering and the number of animals used.

Surgeries, FG Injection, Brilliant Blue G
(BBG) Intraperitoneal Injection, Tissue
Preparation and Sectioning
SD rats were used to generate the SNC model as previously
described (Zou et al., 2016). The rats were anesthetized
using 2% sodium pentobarbital (40 mg/kg, intraperitoneal).
The crush lesion was induced by non-serrated forceps
with a smoothed surface. The forceps were instrumented
with strain gauges and calibrated by a force-sensing
resistor (FSR400, Interlink Electronics, CA, United States)
linked to an Avometer. The applied force was 1000 g;
the duration of the crush was 1 min; and the left sciatic
nerve was subjected to a sham control surgery without
crush injury. The wounds were sutured after surgery with
nylon 5-0 sutures.

Three SD rats were used for retrograde tracing of Fluor-
Gold (FG; Fluorochrome; 80014; Sigma-Aldrich, St. Louis,
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MO) as previously described (Li et al., 2016). The modified
procedure was as follows: A glass micropipette (tip diameter 40–
60 µm) connected to a microsyringe (1 µl, Hamilton, Reno, NV,
United States) was inserted into the epineurium 2 mm from the
distal point of the injured site of the sciatic nerve. A volume
of 0.1 µl of 4% FG solution dissolved in normal saline was
gradually pressure injected (continuously for over 1 min) into the
target site. The needle tip was kept at the target site for another
10 min to avoid FG leakage. Three rats were kept alive for 7 days
after FG injection.

The preparation and administration of BBG (P2X7R
antagonist) followed the procedures used in a previous study
(Ryu and McLarnon, 2008). To prepare a 10 mg/ml BBG
solution, 0.3 g of BBG powder (Sigma-Aldrich, 27815-25-f) was
dissolved in 30 ml of 0.9% saline. After SNC, the BBG solution
(30 mg/kg) was used for intraperitoneal injection at a dose of
50 mg/kg, and the animals that survived for 7 days were subjected
to daily injection of this dose for 7 days. Control animals were
injected with an equivalent amount of saline.

Following the operation, 30 rats were divided into five
groups (n = 6) and kept alive for 1, 3, 7, 14 or 28 days.
These rats were used for Slit1 western blotting (n = 3) and
immunohistochemistry (n = 3) experiments. Six rats were used
for VNUT and Slit1 western blotting at 7 days post-SNC
with BBG injection. The remaining rats that were not used
for western blotting were anesthetized with an overdose of
sodium pentobarbital solution (100 mg/kg, i.p.) and perfused
through the ascending aorta with 100 ml of 0.9% (w/v)
saline, followed by 500 ml of 4% (w/v) paraformaldehyde
and 30% (v/v) saturated picric acid in 0.1 M phosphate
buffer (PB, pH 7.4).

L5-L6 DRG from both sides were removed and incubated
in 4% paraformaldehyde for 3 h. The tissues were then
dehydrated with sucrose density gradient buffer. DRG were
embedded with optimum cutting temperature medium (O.C.T.
Compound 4583, Tissue-Tek, SAKURA, CA United States),
subjected to cryosectioning and kept at 4◦C. Sections of
the DRG were cut at a 10 µm thickness on a freezing
microtome (Shandon Cryotome E, Thermo Electron Corp.,
United States). The sections were mounted on gelatine-
coated glass slides, air dried, and kept at 4◦C in the
freezer for later use.

DRG Cell Culture
Dorsal Root Ganglia cell culture was performed as described
previously (Castillo et al., 2011). Following the administration
of anesthesia through intraperitoneal injection with 2%
pentobarbital solution (40 mg/kg), L5-L6 DRG were isolated
from 3- to 4-week-old SD rats of both sexes. To minimize the
interference caused by SCs, nerve roots at both ends of the
ganglion were removed as much as possible. Additionally, to
avoid interference from fibroblasts, the outer membrane of the
ganglion should be removed completely. DRG neurons and
glial cells were cultured in Dulbecco’s modified Eagle’s medium
(Sigma, St. Louis, MO, United States) supplemented with 10%
FBS (Sigma, St. Louis, MO, United States). After 4 h of culturing,
cultured cells were fixed with 4% paraformaldehyde.

Western Blotting
Rat dorsal root ganglia (DRG) (L5-L6) were homogenized
with homogenization buffer (20 mM Tris, pH 8, 137 mM
NaCl, 1% NP-40, 1 mM sodium orthovanadate, and protease
inhibitor cocktail). The supernatant was removed and subjected
to protein quantification with a Pierce BCA reagent kit (Thermo
Fisher Scientific, 23227). Then, 50 µg of the protein lysate
was loaded onto a 10% SDS-PAGE gel for electrophoresis and
subsequently transferred to a polyvinylidene-fluoride (PVDF)
membrane. After 4 h of blocking with a 5% milk-PBS solution,
the membrane was incubated with the primary antibody at 4◦C
overnight. Thereafter, the membrane was washed three times
and incubated with an HRP-conjugated secondary antibody.
Membranes developed by incubation with β-actin, GAPDH and
rabbit HRP-conjugated secondary antibodies (Table 1) were used
as controls. Protein was visualized using the Pierce ECL reagent
kit (Thermo Fisher Scientific, 32132). Quantitative analysis of
proteins was carried out on the protein bands with ImageJ
(National Institutes of Health) and Microsoft Excel (Microsoft
Corp.). The amount of the Slit1 protein was normalized to the
amount of the β-actin protein. The amount of the VNUT protein
was normalized to the amount of the GAPDH protein. All the
western blot experiments were repeated three times.

Primary and secondary antibodies used for
immunohistochemistry, immunocytochemistry and western
blotting in this study (Table 1).

Immunohistochemistry
Dorsal Root Ganglia sections were incubated with 5% donkey
serum for 1 h at room temperature before being incubated
with the primary antibodies in the refrigerator overnight.
Subsequently, in a dark chamber, the sections were incubated
with the secondary antibodies for 2 h at room temperature.
Sections incubated with 2% donkey serum without a primary
antibody were used as a negative control.

Slit1, MAP2, GS, ATF3, VNUT and P2X7 was used for single
labeling of DRG sections, and Slit1 was used for single labeling
of sections of 7-day DRG subjected to retrograde tracing with
FG. VNUT was used for single labeling in sections of DRG at
7 days post-SNC, and dual labeling of GS and Slit1 was performed
in sections from the intact DRG and injured DRG. MAP2 and
Slit1 dual labeling was performed in sections from intact DRG.
Dual labeling with ATF3 (Santa Cruz, sc-188) and Slit1 or ATF3
(Abcam, ab58668) and VNUT was performed in sections of
DRG at 7 days post-SNC. Dual labeling of GS and P2X7 or GS
and Slit1 was performed sections of DRG at 7 days post-SNC
with BBG injection.

Immunocytochemistry
Staining for immunocytochemistry was carried out as described
previously (Castillo et al., 2011). In brief, slides with fixed cells
were blocked with 5% donkey serum and permeabilized in 0.1%
Triton-X-100 PBS buffer. Then, the slides were incubated with
primary antibodies at 4◦C overnight and subsequently incubated
with secondary antibodies for 2 h at room temperature. DAPI (4’,
6-diamidino-2-phenylindole, Boster, AR1176, China) was used to
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TABLE 1 | Primary and secondary antibodies used in this study.

Category Antibody Manufacturer Catalog number Dilution

Primary antibody Polyclonal mouse anti-Slit1 Abcam Ab115892 1:200 IF 1:1000
WB

Polyclonal rabbit anti-GS Abcam ab16802 1:400 IF

Chicken polyclonal anti-MAP2 Abcam ab5392 1:2000 IF

Rabbit anti-ATF3 Santa Cruz sc-188 1:800 IF

Mouse monoclonal anti-ATF3 Abcam Ab58668 1:100 IF

Goat polyclonal anti-P2RX7 Abcam Ab93354 1:100 IF

Guinea pig polyclonal anti-VNUT Millipore ABN83 1:1000 IF 1:500
WB

Rabbit polyclonal anti-ß-actin-loading control Abcam Ab1801 1:2000 WB

Rabbit polyclonal anti-GAPDH-loading control Abcam Ab9485 1:2500 WB

Secondary antibody Alexa Fluor 594-donkey anti-mouse IgG Jackson 715-585-1 1:200 IF

FITC-rabbit anti-chicken Millipore AP162F 1:100 IF

Alexa Fluor 488-donkey anti-rabbit IgG Jackson 711-546-1 1:200 IF

Cy3-donkey polyclonal Anti Chicken IgY Millipore 703-175-155 1:200 IF

Alexa Fluor 488-donkey anti-goat IgG(H + L) Jackson 705-545-147 1:200 IF

Alexa Fluor 594-donkey anti-rabbit IgG(H + L) Jackson 711-585-152 1:200 IF

Alexa Fluor 488-donkey anti-guinea pig
IgG(H + L)

Jackson 706-545-148 1:200 IF

Goat anti-mouse IgG(H + L) (HRP) Abcam Ab205719 1:10000 WB

HRP-conjugated AffiniPure goat anti-guinea pig
IgG(H + L)

Proteintech SA00001-12 1:5000 WB

Goat anti-rabbit IgG(H + L) (HRP) Abcam Ab205718 1:10000 WB

stain nuclei. Slides incubated with 2% donkey serum without a
primary antibody were used as a negative control.

GS and Slit1, MAP2 and Slit1 were dual labeled in the
cultured DRG cells.

Semi-Quantitative Analysis of the
Immunofluorescence Images
All the sections were first used for quantitative analysis and
determination of the relative changes in the immunofluorescence
intensity in each group. The same slide was used to avoid
bias regarding slide-to-slide variations in labeling intensity.
Similar trends in Slit1 expression were observed between the
five experimental groups for all animals in each experimental
group. The fluorescence images of DRG sections (Slit1 and GS
double-labeled) subjected to BBG treatment were captured by
laser scanning confocal microscopy (FV1000, Olympus, Japan),
and fluorescence images of the other groups were captured
with a fluorescence microscope (Olympus IX51 and Olympus
BX51, Japan) by photographing each DRG slide under the same
conditions with the same exposure. Semi-quantification of the
fluorescence intensity was performed on images captured with
20× or 40× objective lenses using CellSens Dimension software
(Olympus, Japan) integrated with the fluorescence microscope.

The method for the quantification of the fluorescence signal
referred to a previous publication (Nadeau et al., 2014). For the
profiling of Slit1 expression levels in SGCs, the processing and
analysis of fluorescence signals from the cytoplasm of the SGCs
were performed as follows: fifteen L5 DRG from different time
points and three DRG (randomly chosen from the contralateral

side of the experimental condition) were analyzed to determine
the Slit1 relative fluorescence intensity (RFI) in SGCs. Using
ImageJ (National Institutes of Health), fluorescence images with
similar numbers of neurons obtained with a 20-fold objective lens
were converted into 8-bit gray-scale images, and the background
was subtracted (50 pixels selected). Neurons were individually
selected with the “Free Selection Tool” in Photoshop software
(Adobe Systems Inc.), and the images were deleted and saved,
then inverted with ImageJ. The relative fluorescence intensity of
the processed images was analyzed with ImageJ software. The
obtained data are expressed as the mean and standard error of
the mean (SEM). The data of each group were normalized to the
data of the corresponding control group, and the obtained data
were mapped by Excel software (Microsoft Corp.).

For the profiling of Slit1 protein expression levels in SGCs
surrounding FG-positive and FG-negative neurons, a total of
1453 neurons from L5 to L7 days post-SNC DRG (n = 3)
were used. The immunofluorescence signals in the cytoplasm
of the SGCs surrounding the 688 FG-positive and 765 FG-
negative neurons were traced separately, with the obtained values
representing the average SGC labeling intensity around each
respective neuron. The semi-quantified Slit1 protein levels in
SGCs surrounding 723 AFT3-positive and 751 AFT3-negative
neurons and the levels of VNUT protein on 955 AFT3-
positive neurons and 896 AFT3-negative neurons were analyzed
using the same method. The obtained data were expressed as
the mean± SEM.

For confocal fluorescence images of cultured cells, 100 40-
fold objective fluorescence images were taken for analysis. SGCs
contacted with neuronal soma were grouped into population 1
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and non-contacted into population 2. A total of 347 SGCs of
population 1 and 702 SGCs of population 2 were used to measure
the average RFI of Slit1 in each satellite cell. The Slit1 RFI was
expressed as the mean ± SEM. Slit1 RFI of population 1 SGCs
was normalized by population 2 SGCs.

The processing of images and data analysis were performed
with Photoshop CS5.1 (Adobe Systems Inc.), ImageJ (National
Institutes of Health) and Microsoft Excel (Microsoft Corp.).

Neuron Counting
For Slit1, similar qualitative trends were observed between the
five experimental groups for all animals in each experimental
group (n = 3). Three slides from five different groups of animals
were selected for the experimental analysis of Slit1 such that
similar numbers of neurons were present in the DRG sections
representing each of the five experimental groups (n = 3). The
numbers of neurons were counted in the fluorescence images
of DRG slices from different time points, and the image pixels
of SGCs around the intact neuronal soma were defined as
the background. Neurons with a fluorescence intensity three
times stronger than the background were defined as strongly
positive neurons, and their numbers were counted with CellSens
Dimension software. The number of neurons is expressed as
the mean± SEM.

Statistical Analysis
Statistical analysis was performed with SPSS18.0 software
(Statistical Product and Service Solutions 18.0, Al Monk, NY,
United States). Paired t tests were used for comparisons between
paired data. All the other data were analyzed using one-way
repeated measures ANOVA. P-values of less than 0.05 were
considered statistically significant.
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A variety of glial cell functions are supported by connexin and pannexin proteins. These
functions include the modulation of synaptic gain, the control of excitability through
regulation of the ion and neurotransmitter composition of the extracellular milieu and
the promotion of neuronal survival. Connexins and pannexins support these functions
through diverse molecular mechanisms, including channel and non-channel functions.
The former comprise the formation of gap junction-mediated networks supported by
connexin intercellular channels and the formation of pore-like membrane structures or
hemichannels formed by both connexins and pannexins. Non-channel functions involve
adhesion properties and the participation in signaling intracellular cascades. Pathological
conditions of the nervous system such as ischemia, neurodegeneration, pathogen
infection, trauma and tumors are characterized by distinctive remodeling of connexin
expression and function. However, whether these changes can be interpreted as part of
the pathogenesis, or as beneficial compensatory effects, remains under debate. Here
we review the available evidence addressing this matter with a special emphasis in
mouse models with selective manipulation of glial connexin and pannexin proteins in vivo.
We postulate that the beneficial vs. detrimental effects of glial connexin remodeling
in pathological conditions depend on the impact of remodeling on the different
connexin and pannexin channel and non-channel functions, on the characteristics of
the inflammatory environment and on the type of interaction among glial cells types.

Keywords: connexins, pannexins, gap junctions, hemichannels, astrocytes, microglia, plasticity

INTRODUCTION

Connexins are transmembrane proteins with a variety of physiological roles including channel
and non-channel functions. Channel functions involve the formation of gap junctions,
which are intercellular connections, permeable to ions and small metabolites, formed by
the apposition of connexin hexamers (connexons) provided by each of the participating cells.
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Gap junction-mediated glial networks are ubiquitous in
the central nervous system and involve astrocytes and
oligodendrocytes. The type of connexins involved in the
interaction depends on the cell types participating in the
connection (Rouach et al., 2002; Giaume and Theis, 2010;
Takeuchi and Suzumura, 2014; Abudara et al., 2018). Connexins
can also function as membrane hemichannels with the potential
to release mediators such as ATP and glutamate from astrocytes
and microglia (Orellana et al., 2013; Gajardo-Gómez et al.,
2016; Nielsen et al., 2017). Non-channel functions of connexins
involve adhesion properties and intracellular cascade signaling
(Zhou and Jiang, 2014; Leithe et al., 2018).

The ubiquitous nature and diversity of connexin functional
properties make them versatile mediators of glial cell physiology
and a putative locus for maladaptive plasticity in pathological
conditions. Plastic changes in abundance and/or functions of
glial connexins have been reported in a variety of pathology
models (Belousov et al., 2017; De Bock et al., 2017; Xing et al.,
2019). However, whether connexin plasticity is causal to the
pathology, or is an epiphenomenon of pathological conditions, is
becoming to be elucidated only recently, owing to the availability
of tools for selective manipulation of glial connexins in vivo
(Giaume and Theis, 2010). Here we review the available work
using rodent models with glia-selective connexin manipulations
to evaluate causal relations between glial connexin plasticity and
neuropathology, focusing on traumatic and neurodegenerative
diseases, ischemia and brain tumors. Most of the cases reviewed
here will focus on connexin 43 (Cx43), which is by far the most
studied glial connexin and dominates the available literature. We
will also review the scarce literature available on glia-selective
pannexin manipulations in these models, and discuss the
glia-selective data in the context of additionally more abundant
data using global connexin and pannexin manipulations.

Modulation of connexin expression and function that may
emerge in the context of hypoxia, inflammation and injury,
both in vitro and in vivo, have been thoroughly reviewed
and putative mechanisms underlying the observed changes
have been proposed (Rouach et al., 2002; Contreras et al.,
2004; Farahani et al., 2005; Kielian, 2008; Orellana et al.,
2009; Eugenin et al., 2012; Koulakoff et al., 2012; Quintanilla
et al., 2012; Bosch and Kielian, 2014; Freitas-Andrade and
Naus, 2016). A few important points emerging from the
body of available literature are worth mentioning before
we focus on glia-selective in vivo manipulations, which is
the focus of this review. The first point is that a change
in connexin immunolabeling needs to be interpreted with
caution. Connexin channels in the context of gap junction
plaques or in a disassembled state can have dramatically
different immunoreactive properties, thus connexins may appear
absent owing to epitope masking (Theriault et al., 1997). This
highlights the importance of using independent approaches
to measure connexin abundance and function. A second
point is that changes in the expression of glial connexins in
pathological conditions are connexin-, time-, region- andmodel-
specific. As an example, Borna virus infection of neonatal
rats results in neurodegeneration and widespread reactivity
of hippocampal astrocytes when analyzed 2 months after

infection (Köster-Patzlaff et al., 2007). This astrocytic activation
is accompanied by an increase of Cx43 in all layers of the
dentate gyrus of the hippocampus and a decrease of the
same connexin in the CA3 pyramidal layer. Another typically
astrocytic connexin, connexin 30 (Cx30), increased in all the
hippocampal regions mentioned above (Köster-Patzlaff et al.,
2007). In contrast, in a mouse model proposed to mimic features
of aging and Alzheimer’s disease induced by ovariectomy and
chronic D-galactose administration, a reduction of Cx43 in
the dentate gyrus and CA1 regions of the hippocampus was
observed, while no change was observed in the CA3 hippocampal
region (Liu et al., 2010). This was suggested to reflect differential
resistance to neuronal damage of CA3 compared to CA1, as
was observed in a model of ischemia in rats (Rami et al.,
2001). Thus, generalizations about connexin plasticity across
brain regions and pathologies should be cautious. A third issue
is that changes in the abundance of glial connexin proteins
in pathological conditions is challenging to interpret without
parallel assessments of functional studies of connexin functions,
such as the extent of gap junction coupling, the permeability
of connexin hemichannels available at the membrane surface
(Sáez et al., 2013) and the phosphorylation state of specific
connexin sites that can mediate intracellular signaling. These
functions may be oppositely modulated and/or have opposing
effects on the severity of the pathology (Retamal et al., 2007;
Karpuk et al., 2011). Therefore, when manipulations target
more than one connexin function—e.g., both gap junctions and
hemichannels—this has to be clearly stated and the effects of
the manipulation should be interpreted with care. Finally, an
important idea, emerging mostly from in vitro studies is that
different connexins are expressed in different cell types of the
nervous system—i.e., neurons, astrocytes, oligodendrocytes and
microglia—and may interact in complex ways when modulated
in pathologic conditions. Even more, glial pannexin proteins,
which form membrane channels showing structure and function
similarity to connexin hemichannels, can also be modulated
in inflammatory conditions and have been proposed to play
a role in pathologic conditions (Freitas-Andrade and Naus,
2016; Lapato and Tiwari-Woodruff, 2018). The contribution
of Cx43 and pannexin-1 (Px1) to hemichannel activity in
astrocytes has been a matter of debate as different studies
assigned a preponderant role to one or the other, depending
on the conditions analyzed (Iglesias et al., 2009; Orellana et al.,
2011). Hence, cell type-selective manipulations of connexins
and pannexins are essential to achieve a comprehensive idea
of their roles in pathology. With these general ideas in
mind, we will review the available literature that aims at
using in vivo selective manipulations of glial connexin and
pannexin functions to address their roles in a subset of
pathologic conditions.

For this purpose, we used keyword search in PubMed
and Scopus citation databases using combinations of keywords
(Table 1). We then reviewed the methods section of all articles
yielded by each search and selected those articles that used
in vivo rodent models. A final selection of work using global and
cell-specific connexin and pannexin manipulations were selected
for detailed analysis.
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TABLE 1 | Number of original research articles found for the keyword
combinations used for the literature search in PubMed and Scopus citation
databases.

Connexin Pannexin

Astrocyte 875 83
Microglia 150 39
Oligodendrocyte 212 5
Ependymal 28 1
Endothelial + Brain 93 6
Tumor + Brain 212 19

NEURODEGENERATIVE DISEASES

We mentioned that connexins are expressed in different glial
types and may interact in complex ways. To illustrate these
complex interactions, we can mention a study by Orellana
et al. (2011) that addressed the involvement of glial connexins
and pannexins in neuronal death associated with exposure
to a toxic fragment of the amyloid precursor protein, whose
accumulation is associated with Alzheimer’s disease. Orellana
et al. (2011) observed that in cultured cortical astrocytes
and microglia, toxic amyloid fragments increased hemichannel
activity. While astrocyte hemichannel activity was explained
mainly by Cx43 availability, microglial hemichannel activity
involved both Cx43 and Px1 (Orellana et al., 2011). This amyloid-
induced glial hemichannel activity was associated with the
release of metabolites that are toxic for neurons, likely ATP
and glutamate. While microglia-mediated neurotoxicity could be
prevented by combined application of Px1 and Cx43 blockers,
astrocyte-mediated neurotoxicity was abolished by Cx43 block
alone (Orellana et al., 2011). In this same study, hippocampal
slices in organotypic culture exposed to the toxic amyloid
fragment showed increased hemichannel activity. This effect was
revealed by dye uptake first in microglia, then in astrocytes
and finally in neurons. While Cx43 blockers and microglia
inactivation with minocycline completely prevented amyloid-
induced neuronal death, in hippocampal slices obtained from
mice with astrocyte-selective deficiency of Cx43 there was only
a partial protection (Orellana et al., 2011). These data suggest
that astrocytic recruitment is downstream microglial activation,
however, pure astrocyte cultures can produce neurotoxic
conditioned medium in the presence of toxic amyloid fragments.
The relative contributions of microglia and astrocyte connexins
to amyloid-induced neurotoxicity will need microglia-selective
manipulations (Parkhurst et al., 2013; Yona et al., 2013;
Zhao et al., 2019) of connexin and/or pannexin proteins for
further clarification.

It is important to note that amyloid neurotoxicity modeled
in cell and organotypic slice culture systems involve a
rather homogeneous exposure to the toxic fragment. This
homogeneous exposure does not reproduce the neurotoxicity
gradients generated in the pathology characterized by amyloid
deposition in the form of amyloid plaques. The relevance of
these gradients for glial plasticity in Alzheimer’s disease was
nicely illustrated in a mouse model of familial Alzheimer’s
disease (APPswe/PS1dE9 mice, or APP/PS1 mice) characterized
by aging-dependent plaque formation. Hemichannel activity

assessed using dye uptake in acute brain slices was enhanced
in hippocampal astrocytes of APP/PS1 mice when compared
to control mice. Interestingly, hemichannel hyperactivity in
APP/PS1 astrocytes involved Cx43 and Px1 when astrocytes were
located near amyloid plaques, while the increased hemichannel
activity observed in astrocytes far from plaques involved only
Cx43 (Yi et al., 2016). Microglial inhibition by minocycline
partially reduced hemichannel hyperactivity in astrocytes
near plaques, while astrocytes far from plaques remained
unaffected. When the effects of the APP/PS1 mutations on
hemichannel activity were analyzed in the context of a selective
deficiency of Cx43 in astrocytes, almost no hemichannel
activity was observed in astrocytes far from plaques, but
a Px1 component of hemichannel activity remained in
astrocytes near plaques. Thus, Px1 appears to contribute to
astrocyte hemichannel activity in some in vivo conditions (Yi
et al., 2016). Together with the prevention of hemichannel
activity in astrocytes, the astrocyte-selective Cx43 deficiency
in APP/PS1 mice was associated with less mitochondrial
oxidative stress assessed by MitoSOX superoxide indicator
and less dystrophic dendrites, assessed by reticulon 3 (RTN3)
immunoreactivity (Yi et al., 2016), indicating that astrocyte
Cx43 worsened the neurotoxicity of the environment. Of
interest, no differences were observed in indicators of astrocytic
gap junction coupling between APP/PS1 and control mice,
assessed by fluorescence recovery after photobleaching (FRAP;
Yi et al., 2016), strengthening the idea that the neurotoxic
effect of astrocytes was exerted via Cx43 hemichannels.
Further, APP/PS1 mice with astrocyte Cx43 deficiency had
dramatically reduced astrogliosis and improved cognitive
performance compared with APP/PS1 mice. Even more,
re-expression of Cx43 in Cx43-deficient APP/PS1 mice
using an astrocyte-directed adeno-associated viral vector
reinstated the cognitive impairment (Ren et al., 2018).
These results indicate that in the sequence of events of
microglial and astrocytic activation that were proposed to
lead to neuronal damage in Alzheimer’s disease based on
in vitro studies, the increase of Cx43 hemichannel activity in
astrocytes is a deleterious process and this is confirmed in
an in vivo model that selectively manipulates connexins
in astrocytes.

Evidence for the idea that connexins participate in the
complex interaction between astrocytes and microglia during
neuroinflammation was provided as well by studies done
in experimental autoimmune encephalomyelitis, a mouse
model of multiple sclerosis. In this model, the pathologic
condition is produced by subcutaneous immunization with
myelin oligodendrocyte glycoprotein MOG35–55 peptide and
intraperitoneal administration of Pertussis toxin on the day
of immunization and 2 days after (Chen and Brosnan, 2006).
This model is characterized by progressive paralysis followed by
partial remission after an acute peak of clinical signs, associated
with inflammatory infiltrate, demyelination and axonal damage
(Chen and Brosnan, 2006). Mice with a selective astrocytic
Cx43 deficiency or with this deficiency in a global Cx30 knockout
background to prevent compensatory effects were not statistically
different from wild type mice in terms of a clinical score that
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evaluates the severity and time course of the motor signs of
experimental autoimmune encephalomyelitis up to 3–4 weeks
after immunization (Lutz et al., 2012). These mice were not
different either in terms of the degree of immune cell reactivity
in the spinal cord, evaluated using ionized calcium binding
adaptor molecule 1 (Iba1) immunostaining at the endpoint
of clinical evaluation. Interestingly, the global Cx30 deficiency
reduced the severity of the chronic phase (8 weeks after the
insult) in this model and this effect was correlated with the
emergence of an anti-inflammatory phenotype in both spinal
cord astrocytes and microglia (Fang et al., 2018). Given that a
reduction in the abundance of Cx43 during the chronic phase
of experimental autoimmune encephalomyelitis was observed
in global Cx30 deficient mice, the neuroprotective effect could
be mediated indirectly via astrocytic Cx43. This possibility
will need to be specifically tested ideally using conditional
astrocytic-selective and inducible Cx43 deficiency alone or
in combination with Cx30 deficiency. Furthermore, global
Px1 deficiency delayed the onset of symptoms in this model
of experimental autoimmune encephalomyelitis, improving the
clinical state of mice in the acute phase. However, Px1-deficient
mice reached a clinical score that was comparable to the one
observed in wild type mice during the chronic phase (Lutz
et al., 2013). When ATP release was evaluated in the bathing
medium of spinal cord slices, the authors observed that the
enhancement of ATP release that the insult produced was
significantly smaller in slices obtained from Px1-deficient mice
when compared to wild type slices (Lutz et al., 2013). The former
results are compatible with a sequential involvement of Px1 and
Cx30 -and possibly Cx43- in the progression of experimental
autoimmune encephalomyelitis. Further experiments using glial
cell type-selective pannexin and connexin manipulations will
help to determine whether an early microglia dependent
process involving Px1 elicits a late astrocyte-dependent process
involving connexins as part of the pathogenesis of experimental
autoimmune encephalomyelitis.

The importance of connexin and pannexin functions to
explain pathological conditions characterized by neuronal
dysfunction and degeneration is highlighted by data coming
from studies of human diseases linked to connexin and
pannexin mutations. X-linked Charcot-Marie-Tooth disease
type 1 (OMIM #302800) is characterized by progressive muscle
weakness and atrophy associated with mutations in the GJB1
gene, coding for connexin Cx32 (Cx32). These mutations are
linked to peripheral demyelination and axonal degeneration
that can be accompanied by central manifestations (Wang
and Yin, 2016). Deletions of the GJB1 coding sequence in
humans produce a predominantly peripheral phenotype that
is compatible with the alterations observed in Cx32 null
mice (Hahn et al., 2000; Nakagawa et al., 2001). The central
manifestations can be transient, do not appear to correlate
with the severity of peripheral neuropathy and may be
triggered by a variety of stress stimuli (Wang and Yin,
2016). Besides peripheral signs of neuropathy, Cx32 knockout
mice show increased signs of widespread central nervous
system inflammation when compared to wild type mice,
both in basal conditions and after a systemic challenge with

lipopolysaccharide (Olympiou et al., 2016). Interestingly,
Cx32 knockout mice bearing a human Cx32 mutation associated
with central manifestations of X-linked Charcot-Marie-Tooth
disease (Cx32KOT55I) display an enhanced widespread
central nervous system inflammatory response not associated
with oligodendrocyte loss after lipopolysaccharide challenge,
when compared with Cx32 knockout mice that do not carry
this mutation (Olympiou et al., 2016). These data suggest
that Cx32 mutations contribute to the disease not only
through loss-of-function mechanisms that promote central
neuroinflammation in addition to peripheral neuropathy,
but also through gain-of-function mechanisms that increase
the susceptibility to inflammatory challenges. The signals
underlying the enhanced neuroinflammation remain to
be elucidated.

Another demyelinating disease associated with mutations in
the GJC2 gene coding for connexin 47 (Cx47) is Pelizaeus-
Merzbacher-like disease type 1 (OMIM #608804), characterized
by progressive spasticity and ataxia. When compared with
wild type mice, both knockout mice for Cx47 and mice
carrying a mutation associated with the disease in humans
(Cx47KOM282T) show delayed myelination and mild motor
impairment during the juvenile stage, together with cerebellar
astro- and microgliosis, that is no longer observable in the adult
stage owing to compensation by Cx32 (Tress et al., 2011). As
is the case for Cx32-deficient and mutant mice, Cx47-deficient
and mutant mice show evidence of gap junction disassembly, not
only in relation to oligodendrocyte-oligodendrocyte connections
but also for oligodendrocyte-astrocyte connections (Tress
et al., 2011; Olympiou et al., 2016). Whether augmented
signs of neuroinflammation in these connexin-deficient mice
is associated with oligodendrocytic, astrocytic or neuronal
dysfunction, or with a combination of signals from these cell
types, remains to be established.

ISCHEMIA

The question whether astrocytic connexins are beneficial or
detrimental in pathological conditions fueled a rich debate and
is well illustrated for the case of ischemia (Giaume et al., 2007).
Correlational evidence and nonselective manipulations aiming
at inhibition of Cx43 function in astrocytes led to the idea
that Cx43 contributed to the amplification of ischemic damage,
as the treatment with octanol, a nonselective connexin and
gap junction blocker, reduced the infarct size in rat models of
cerebral ischemia by carotid or middle cerebral artery occlusion
(Rawanduzy et al., 1997; Rami et al., 2001).

Contrasting with the former data, in a mouse model of
ischemia produced by middle cerebral artery occlusion during
45 min with evaluation 24 h later, the infarct size was larger
in mice with a selective Cx43 astrocytic deficiency when
compared to wild type mice (Lin et al., 2008). In addition, an
experience of hypoxic preconditioning of 5 h at 8% oxygen
3 days prior to artery occlusion produced an approximate 50%
reduction in infarct size in wild type mice, and was absent
in mice with astrocytic Cx43 deficiency (Lin et al., 2008).
The protective effect of hypoxic preconditioning needed the
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availability of adenosine A1 receptors and it was proposed
to be produced by ATP release by Cx43 hemichannels and
subsequent metabolization to adenosine extracellularly (Lin
et al., 2008). Given that astrocytic Cx43 deficiency is partly
compensated by an increase in Cx30 expression, the mice
used in these experiments were also global Cx30 knockouts
(Wallraff et al., 2006). Cx43 was proposed as pivotal for
neuroprotection in this cerebral ischemia model and was
reinforced by consistent results obtained inmice with conditional
deletion of Cx43 in astrocytes and no deletion of Cx30 (Nakase
et al., 2003). In these mice, more cell death and enhanced
number of inflammatory cells were observed in the area of
penumbra without significant changes in the volume affected
by astrogliosis, when compared with control mice (Nakase
et al., 2004). The protective effect of Cx43 against ischemic
damage was further reinforced by another study using a mouse
line bearing a Cx43 mutation that affects Cx43-mediated gap
junction and hemichannel activity (Gja1Jrt; Kozoriz et al., 2013).
Thus, in contrast to what was observed for the inflammatory
environment of Alzheimer’s disease models, Cx43 was regarded
as neuroprotective under hypoxic conditions. One important
difference called into attention to explain the difference between
these two conditions is the chronicity of the insult in Alzheimer’s
disease models compared to the acute insult in the models
of ischemia.

Genetic models that allow researchers to restrict the connexin
deficiency to specific glial types were a big step forward to address
glial connexin functions in nervous system pathology; however,
there are a series of confounding effects that the strategy does
not address. First, most of the data come from constitutive
lines that tie the connexin deletion of interest to the timing of
expression of a particular promoter, such as the promoter for
glial fibrillary acidic protein (GFAP), which is also expressed by
neural progenitor cells (Giaume and Theis, 2010). This caveat
can be minimized with new tools that spare neural progenitor
cells (Tsai et al., 2012; García-Cáceres et al., 2016; Srinivasan
et al., 2016; Koh et al., 2017) or inducible tools that allow the
researchers to evaluate phenomena in time windows shorter than
the time needed for generation of new neurons (Burns et al.,
2007; Rivers et al., 2008). Second, the deletion of connexin coding
sequences eliminates all connexin functions, thus, it cannot
address hemichannel, gap junction and non-channel connexin
functions separately. This is particularly relevant in light of data
showing that the permeability of gap junction channels and
hemichannels can be oppositely modulated in an in vitro model
of injury in which hemichannels were activated and gap junction
coupling was reduced (Retamal et al., 2007). A promising
tool to dissociate Cx43 hemichannel and gap junction channel
functions is the connexin mimetic peptide Gap19, which blocks
Cx43 hemichannels within the hour after exposure without
affecting Cx43-mediated gap junction coupling. At larger
exposure times, it slightly enhances gap junction coupling, so it
nicely dissociates the two functions (Wang et al., 2013). A recent
study assessed the effects of this peptide in male mice subjected
to a cerebral ischemia-reperfusion protocol (45 min of middle
cerebral artery occlusion and assessment 24 h after initiation
of reperfusion). Intracerebroventricular administration of Gap19

30 min before ischemia had a protective effect, significantly
reducing infarct volume (Chen et al., 2019). This result indicates
that Cx43 hemichannel function is deleterious in ischemia
and suggests that the increase in infarct volume observed in
mice with astrocytic Cx43 deficiency (Nakase et al., 2004)
obeys to a neuroprotective role of Cx43-mediated gap junction
channels that overrides the neurotoxic action of hemichannels.
However, as Gap19 also downregulated Cx43 expression by
about 30% and astrocytic gap junction connectivity was not
assessed (Chen et al., 2019), a contribution of astrocytic gap
junctions to explain the neuroprotective effect of Gap19 cannot
be ruled out. Potential effects of Gap19 in microglia or other
targets could also explain the results, as the manipulation was
not cell-type selective. Further support for the idea that an
increment of astrocytic Cx43 hemichannel activity in response to
ischemic insults is detrimental comes from a study using mice
with global site-directed mutagenesis to eliminate functional
phosphorylation sites that are a substrate for mitogen-activated
protein kinase in the C-terminus of Cx43 (Freitas-Andrade et al.,
2019). These mice (MK4 mice) show reduced infarct size after
permanent middle cerebral artery occlusion when compared
with wild type mice and two other mouse lines targeting
phosphorylation sites for protein kinase C and caseine kinase 1,
these two displaying no protection. Cultured astrocytes from
MK4 mice showed reduced hemichannel activity assessed using
dye uptake and electrophysiological measurements. In addition,
MK4 astrocyte gap junction coupling assessed through a scrape-
loading assay in cortical brain slices was indistinguishably
increased in MK4 and wild type mice after the ischemic insult
(Freitas-Andrade et al., 2019). Given that this was a global
manipulation, it remains to be confirmed that the protective
effect is astrocytic Cx43-dependent.

Non-channel functions of Cx43 involve adhesion properties
and the participation in intracellular signaling via the C-terminal
domain. Cx43 is codified by the Gja1 gene, which can
produce alternative carboxyl-terminal fragments via translation
at alternative initiation sites (Ul-Hussain et al., 2014). Among
these fragments, the GJA1-20k variant is selectively upregulated
in a rat model of brain hypoxia-ischemia and may explain at
least part of the neuroprotective effects produced by Cx43 in
hypoxic conditions. Mice with a C-terminal-truncation in the
Cx43 coding region show more vulnerability to brain ischemia,
however, as astrocytic gap junction and hemichannel functions
are partially disrupted as well in these mice, a neuroprotective
role of the carboxyl-terminal fragment of Cx43, independent
of its impact in channel functions, cannot be confirmed
(Kozoriz et al., 2010).

Multiple connexins and glial types likely contribute to the
outcome after ischemic damage. This idea is reinforced by the
observation that male null mice for Cx32 are more vulnerable
to global cerebral ischemia produced by transient (10 min)
bilateral common carotid artery occlusion (Oguro et al., 2001).
This enhanced vulnerability was observed 7 days after the insult
as increased neuronal loss in the CA1 hippocampal region
of null mice when compared with wild type mice (Oguro
et al., 2001). Given that Cx32 is expressed by oligodendrocytes
and by parvalbumin-positive inhibitory interneurons in the
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hippocampus, the locus of origin of the Cx32-dependent
neuroprotective effect could not be elucidated in this model,
highlighting the need of glia type-selective manipulations of
connexin proteins to address their functions (Doerflinger et al.,
2003; Piantanida et al., 2019).

The contribution of pannexin proteins to the outcome
after ischemic brain damage has been addressed using global
knockout mice for Px1 and pannexin-2 (Px2), two pannexin
proteins expressed in the nervous system. Contrasting with
the deleterious effects of global Cx32 deficiency and astrocytic
Cx43 deficiency, global combined deficiency of Px1 and
Px2 results in protection against ischemic damage when
evaluated 48 h after permanent middle cerebral artery occlusion
(Bargiotas et al., 2011, 2012). Interestingly, astrocytes in primary
culture with combined Px1 and Px2 deficiency show normal ATP
release and membrane conductance, indicating that pannexins
do not contribute significantly to astrocytic channel function
in these in vitro conditions. In contrast, Px1- and Px2-deficient
cortical neurons in primary culture show defective dye release
(Bargiotas et al., 2011). These results suggest that pannexins
contribute to ischemic damage expansion through a neuron-
dependent mechanism. This is supported by a study showing
comparable degrees of protection against ischemia-reperfusion
damage in retinas of global and neuron-selective Px1 deficiency
(Dvoriantchikova et al., 2012). Interestingly, microglial cells
of Px1 deficient mice retain their ability to display rapid
morphologic plasticity in response to extracellular ATP and
other stimuli associated with injury (Dissing-Olesen et al., 2014).
However, a possible contribution of microglia or endothelial
cells (Gaynullina et al., 2014; Sharma et al., 2018) to explain the
neuroprotective effect of global Px1 and Px2 deletion cannot be
ruled out and needs to be specifically tested.

The availability of new mouse lines to achieve conditional
deletion of Px1 using Cre-lox technology (Dvoriantchikova
et al., 2012) and conditional expression of tamoxifen-inducible
Cre recombinase in microglia and leptomeninges, sparing
blood monocytes (Kaiser and Feng, 2019) is much promising.
Given that Px2 can compensate for Px1 deficiency, and
vice versa (Bargiotas et al., 2011) an in vivo approach
to address the impact of microglia-selective Px1 deficiency
on ischemic damage and other pathologic conditions will
likely need to combine the conditional microglia-selective
Px1 deletion with a global (or conditional, when available)
Px2 deletion. This is an analogous strategy to the one used
to address the roles of astrocytic Cx43 without compensation
by Cx30 (Wallraff et al., 2006). One additional factor that
has to be taken into consideration is the observation of
sexual dimorphism in the neuroprotective effect of global
Px1 deficiency. When evaluated 48 h after middle cerebral artery
occlusion without sex discrimination, global Px1 deficiency
did not show protection against ischemic damage (Bargiotas
et al., 2011). Of note, another study using a middle cerebral
artery occlusion lesion model in an independently generated
Px1-knockout line observed that females with Px1 deficiency
showed approximately 50% smaller size infarcts 4 days after
the lesion when compared with wild type females (Freitas-
Andrade et al., 2017). In contrast, males with Px1 deficiency

displayed lesion sizes that were indistinguishable from lesions
in wild type male mice. The differential susceptibility to
ischemic damage between males and females correlated with
differential astrocytic reactivity and degree of neuroinflamation,
assessed through GFAP and Iba1 immunostaining, respectively,
which were less dramatic in Px1-deficient female mice when
compared to wild type female mice and males of either genotype
(Freitas-Andrade et al., 2017). These data highlight the need
to analyze the possibility for sexually dimorphic responses
to nervous system insults before concluding a lack of effect
of manipulations.

Overall, the current available data strongly suggest that
therapeutic interventions to prevent ischemic damage will benefit
from strengthening the efforts to develop tools to counteract
connexin and pannexin hemichannel activity while preserving
connexin gap junction function.

SPINAL CORD INJURY

Female mice with selective astrocytic Cx43 deficiency in a
Cx30-knockout background were also assessed to evaluate their
response to spinal cord contusion injury, and compared to
controls that had only the global Cx30 deficiency (Huang
et al., 2012). This study reported that the response to
weight-drop spinal cord injury involved less ATP release
in the peritraumatic area 1 h after injury in mice with
astrocytic Cx43 deficiency. These mice also showed reduced
astrocytic and microglial reactivity 1 week after injury and
smaller lesion sizes than control mice when evaluated 8 weeks
after injury, accompanied by an improved functional recovery
that was observed as early as 3 days after damage (Huang
et al., 2012). Thus, in this injury model, Cx43 availability
was deleterious. In another model of spinal cord contusion
injury in rats, peptide5, a Cx43 mimetic peptide that blocks
Cx43 hemichannels and gap junctions (O’Carroll et al.,
2008), administered at the lesion site 1 h after the lesion,
diminished astrocytic activation and inflammatory cell numbers
at the lesion site, promoted neuronal survival, and improved
locomotor recovery when compared with the administration
of a control peptide (O’Carroll et al., 2013). These data
are consistent with the more selective astrocyte-directed
manipulation of Cx43 mentioned above and support the idea
that Cx43 is deleterious for the outcome of traumatic spinal
cord injury. Interestingly, comparable results were obtained
when peptide5 was administered systemically to rats with
spinal cord contusion (Mao et al., 2017b). Consistent results
were obtained in yet another study using female mice treated
systemically with INI-0602, a derivative of the broadly used
non-selective connexin and pannexin blocker carbenoxolone
(Bruzzone et al., 2005; Dahl et al., 2013), that prevents the
release of glutamate from mouse cultured microglia in response
to lipopolysaccharide administration (Takeuchi et al., 2011).
Administration of INI-0602, starting at the time of injury
and during a month, improved the outcome of transection
spinal cord injury, reducing astrogliosis and inflammation,
and improving motor recovery (Umebayashi et al., 2014).
These results emphasize the idea that even when cell-type
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selective manipulations are essential to address the mechanisms
behind the resolution of injuries, non-selective manipulations
have potential as useful treatments, provided that there are
no significant undesired off-targets for the therapeutic agent
(Mao et al., 2017a).

In contrast to what was reported in spinal cord injury
models, mice with astrocytic Cx43 deletion in a wild type
Cx30 background increased the extent of astrogliosis and
inflammatory cells around the lesioned area in a brain stab
wound injurymodel (Theodoric et al., 2012). A number of factors
may explain these differences, such as the type of injury, the
lesion site, the time of observation after injury and the cellular
microenvironment around the wound.

NEUROPATHIC PAIN

The development of neuropathic pain after peripheral or central
damage involves plastic changes in spinal nociceptive circuits
that involve glial plasticity as well. Selective manipulation
of astrocytes and microglia have recently revealed that
connexin and pannexin proteins in these glial types are
critical for the development of neuropathic pain. In a
mouse model of mild spinal cord injury, selective astrocytic
Cx43 deficiency in a Cx30 knockout background reduced the
development of mechanical allodynia and heat hyperalgesia,
when compared with Cx30 knockout and wild type mice
(Chen et al., 2012). On the other hand, Px1 deficiency in
myeloid cells including microglia attenuated the development
of mechanical allodynia in a model of induced osteoarthritis
by intra-articular administration of monosodium iodoacetate.
Interestingly, the hyperactivity of spinal dorsal horn neurons
associated with the development of mechanical allodynia
was also attenuated by myeloid cell-selective deletion of
Px1 (Mousseau et al., 2018). It is important to note that
this study used an inducible knock-in/knock-out Cre-lox
system that allowed the researchers to evaluate the acute
effects of eliminating Px1 expression in the myeloid lineage.
Another study used a model in which mechanical allodynia
also develops after spared nerve injury of the sciatic nerve.
This study did not observe a reduction of pain thresholds
in mice with Px1 deficiency in the myeloid lineage using a
non-inducible transgenic Cre-lox system under comparable
regulatory sequences (the Cx3cr1 promoter; Weaver et al., 2017).
In contrast, this same study did observe a prevention of nerve
injury-induced mechanical allodynia in global Px1-deficient
mice. These results suggest that the non-inducible deletion of
Px1 from myeloid cells can be developmentally compensated,
while the global Px1 deletion cannot. Strikingly, Weaver
et al. could reinstate the capability for nerve injury-induced
mechanical allodynia in global Px1-deficient mice after
wild type bone marrow transplantation, indicating that
bone marrow-derived immune cells confer at least part of
the Px1 dependence of nerve injury-induced mechanical
allodynia. Combined manipulations of astrocytic connexins and
microglial pannexins in specific time windows will help elucidate
whether and how these cell types and molecules interact
for the development of neuropathic pain. The availability

of tools to genetically manipulate astrocytes and microglia
with different inductor drugs (Tanaka et al., 2012; Srinivasan
et al., 2016) is a promising new avenue with potential to
assess interactions between these cell types. The generation
of new tools designed to achieve targeted deletions of a
broader diversity of connexins and pannexins than what is
available (Liao et al., 2001; Cohen-Salmon et al., 2002; Poon
et al., 2014; Clasadonte et al., 2017) will overcome one of the
current limitations.

TUMORS

Besides their participation in the resolution of nervous system
damage, astrocytes are determinants of the microenvironment
in which brain tumors develop. In addition, tumor cells
express connexins and there is evidence using dye transfer
in vitro and in vivo that they can establish connexin-mediated
gap junctions with non-tumor cells (Zhang et al., 1999,
2003). However, a direct electrophysiological measurement of
gap junction coupling between astrocytes and tumor cells
is still lacking. Data supporting the relevance of connexin
proteins as potential targets for antitumor therapy have been
reviewed recently (Aasen et al., 2017; Umans and Sontheimer,
2018; Uzu et al., 2018). Whether connexin gap junction,
hemichannel and/or non-channel functions are important for
tumor progression has not been resolved. However, there
is compelling evidence that some tumor cells downregulate
connexin proteins and that restoring connexin expression
reduces malignancy. As an example, C6 rat glioma cells express
low levels of Cx43 and Cx30. When implanted intracranially,
they produce well-defined large tumors in the brain parenchyma,
resulting in a survival rate of 43% of transplanted individuals
after 30 days of implantation. However, rats implanted with Cx30
cDNA-transfected C6 glioma cells exhibited 66% of survival
rate, and smaller tumor masses were detected by MRI analysis
(Arun et al., 2017). Interestingly, Px1-transfected C6 glioma
cells in culture showed reduced proliferation and motility
and displayed dye coupling, which was virtually absent in
untransfected C6 cells (Lai et al., 2007). When inoculated to nude
mice, Px1-transfected C6 glioma cells produced significantly
smaller tumors than cells transfected with a control construct.
Similar results were observed for Px2-transfected C6 glioma cells
(Lai et al., 2009).

Contrasting with the former results, in a brain metastasis
model using nude mice inoculated with mammary
adenocarcinoma cells of human origin via the left cardiac
ventricle, shRNA-mediated depletion of Cx43 from cancerous
cells reduced metastatic growth in the brain parenchyma when
assessed 2 weeks after inoculation (Chen et al., 2016, 2017).
Wild-type Cx43 re-expression in Cx43-depleted cancerous
cells rescued metastatic activity, whereas re-expression of
a mutated variant of Cx43 that does not form functional
channels [Cx43(T154A)] did not (Beahm et al., 2006).
Interestingly, Cx43 promoted proliferation of metastatic
cells in the brain, but not extravasation across the blood-
brain barrier, as Cx43 depletion in cancer cells did not
significantly diminish the number of cancer cells in the
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FIGURE 1 | Summary of the impact of global and astrocyte-selective connexin function disruption in the context of in vivo models of central nervous
system disease.

brain parenchyma, but micrometastases showed decreased
proliferative activity when assessed 1 week after cancer cell
inoculation. Based on a large body of accompanying in vitro
data, the authors proposed a model in which gap junctions

between tumor cells and astrocytes are required for cancer
cell growth and survival (Chen et al., 2016). However, a
potential hemichannel function of Cx43 in this process cannot
be discarded.
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FIGURE 2 | Summary of the impact of global and myeloid cell-selective pannexin function disruption in the context of in vivo models of central nervous
system disease.

Further research with in vivo models and tumor cell
manipulations targeting specific connexin functions will shed
light on the roles of connexins expressed by cancer cells for
their capacity to invade the brain parenchyma, their proliferation
and survival, which may differ depending on cancer cell
type. To conclude, we will focus on the analysis of plasticity
of astrocyte connexin functions in the proximity of tumor
cells and their possible detrimental or beneficial effects for
tumor progression.

In mice with Cx43-deficient astrocytes, brain implantation
of mouse GL261 glioma cells resulted in a larger extent of
astrogliosis near the tumor implant, together with reduced
invasion of tumor cells into the brain parenchyma. This
result was replicated when Cx43-knockdown glioma cells
were implanted in wild type mice (Sin et al., 2016). To
determine which Cx43 function was taking part in this
process, glioma cells were transfected with cDNA coding
for the channel-defective Cx43 mutant variant, Cx43(T154A),
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TABLE 2 | Genetic tools of potential application to achieve inducible connexin and pannexin manipulations of glial cells in vivo.

Cre-expressing lines

Cell-type selectivity
(in nervous system)

Construct Induction method RRID Reference

Astrocytes Aldh1l1-Cre/ERT2 BAC
transgene

Tamoxifen IMSR_JAX:029655 Srinivasan et al. (2016)

Astrocytes, adult neural
progenitors cells

Nestin-CreER transgene Tamoxifen IMSR_JAX:012906 Burns et al. (2007)

Astrocytes, adult neural
progenitors cells

PAC
Fgfr3-icreERT2 transgene

Tamoxifen IMSR_JAX:025809 Rivers et al. (2008)

Oligodendrocytes,
Schwann cells, olfactory
ensheathing glia, adult
neural progenitors

PLP1-Cre/ERT transgene Tamoxifen IMSR_JAX:005975 Doerflinger et al. (2003),
Guo et al. (2010) and
Piantanida et al. (2019)

NG2 cells (oligodendrocyte
and astrocyte precursors)

NG2-Cre/ERTM BAC
transgene

Tamoxifen IMSR_JAX:008538 Zhu et al. (2011)

Microglia, mononuclear
phagocyte system

Cx3cr1-Cre/ER transgene Tamoxifen IMSR_JAX:020940 Yona et al. (2013) and Zhao
et al. (2019)

Microglia, mononuclear
phagocyte system

Cx3cr1-Cre/ER/YFP
transgene

Tamoxifen IMSR_JAX:021160 Parkhurst et al. (2013)

Microglia, mononuclear
phagocyte system

Iba1-tTA transgene Doxicycline IMSR_RBRC05769 Tanaka et al. (2012)

Cre-responding lines

Cell-type selectivity (in
nervous system)

Construct Expressed
protein/s

RRID Reference

Astrocytes Aldh1l1-loxP-EGFP-
4XpolyA-loxP-diptheria
toxin A (DTA)-polyA BAC
transgene

EGFP before
recombination, DTA
after recombination

IMSR_JAX:026033 Tsai et al. (2012)

Viral vectors

Cell-type selectivity (in
nervous system)

Construct Expressed
protein/s

RRID Reference

Astrocytes (adult
non-neurogenic regions)

AAV(5)-GFAP(2.2)-iCre Cre recombinase García-Cáceres et al. (2016)

Astrocytes AAV-DJ-hALDH1L1-Cre Cre recombinase Koh et al. (2017)

Connexin and pannexin floxed lines

Targeted gene Targeted sequence Targeted
connexins

RRID Reference

Gja1 Exon 2 Cx43 IMSR_JAX:008039 Liao et al. (2001) and
Clasadonte et al. (2017)

Gjb2 Exon 2 Cx26 Cohen-Salmon et al. (2002)
Panx1 Exon 3/4 Px1 Dvoriantchikova et al.

(2012) and Poon et al.
(2014)

and implanted in astrocyte-selective Cx43-deficient mice,
or control mice. Tumor invasion was compromised only
in the astrocyte Cx43 null background, suggesting that
heterocellular (glioma-astrocyte) gap junction channel
activity is not necessary for tumor invasion. However,
release of astrocyte gliotransmitters via Cx43 hemichannels
cannot be discarded. In addition, the outcome of implanted
glioma cells was assessed in Cx43∆CT/− mice carrying one
astrocyte-selective null Cx43 allele and one ∆CT allele that
consists in a truncated Cx43 variant (Cx43K258stop). This
variant lacks a cytoplasmic tail that carries phosphorylation
sites and protein-interacting domains (Freitas-Andrade

et al., 2019) and exhibits reduced gap junction activity and
increased hemichannel activity when assessed in cultured
astrocytes using dye transfer and uptake techniques (Sin et al.,
2016). Cx43∆CT/− mice displayed compromised invasion
of tumor cells in the brain parenchyma and increased
astrogliosis when compared with Cx43+/− (mice carrying
one astrocyte-selective Cx43 null allele and one wild type
allele; Sin et al., 2016). These results indicate that astrocytic
Cx43 constitutes a means for tumor invasion in the brain.
The channel and non-channel functions directly involved
in tumor invasion and survival are still elusive; however, at
least in the former case, the results seem to discard adhesive
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properties of the extracellular loops, which remained intact
in the mutant variants used, provided that Cx43 expression
levels and traffic to the membrane remained invariant.

CONCLUDING REMARKS AND FUTURE
DIRECTIONS

A summary of the cases of connexin- and pannexin-deficient
mouse models reviewed is shown in Figures 1, 2. One interesting
feature to highlight is that astrogliosis appears dissociated
from the availability of functional astrocytic connexins and
is likely more related with the inflammatory environment
associated with each particular case. The data reviewed
gives support to the idea that the hyperactivation of glial
hemichannels leads to circuit dysfunction and worsens
neurodegeneration in a variety of contexts. The generally
beneficial effect of pannexin deficiency vs. the more variable
outcomes observed for connexin deficiency supports the idea
that connexin proteins can form both hemichannels and gap
junctions, while pannexin proteins are predominantly identified
with hemichannel function. Efforts to develop blood-brain
barrier-permeant connexin hemichannel blockers for systemic
administration appear as promising therapeutic tools. Tools
to favor the bias of connexins towards gap junction assembly
at the expense of hemichannel availability are expected to
be beneficial.

Future studies exploiting the advantages of cell-type
specific connexin and/or pannexin disruption, time control
provided by inducible genetic drivers or vector administration
(Table 2) and dissociated manipulation of gap junction
channel, hemichannel and non-channel functions will
contribute to address the roles of connexins in different
nervous system pathologies to better design adequate
therapeutic interventions. The focus on cell types whose
roles are only beginning to be explored as participants in
neuroinflammation (Table 1) is a fertile field for new research.
One interesting case is NG2 glia, known to be precursors of
mature oligondendrocytes present in numbers comparable
to astrocytes in many brain areas (Nishiyama et al., 2005)
and to be components of the glial scar after traumatic injury
(Schäfer and Tegeder, 2018). Of particular importance is the

availability of genetic tools to manipulate NG2 glia selectively
(Zhu et al., 2011).

In addition, forthcoming studies will need to address
complex interactions arising from combined selective connexin
deficiency in more than one cell type. We should not be
surprised by finding regional, age and pathology-dependent
differences instead of a more general rule. Figures 1, 2
highlight the complexity of drawing unequivocal conclusions
regarding the relevance of hemichannel, gap junction and
non-channel functions of connexins and pannexins. Despite
the availability of a substantial diversity of genetic tools to
distinguish among these functions, it is uncommon to find
comparisons of their effects in the same disease model with
experiments run in parallel to minimize factors of variability.
We envision that collaborative work of different groups with
the aim of shedding light on this question will generate
invaluable new and confirmative data crucial for the design of
new therapies.
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Astrocytes, as the largest population of glial subtype, play crucial roles in normal brain
function and pathological conditions, such as Parkinson’s disease (PD). Restoring the
functions of astrocyte is a promising new therapeutic target for PD. Astrocytes can
express multiple types of neurotransmitter receptors, including functional α7 nicotinic
acetylcholine receptor (α7nAChR). Previously, we found that a non-selective α7nAChR
agonist nicotine exerted a protective effect against H2O2-induced astrocyte apoptosis
via an α7nAChR-dependent pathway. However, the molecular mechanism of the
antiapoptotic response of astroglial α7nAChR has not been studied. In the present study,
using pharmacological inhibition and genetic knockout of α7nAChR, we assessed the
antiapoptotic effects of an α7nAChR agonist PNU-282987 in primary cultured astrocytes
treated with 1-methyl-4-phenylpyridinium (MPP+). PNU-282987 promoted the viability
of astrocytes, alleviated MPP+ induced apoptosis, and decreased the number of
GFAP+/TUNEL+ cells. Meanwhile, PNU-282987 upregulated the expression of the
antiapoptotic protein Bcl-2 and downregulated the expression of the apoptotic protein
Bax and cleaved-caspase-3. Moreover, the suppression of the JNK-p53-caspase-3
signaling may underlie the neuroprotective property of PNU-282987. Therefore, PNU-
282987 ameliorates astroglial apoptosis induced by MPP+ through α7nAChR-JNK-p53
signaling. Our findings suggest that PNU-282987 may be a potential drug for restoring
astroglial functions in the treatment of PD.

Keywords: α7 nicotinic receptor, astrocyte, PNU-282987, apoptosis, 1-methyl-4-phenylpyridinium

INTRODUCTION

As the largest population of glial subtype in the central nervous system, astrocytes play crucial
roles in maintaining normal brain function and homeostasis (Santello et al., 2019; Valori et al.,
2019). Astrocytes provide multiple physiological support functions for neurons, and loss of these
critical functions can contribute to the disruption of neuronal function and neurodegeneration
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(Li et al., 2019; Sorrentino et al., 2019). Besides, astrocytes
become activated with heterogeneous and progressive changes
in response to pathological conditions, such as inflammatory
disease (Iglesias et al., 2017), acute traumatic brain injury
(Burda et al., 2016), ischemia/hypoxia (Liu and Chopp, 2016),
Alzheimer’s disease (Acosta et al., 2017), and Parkinson’s
disease (PD) (Booth et al., 2017). Activated astrocytes leave
their quiescent state and are characterized by cellular swelling,
proliferation (astrocytosis), and hypertrophy-hyperplasia
(astrogliosis) (Pekny and Nilsson, 2005). At the early stage
of injury, activated astrocytes are believed to be beneficial to
neurons by participating in regulating brain energy metabolism,
recycling extracellular ions and neurotransmitter levels,
and secreting neuroprotective substances (Efremova et al.,
2017; Martin-Jiménez et al., 2017). However, the specific
role of prolonged activated astrocytes is still controversial.
Activated astrocytes are essential for neuronal survival and
functional recovery by the release of neurotrophins (Gozes
et al., 1999; Albrecht et al., 2002) and the existence of gap
junction (Cotrina et al., 1998; Lin et al., 2010). In contrast,
activated astrocytes produce potential toxic mediators and kill
neighboring cells in brain injury (Pekny and Nilsson, 2005; Li
et al., 2019). Thus, astrocytes act as initiators or contributors
in neuropathological conditions via both gain-of-function and
loss-of-function mechanisms.

As a common neurodegenerative disease, PD is pathologically
characterized by the loss of dopaminergic neurons in the
substantia nigra pars compacta (SNpc) (Kalia and Lang, 2015).
The origin of PD and mechanisms of neuronal degeneration
have not yet been fully understood. Compelling evidence
certainly indicates that astrocytes have an initiating role in the
pathophysiology of PD (Booth et al., 2017). The presence of
reactive astrocytes is a crucial aspect of PD pathophysiology in
the SNpc (Miklossy et al., 2006). There is also growing evidence
that many of the PD-associated genes, such as α-synuclein,
DJ-1, ATP13A2, PINK1, and Parkin, are involved in astrocyte-
specific functions, including glutamate uptake (Gu et al., 2010;
Kim et al., 2016), inflammatory response (Waak et al., 2009;
Fellner et al., 2013; Qiao et al., 2016), fatty acid metabolism (Xu
et al., 2003; Castagnet et al., 2005), and neurotrophic capacity
(Mullett and Hinkle, 2009; Gu et al., 2010; Qiao et al., 2016).
Notably, a recent study found that postmortem tissue from
PD patients have shown an increase in astrocytic senescence,
and removing these senescent cells prevented the symptoms
of PD in a mouse model (Chinta et al., 2018). These studies
suggest that astrocyte dysfunction plays an essential role in the
development and exacerbation of PD, and targeting and restoring
the functions of astrocyte are promising new therapeutic targets
of neuroprotection.

Alpha7 nicotinic acetylcholine receptor (α7nAChR) is one
of the most abundant nAChRs in the mammalian brain
(Bertrand et al., 2015). Recent studies suggest that α7nAChR
activation may be a crucial mechanism underlying the anti-
inflammatory (Egea et al., 2015; Echeverria et al., 2016),
antiapoptotic (Kim et al., 2012), and neuroprotective potential
of nicotine (Quik et al., 2015; Liu et al., 2017) in several
neuropathological conditions. Our previous studies found that

α7nAChRs may mediate the protective effects of nicotine
in vivo in PD model mice (Liu et al., 2015, 2017) and
in vitro in cultured 1-methyl-4-phenylpyridinium (MPP+)-
induced SH-SY5Y cells (Xu et al., 2019). The expression of
functional α7nAChRs has also been reported to be present in
astrocytes (Teaktong et al., 2003; Xu et al., 2019). Given that
the impairment of astrocyte functions can critically influence
neuronal survival, it is critical to evaluate the potential role
of astroglial α7nAChR. Recently, we have demonstrated that
nicotine exerted a protective effect against H2O2-induced
astrocyte apoptosis, which was abolished by an α7nAChR-
selective antagonist (Liu et al., 2015). Astrocyte apoptosis
is believed to contribute to the pathogenesis of chronic
neurodegenerative disorders, including PD (Takuma et al., 2004).
Therefore, targeting astroglial α7nAChR for their antiapoptotic
properties may be necessary for guiding disease-modifying
therapies for PD. However, the molecular mechanism of the
observed antiapoptotic response of astroglial α7nAChR has
not been studied.

In this study, we firstly confirmed in vitro the neuroprotective
effect of an α7nAChR agonist PNU-282987 in astrocytes treated
with 1-methyl-4-phenylpyridinium (MPP+, a neurotoxin used
in cellular models of PD). Then, we showed that PNU-
282987 decreased the number of TUNEL+/GFAP+ cells and
alleviated MPP+-induced apoptosis. Meanwhile, PNU-282987
upregulated the expression of the antiapoptotic protein Bcl-2
and downregulated the expression of the apoptotic protein
Bax and cleaved caspase-3. Moreover, the suppression of the
JNK-p53-caspase-3 signaling may underlie the antiapoptotic
property of PNU-282987.

MATERIALS AND METHODS

Reagents
Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine
serum (FBS) were purchased from Gibco Lab (Carlsbad, CA,
United States). The tetrazolium salt 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium bromide (MTT), dimethyl
sulfoxide (DMSO), 0.25% trypsin solution, PNU-282987,
methyllycaconitine (MLA), Triton X-100, penicillin, and
streptomycin were purchased from Sigma-Aldrich (St. Louis,
MO, United States). Hoechst 33342 staining was purchased
from AAT BioQuest (Montreal, CA, United States). Terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-
staining kit was purchased from Roche Applied Science (South
San Francisco, CA, United States). ProLong Gold Antifade
with 4′,6-diamidino-2-phenylindole (DAPI) was purchased
from Invitrogen (Carlsbad, CA, United States). The lactate
dehydrogenase (LDH) cytotoxicity detection kit was purchased
from Nanjing Jiancheng Bioengineering Institute (Jiangsu,
China). The Annexin-V fluorescein isothiocyanate (FITC)
apoptosis detection kit was purchased from BD Biosciences
(San Jose, CA, United States). Protease inhibitor cocktail and
phosphotransferase inhibitor cocktail were purchased from
Roche (Indianapolis, IN, United States).
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Animal
Alpha7-nAChR knockout (KO) mice (C57BL/6J background)
were purchased from the Jackson Laboratory (B6.129S7-
charna7tm1bay, number 003232; Bar Harbor, ME, United States)
(Liu et al., 2017). Wild-type (WT) C57BL/6J mice were purchased
from the Animal Core Facility of Nanjing Medical University
(Nanjing, Jiangsu, China). All mice were housed in animal
facilities under a standardized light-dark cycle and had free access
to food and water.

Cell Culture and Treatment
Primary astrocyte cultures were established from midbrain of 1-
to 2-day-old KO and WT mice as previously described (Hua et al.,
2019). After washing twice with Dulbecco’s phosphate-buffered
saline (DPBS), tissues were digested with 0.25% trypsin solution
at 37◦C for 20 min and stopped by DMEM supplemented
with 10% FBS to avoid overtrypsinization, which can severely
damage the cells. After centrifugation at 1,500 rpm at room
temperature (RT) for 5 min, the cell pellets were resuspended
and cultured at 37◦C in DMEM with 10% FBS, 100 mg/ml
streptomycin, and 100 U/ml penicillin. The culture medium
was replaced twice a week. Since neuronal cultures need a
higher nutrient-rich media with neuronal supplements (e.g.,
B-27), neurons cannot survive in astrocyte growth medium
without these neuronal supplements. Astrocytic cultures were
subjected to one passage for purification purposes. The purity
of astrocyte was more than 95% determined by immunostaining
with antibodies against glial fibrillary acidic protein (GFAP).
Astrocytes were incubated for 24 h with 800 µM MPP+ after
preincubation with 0.001∼100 µM PNU-282987 with or without
an antagonist of α7nAChR MLA for 30 min.

MTT Assay
As previously described (Hua et al., 2019), cell viability was
determined through the MTT assay. Briefly, cultures of astrocytes
were plated on 96-well plates in growth media and were treated
following the experimental design. After the supernatants were
removed, the cells were incubated with 200 µl of 0.5 mg/ml
MTT for 4 h at 37◦C in a humidified atmosphere. Then,
the MTT medium was removed and replaced with 200 µl
DMSO at RT for 30 min. The absorbance of each well was
measured at 570 nm with a microplate reader. After background
OD subtraction, the results were expressed as a percentage in
comparison to the control.

LDH Release
Using the LDH cytotoxicity detection kit, cell viability was
measured by LDH release from mouse astrocytes. According to
the manufacturer’s instructions, the samples were quantified at
490 nm with a microplate reader.

Hoechst 33342 Staining
The apoptosis of astrocytes was detected by the Hoechst
33342 staining. Briefly, cultured astrocytes were fixed with 4%
paraformaldehyde in 0.1 M phosphate-buffered saline (PBS)
for 15 min and then stained with 5 mg/ml Hoechst 33342

for 15 min. After three rinses with PBS for 5 min, apoptotic
cells characterized by nuclear condensation or fragmentation
were visualized by fluorescence microscopy (Olympus BX
60, Tokyo, Japan).

Flow Cytometry Analysis of Apoptosis
The apoptosis of astrocytes was estimated using the Annexin
V-FITC apoptosis detection kit according to the manufacturer’s
instructions. The samples from cultured astrocytes were
incubated for 15 min in the dark with Annexin V-FITC and
PI and then analyzed in a Guava easyCyteTM 8HT system
(Millipore, Billerica, MA, United States). The number of cells in
each category is expressed as the percentage of the total number
of cells counted.

TUNEL Assay
Primary astrocytes were grown on poly-d-lysine precoated glass
slides, fixed, and permeabilized in 0.1% Triton X-100 (vol/vol)
and 5% (vol/vol) bovine serum albumin (BSA) in PBS for
30 min. Subsequently, the percentage of apoptotic astrocytes
was determined by double immunofluorescence staining for
TUNEL and GFAP (1:1,000, #ab53554, Abcam, Cambridge,
MA, United States) overnight at 4◦C. Then, the slides were
washed three times with PBS and incubated with the appropriate
secondary antibody for 1 h at RT. After incubation with the
anti−fade reagent with DAPI, the green fluorescein-labeled DNA
was visualized by fluorescence microscopy (Olympus BX 60,
Tokyo, Japan).

Western Blotting
As previously described (Hua et al., 2019), cell pellets were
homogenized in 150 µl lysis buffer (50 mM Tris–HCl, pH 7.4,
150 mM NaCl, 1% Nonidet P-40, 1 mM sodium orthovanadate,
protease inhibitor cocktail, and phosphotransferase inhibitor
cocktail). After being electro-transferred to polyvinylidene
fluoride membranes, proteins were incubated in tris-buffered
saline with tween (TBST, pH 7.4, 10 mM Tris–HCl, 150 mM
NaCl, 0.1% Tween-20) with 5% BSA at RT for 1 h. Then,
the following primary antibodies were incubated with: anti-
Bax (1:1,000, #2772, Cell Signaling Technology, Danvers,
MA, United States), anti-Bcl2 (1:1,000, #2876, Cell Signaling
Technology, Danvers, MA, United States), anti-cleaved-caspase-3
(1:500, #9664, Cell Signaling Technology, Danvers, MA,
United States), anti- caspase-3 (1:1,000, #9662, Cell Signaling
Technology, Danvers, MA, United States), anti-p-p53 (1:500,
#9284, Cell Signaling Technology, Danvers, MA, United States),
anti-p53 (1:1,000, #2524, Cell Signaling Technology, Danvers,
MA, United States), anti-p-JNK (1:1,000, #4668, Cell Signaling
Technology, Danvers, MA, United States), anti-JNK (1:1,000,
#9252, Cell Signaling Technology, Danvers, MA, United States),
and β-actin (BL005B, 1:5,000, Biosharp, Beijing, China) in TBST
at 4◦C overnight. Followed by four washes, the membranes were
incubated for 1 h in TBST containing a secondary antibody. The
blots were incubated in HRP-conjugated secondary antibodies,
and signals were detected by enhanced chemiluminescence (ECL)
reagents (Pierce, Rockford, IL, United States). The membranes
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were scanned and analyzed using the Tanon 5200 (Tanon,
Shanghai, China).

Statistical Analysis
All data were expressed as mean ± SEM. Differences among
means were analyzed using SPSS 17.0 statistical software by
means of one-way or two-way analysis of variance (ANOVA),
followed by Tukey’s multiple comparison post hoc test. In all
values, p< 0.05 was considered statistically significant.

RESULTS

PNU-282987 Reverses MPP+-Induced
Cytotoxicity in Primary Cultured
Astrocytes
To explore the protective effect of the α7nAChR agonist
PNU-282987 on the MPP+-induced cell injury, we pretreated
cultured astrocytes with different concentrations of PNU-282987

(0.001, 0.01, 0.1, 1, 10, and 100 µM) for 30 min and then
incubated with 800 µM MPP+ for 24 h, as shown in Figure 1.
In cultured astrocytes, 800 µM MPP+ caused a 23.3% reduction
in control cell viability (100.4% ± 0.6 and 76.7% ± 0.7; control
and MPP+ alone, respectively; p < 0.0001 by one-way ANOVA).
PNU-282987 treatment significantly enhanced cell viability in a
concentration-dependent manner (80.5% ± 1.7, 81.7% ± 1.9,
87.2% ± 2.2, 90.6% ± 2.2, 99.0% ± 1.0, and 100.4% ± 1.3;
0.001, 0.01, 0.1, 1, 10, and 100 µM of PNU-282987, respectively;
p = 0.067 for 0.001 µM, p = 0.031 for 0.01 µM, p = 0.001
for 0.1 µM, p < 0.001 for 1∼100 µM by one-way ANOVA)
compared with the MPP+ only group (Figure 1A). Meanwhile,
MPP+ alone for 24 h increased LDH leakage by 56.0% compared
to the control cells (100.0% ± 0.4 and 156.0% ± 1.7; control
and MPP+ alone, respectively; p < 0.001 by one-way ANOVA),
whereas pretreatment with PNU-282987 attenuated this LDH
leakage (150.3%± 1.2, 143.2%± 2.5, 133.3%± 2.4, 128.6%± 1.9,
108.0% ± 3.2, and 103.9% ± 1.7; 0.001, 0.01, 0.1, 1, 10, and
100 µM of PNU-282987, respectively; p = 0.050 for 0.001 µM,
p = 0.014 for 0.01 µM, p = 0.002 for 0.1 µM, p < 0.001

FIGURE 1 | The protective effects of PNU-282987 on cell viability of primary cultured astrocytes after MPP+ injury. A 30-min pretreatment with PNU-282987 (0.001,
0.01, 0.1, 1, 10, or 100 µM) inhibited 800 µM MPP+-induced cultured astroglial death after 24 h. (A) Pretreatment with PNU-282987 significantly promoted the
viability of astrocytes in a concentration-dependent manner after MPP+ injury. (B) Pretreatment with PNU-282987 decreased the release of LDH from astrocytes in a
concentration-dependent manner after MPP+ injury. (C) Pretreatment with 10 µM PNU-282987 with 100 nM MLA abolished the increased viability of astrocytes
shown in the pretreatment with PNU-282987 only after MPP+ injury. (D) Pretreatment with 10 µM PNU-282987 with 100 nM MLA abolished the reduced release of
LDH from astrocytes shown in the pretreatment with PNU-282987 only after MPP+ injury. Data are presented as mean ± SEM of three independent experiments.
∗∗∗p < 0.001 vs. control group; ###p < 0.001, ##p < 0.01 vs. MPP+ treatment group; $$$ p < 0.001, $$ p < 0.01 vs. PNU-282987 treatment group. Con, control;
PNU, PNU-282987; MLA, methyllycaconitine; LDH, lactate dehydrogenase.
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for 1∼100 µM by one-way ANOVA) in cultured astrocytes
(Figure 1B). There was no significant difference in the viability of
cells (103.9% ± 3.2) or the leakage of LDH (101.2% ± 1.8) with
100 µM PNU-282987 alone. Furthermore, the neuroprotective
effects of PNU-282987 on cell viability (100.0% ± 1.3 in control;
72.1% ± 0.7 in MPP+ alone, p < 0.001; 96.9% ± 1.8 in
MPP+ + PNU-282987, p < 0.001 vs. MPP+ alone; 71.9% ± 1.7
in MPP+ + PNU-282987 + MLA, p < 0.001 vs. control,
p< 0.001 vs. MPP++ PNU-282987; one-way ANOVA) and LDH
leakage (100.0% ± 0.3 in control; 155.6% ± 2.1 in MPP+ alone,
p < 0.001; 115.5% ± 6.8 in MPP+ + PNU-282987, p = 0.005 vs.
MPP+ alone; 159.8% ± 3.3 in MPP+ + PNU-282987 + MLA,
p < 0.001 vs. control, p = 0.004 vs. MPP+ + PNU-282987; one-
way ANOVA) of cultured astrocytes were blocked by 100 nM
MLA (Figures 2C,D). MLA alone did not affect cell viability
(97.3% ± 2.9) and LDH leakage (103.1% ± 3.7) of cultured
astrocytes. These results indicate that PNU-282987 protects
against MPP+-induced astrocyte damage and also supports
the hypothesis that the neuroprotective effects of PNU-282987
on astrocytes are mediated through α7nAChRs. Based on the

observations, we chose 10 µM PNU-282987 as the optimal
concentration for the following experiment.

PNU-282987 Alleviates MPP+-Induced
Apoptosis in Primary Cultured
Astrocytes
To further investigate the effects of PNU-282987 on the
neurotoxicity of MPP+ the MPP+-induced apoptotic changes
of cultured astrocytes with or without PNU-282987 were
investigated, as shown in Figure 2. The Hoechst 33258 staining
assay revealed that the rate of apoptotic cells, as indicated by
dense granular fluorescence, was increased in MPP+ only group
compared with the control group (Figures 2A,B; 100.3% ± 1.1
and 583.1% ± 8.8; control and MPP+ alone, respectively;
p < 0.001 by one-way ANOVA). When pretreated with 10 µM
PNU-282987 before exposure to 800 µM MPP+ for 24 h, the
rate of apoptotic cells was significantly reduced (Figures 2A,B;
119.7% ± 8.1 in MPP+ + PNU-282987; p < 0.001 vs. MPP+
alone by one-way ANOVA), revealing that PNU-282987 can

FIGURE 2 | The protective effects of PNU-282987 on MPP+-induced apoptosis in primary cultured astrocytes. (A) Apoptotic cells characterized by cell shrinkage
and chromatin condensation were examined by Hoechst 33342 staining and indicated by a yellow arrow. Scale bar: 200 µm. (B) Quantification for staining analysis
was presented. (C) Apoptosis cells were stained with Annexin-V and propidium iodide and analyzed by flow cytometry. Representative picture and quantification for
analysis treatment were shown. (D) Quantification for flow cytometry analysis was presented. Data are presented as mean ± SEM of three independent experiments.
∗∗∗p < 0.001, ∗∗p < 0.01, and ∗p < 0.05 vs. control group; ###p < 0.001 and #p < 0.05 vs. MPP+ treatment group; $$$p < 0.001 and $p < 0.05 vs. PNU-282987
treatment group. Con, control; PNU, PNU-282987.
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protect cultured astrocytes against MPP+-induced apoptosis.
Similarly, a flow cytometric analysis for apoptosis also indicated
that 800 µM MPP+ caused significant apoptosis (99.8%± 1.3 and
231.5% ± 28.0; control and MPP+ alone, respectively; p = 0.009
by one-way ANOVA), which was inhibited by pretreatment
with 10 µM PNU-282987 in cultured astrocytes (Figures 2C,D;
173.7% ± 14.2 in MPP+ + PNU-282987; p = 0.018 vs. MPP+
alone by one-way ANOVA). These antiapoptotic effects of
PNU-282987 were expectedly reversed by pretreatment with
100 nM MLA (Figure 2B; 575.2% ± 3.9 in MPP+ + PNU-
282987 + MLA; p < 0.001 vs. MPP+ + PNU-282987 by one-
way ANOVA; Figure 2D; 173.7% ± 14.2 in MPP+ + PNU-
282987 + MLA; p = 0.028 vs. MPP+ + PNU-282987 by
one-way ANOVA). These findings confirm that PNU-282987
produces antiapoptotic effects in MPP+-stimulated neurotoxicity
via astroglial α7nAChRs.

PNU-282987 Decreases the Number of
TUNEL+/GFAP+ Cells in Primary
Cultured Astrocytes
To confirm the effect of PNU-282987 on astroglial apoptosis, we
examined MPP+-stimulated astrocytes using GFAP and TUNEL
double labeling. As shown in Figure 3, very few TUNEL+ cells
were observed in control cultures, whereas substantial TUNEL+
cells were detected after 24 h exposure to MPP+ (100.2% ± 1.1
and 555.9% ± 40.8; control and MPP+ alone, respectively;
p < 0.001 by one-way ANOVA). Pretreatment with 10 µM
PNU-282987 decreased the number of TUNEL+/GFAP+ cells
(127.0% ± 3.9; p < 0.001 vs. MPP+ alone by one-way ANOVA),
which could be blocked by 100 nM MLA (580.2% ± 42.8;
p < 0.001 vs. MPP+ + PNU-282987 by one-way ANOVA).
Altogether, these results indicate that α7nAChR activation has
been shown to protect astrocytes from MPP+-induced apoptosis.

Pnu-282987 Exerts the Antiapoptotic
Effect via Suppression of
Jnk-p53-Caspase-3 Signaling in Primary
Cultured Astrocytes
To examine the expression levels of apoptosis-associated proteins
in cultured astrocytes exposed to MPP+, the levels of cleaved-
caspase-3, Bax, and Bcl-2 were analyzed by Western blot assay.
As shown in Figure 4, MPP+ stimulated the expression of
cleaved-caspase-3 (100.3% ± 1.1 and 210.1% ± 12.3; control
and MPP+ alone, respectively; p < 0.001 by one-way ANOVA)
and the ratio of Bax/Bcl-2 (99.5% ± 1.3 and 284.9% ± 6.1;
control and MPP+ alone, respectively; p < 0.001 by one-way
ANOVA) compared to the control group. Pretreatment with
10 µM PNU-282987 reversed the MPP+-induced alterations of
cleaved-caspase-3 (Figures 4A,D; 136.6% ± 6.0; p = 0.006 vs.
MPP+ alone by one-way ANOVA) and Bax/Bcl-2 (Figures 4A,E;
94.0% ± 6.0; p < 0.001 vs. MPP+ alone by one-way ANOVA).
These results suggest that PNU-282987 reduces the ratios of
cleaved-caspase-3/caspase-3 and Bax/Bcl-2, preventing MPP+-
induced apoptosis.

FIGURE 3 | The effects of PNU-282987 on MPP+-induced increase of
TUNEL+/GFAP+ cells in primary cultured astrocytes. (A) Astrocytes were
incubated with primary antibody against GFAP and TUNEL. Images were
collected on the fluorescence microscopy. The yellow arrows show
significantly increased expression of TUNEL staining in the nucleus of
astrocytes. (B) Quantitative analysis of PNU-282987-induced protection as
measured by TUNEL+/GFAP+ staining produced a significant neuroprotective
effect. ∗∗∗p < 0.001 vs. control group; ##p < 0.01 vs. MPP+ treatment group;
$$$p < 0.001 vs. PNU-282987 treatment group. Con, control; PNU,
PNU-282987; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end
labeling; GFAP, glial fibrillary acidic protein.

It is worth noting that JNK pathways have been implicated
in many forms of neuronal apoptosis, including dopaminergic
neurons in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced dopaminergic neurotoxicity (Saporito et al.,
2000) and MPP+-induced cell death (Choi et al., 1999).
Furthermore, the phosphorylation of p53 is critically required
for the apoptotic pathway by JNK signaling (Fuchs et al.,
1998; Miller et al., 2000; Wang and Friedman, 2000). Thus, we
hypothesize that these antiapoptotic effects of PNU-282987 in
astrocytes are possibly involved in the regulation of JNK/p53
signaling pathways. Compared to the control group, 800 µM
MPP+ upregulated the expressions of p-JNK (Figures 4A,B;
100.2% ± 1.2 and 149.0% ± 6.4; control and MPP+ alone,
respectively; p = 0.002 by one-way ANOVA) and p-p53
(Figures 4A,C; 100.3% ± 1.3 and 218.6% ± 11.4; control and
MPP+ alone, respectively; p < 0.001 by one-way ANOVA)
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FIGURE 4 | The effects of PNU-282987 on MPP+-induced expression of JNK-p53-caspase-3 signaling pathway in primary cultured astrocytes. (A) Representative
immunoblot of p-JNK, JNK, p-p53, p53, cleaved-caspase-3, caspase-3, Bax, and Bcl-2 in cultured astrocytes. (B) Quantitation of p-JNK and JNK levels at baseline
and in response to MPP+ and PNU-282987 with or without MLA. (C) Quantitation of p-p53 and p53 levels at baseline and in response to MPP+ and PNU-282987
with or without MLA. (D) Quantitation of cleaved-caspase-3 and caspase-3 levels at baseline and in response to MPP+ and PNU-282987 with or without MLA.
(E) Quantitation of Bax and Bcl-2 levels at baseline and in response to MPP+ and PNU-282987 with or without MLA. Data are presented as mean ± SEM of three
independent experiments. ∗∗∗p < 0.001, ∗∗p < 0.01, and ∗p < 0.05 vs. control group; ###p < 0.001, ##p < 0.01, and #p < 0.05 vs. MPP+ treatment group;
$$$p < 0.001 and $$p < 0.01 vs. PNU-282987 treatment group. Con, control; PNU, PNU-282987; MLA, methyllycaconitine.

after 24 h exposure. Meanwhile, the pretreatment of 10 µM
PNU-282987 decreased MPP+-induced phosphorylation of
JNK (106.2% ± 2.0; p = 0.003 vs. MPP+ alone by one-way
ANOVA) and p53 (132.0% ± 6.8; p = 0.003 vs. MPP+ alone
by one-way ANOVA), which was reversed by 100 nM MLA.
Thus, we concluded that PNU-282987 was able to inhibit the
phosphorylation of JNK-p53 signaling to prevent MPP+-induced
astroglial apoptosis.

Deficiency of α7nAChR Diminishes the
Antiapoptotic Effects of PNU-282987
Furthermore, we used primary astrocytes derived from KO
mice to investigate the roles of α7nAChR in regulating the
antiapoptotic effects of PNU-282987 after MPP+ exposure.
As shown in Figures 5A,B, two-way ANOVA revealed a
highly significant difference in cell viability and LDH leakage
by genotype (cell viability: F1,17 = 19.825, p = 0.001; LDH
leakage: F1,17 = 45.246, p < 0.001), treatment (cell viability:
F2,17 = 74.184, p < 0.001; LDH leakage: F2,17 = 293.169,
p < 0.001), and genotype × treatment (cell viability:
F2,17 = 17.137, p < 0.001; LDH leakage: F2,17 = 51.483,
p < 0.001). As found in the in vivo PD animal model (Liu et al.,
2017) and in vitro SH-SY5Y cells (Xu et al., 2019), α7nAChR
deficiency/knockdown did not affect the neurotoxicity of MPP+
both in cell viability (Figure 5A; WT: 100.6% ± 0.8 in control
and 75.0% ± 1.6 in MPP+ alone, KO: 100.4% ± 2.2 in control
and 74.1% ± 2.3 in MPP+ alone) and LDH leakage (Figure 5B;
WT: 100.4% ± 1.1 in control and 155.6% ± 2.1 in MPP+ alone,
KO: 99.5% ± 0.8 in control and 154.9% ± 1.7 in MPP+ alone).
However, compared to astrocytes derived from WT mice, the

neuroprotective effects of PNU-282987 on cell viability (WT:
96.3%± 3.6; KO: 74.0%± 1.2, p< 0.001) and LDH leakage (WT:
116.2% ± 2.6; KO: 156.1% ± 4.1, p < 0.001) were abolished in
astrocytes derived from KO mice. In addition, the antiapoptotic
effect of PNU-282987 confirmed by a decrease in the number
of apoptotic nuclei was also eliminated in astrocytes derived
from KO mice (Figures 5C,D). These results indicate that
the antiapoptotic effect of PNU-282987 in cultured astrocytes
stimulated by MPP+ is via an α7nAChR-dependent mechanism.

Deficiency of α7nAChR Abolishes the
Inhibitory Effect of PNU-282987 on
JNK-p53-Caspase-3 Signaling
Next, we tested whether α7nAChR deficiency changed the JNK-
p53-caspase-3 signaling pathway in MPP+-induced astroglial
apoptosis. As shown in Figure 6A, two-way ANOVA revealed
a highly significant difference in the expressions of p-JNK
(genotype: F1,17 = 69.269, p < 0.001; treatment: F2,17 = 162.551,
p < 0.001; genotype × treatment: F2,17 = 77.330, p < 0.001),
p-p53 (genotype: F1,17 = 42.936, p < 0.001; treatment:
F2,17 = 227.694, p< 0.001; genotype× treatment: F2,17 = 44.312,
p< 0.001), leaved-caspase-3 (genotype: F1,17 = 85.225, p< 0.001;
treatment: F2,17 = 503.821, p < 0.001; genotype × treatment:
F2,17 = 84.738, p < 0.001), and the ratio of Bax/Bcl-2 (genotype:
F1,17 = 105.085, p< 0.001; treatment: F2,17 = 282.153, p< 0.001;
genotype × treatment: F2,17 = 90.586, p < 0.001). After 24 h
exposure to MPP+, both KO astrocytes and WT astrocytes
exhibited the same alterations in the phosphorylation of JNK
and p53, the increased expression of cleaved-caspase-3, and the
upregulated ratio of Bax/Bcl-2 (Figure 6). However, α7nAChR
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FIGURE 5 | α7nAChR deficiency abrogates the protective effects of PNU-282987 on primary cultured astrocytes after MPP+ injury. (A) The effects of PNU-282987
on the viability of cells were abolished in cultured astrocytes from KO mice. (B) The effects of PNU-282987 on the release of LDH were abolished in cultured
astrocytes from KO mice. (C) Apoptotic cells characterized by cell shrinkage and chromatin condensation were examined by Hoechst 33342 staining and indicated
by a yellow arrow. Scale bar: 200 µm. (D) Quantification for Hoechst 33342 staining analysis was presented. Data are presented as mean ± SEM of three
independent experiments. ∗∗∗p < 0.001 and ∗∗p < 0.01 vs. corresponding control group; ###p < 0.001 and ##p < 0.01 vs. corresponding MPP+ treatment group;
$$p < 0.01 vs. PNU-282987-treated WT group. WT, astrocyte from wild-type mice; KO, astrocytes from α7nAChR KO mice; PNU, PNU-282987; LDH, lactate
dehydrogenase.

deficiency diminished the inhibitory effect of PNU-282987 on
the phosphorylation of JNK and p53. As expected, α7nAChR
deficiency also abolished the regulation of PNU-282987 on the
expressions of caspase-3/Bax/Bcl-2 signaling pathways. These
data indicated that PNU-282987 alleviated apoptotic cell death
induced by MPP+ in cultured astrocytes mainly via the
α7nAChR-JNK-p53 pathway.

DISCUSSION

The neuroprotective effects of activating α7nAChR on
neurodegenerative disorders are receiving increasing attention.
Previous studies suggest that α7nAChR activation exerts
neuroprotective actions in PD models in vitro (Quik et al.,
2015) and in vivo (Liu et al., 2015, 2017; Quik et al., 2015).
We also confirmed that α7-nAChR agonists protected against
MPP+-induced apoptosis in SH-SY5Y cells via activating the
ERK/p53 signaling pathway (Xu et al., 2019). In the present
study, we further found the antiapoptotic effect of PNU-282987
in vitro using primary astrocytes exposed to MPP+. PNU-
282987 reversed the reduction of cell viability and the increase
of cell apoptosis in primary astrocytes after MPP+ exposure.

Using α7nAChR KO mice, we indicate that the underlying
protective mechanism of PNU-282987 was mediated through
activating α7nAChR, suppressing the phosphorylation of JNK
and p53, and then regulating the caspase-3/Bax/Bcl-2 signaling
pathway. Therefore, the antiapoptotic effect of PNU-282987 on
astrocytes may offer therapeutic benefits for neurodegenerative
disorders such as PD.

MPP+ is the toxic metabolite of MPTP and is formed by
the oxidation of monoamine oxidase B, which is predominantly
located in the astrocyte (Ransom et al., 1987). After taking
up the dopamine reuptake system, MPP+ can inhibit the
function of mitochondrial complex I and subsequently induce
selective dopaminergic neuronal degeneration in the substantia
nigra (Langston et al., 1984). MPP+ also has a direct toxic
effect on astrocytes and results in the impairment of astrocyte
functions, such as glutamate homeostasis (Di Monte et al., 1999),
mitochondrial damage (Di Monte et al., 1992), oxidative stress
(Wong et al., 1999), and apoptosis (Zhang et al., 2007). In
agreement with these previous studies, we also found in the
present study that treating the primary astrocytes with MPP+
induced a loss of cell viability, cell shrinkage, and caspase-3
activation, which was associated with the increased Bax/Bcl-
2 ratio. Furthermore, via a pharmacologic approach (using a
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FIGURE 6 | The effects of α7nAChR deficiency on MPP+-induced expression of the JNK-p53-caspase-3 signaling pathway in primary cultured astrocytes. (A)
Representative immunoblot of p-JNK, JNK, p-p53, p53, cleaved-caspase-3, caspase-3, Bax, and Bcl-2 in WT and KO cultured astrocytes. (B) Quantitation of
p-JNK and JNK levels at baseline and in response to MPP+ and PNU-282987. (C) Quantitation of p-p53 and p53 levels at baseline and in response to MPP+ and
PNU-282987. (D) Quantitation of cleaved-caspase-3 and caspase-3 levels at baseline and in response to MPP+ and PNU-282987. (E) Quantitation of Bax and
Bcl-2 levels at baseline and in response to MPP+ and PNU-282987. Data are presented as mean ± SEM of three independent experiments. ∗∗∗p < 0.001,
∗∗p < 0.01, and ∗p < 0.05 vs. corresponding control group; ##p < 0.01 vs. corresponding MPP+ treatment group; $$p < 0.01 vs. PNU-282987-treated WT group.
WT, astrocyte from wild-type mice; KO, astrocytes from α7nAChR KO mice; PNU, PNU-282987.

selective α7nAChR inhibitor) and a genomic strategy (using
α7nAChR KO mice), we characterized the functional role of
α7nAChR in astrocytes and found that PNU-282987 attenuated
MPP+-induced astroglial apoptosis mainly via the α7nAChR-
JNK-p53 pathway. The protective effect of PNU-282987 on
astroglial survival may have a beneficial effect on the maintenance
of astroglial function and attenuate delayed neuronal death
in PD. Notably, previous studies indicate no vulnerability to
MPTP/MPP+ in α7nAChR KO mice (Liu et al., 2017) or
knockdown SH-SY5Y cell (Xu et al., 2019). The findings in this
study also showed no significant effect of α7nAChR deficiency on
MPP+ toxicity in cultured astrocytes, with no observed difference
in alterations in cell apoptosis and JNK-p53-caspase-3 signaling.
These data suggest that the expression of α7nAChR may not
be necessary for MPTP/MPP+-induced neurotoxicity both in
neurons and astrocytes.

Increasing evidence reveals that apoptotic cell death serves
an essential role in the pathogenesis of PD, causing the death
of dopamine neurons in the substantia nigra (Burke, 1998).
Astrocyte apoptosis is identified after reactive astrocytosis and
contributes to the pathogenesis of brain injuries, including
cerebral ischemia, Alzheimer’s disease, and PD (Takuma et al.,
2004). Several signals, such as glutamate toxicity, cytosolic
Ca2+ elevation, oxidative stress, mitochondrial dysfunction,
and inflammatory injury, can induce apoptosis in astrocytes
in vivo and in vitro. As one of the major signaling cassettes
of the mitogen-activated protein kinase (MAPK) signaling
pathway, JNK signaling is a known important mediator of
MPTP/MPP+-induced apoptosis (Choi et al., 1999; Saporito
et al., 2000). Additionally, numerous studies reported the ability

of JNK to bind to and phosphorylate p53 (Fuchs et al., 1998;
Wang and Friedman, 2000). During stress, the JNK signaling
pathway can increase p53 transactivation and phosphorylation
and then potentiate p53-dependent apoptosis (Miller et al.,
2000). In the present study, we found that MPP+ induced an
increase in the cellular levels of p-JNK, p-p53, and cleaved
caspase-3. Moreover, pharmacologic inhibition or genetic KO
of α7nAChR diminished the inhibitory effects of PNU-282987
on MPP+-induced activation of JNK, p53, and caspase-3. Thus,
it is reasonable to indicate that α7nAChR activation prevents
MPP+-induced astroglial apoptosis via the inhibition of the
JNK-p53-pathway.

Our previous study showed the regulative effects of
PNU−282987 on the phosphorylation of JNK in SH−SY5Y
cells via α7nAChRs−independent signaling (Xu et al., 2019).
Notably, these inhibitory effects can be reversed by antagonism
of α7nAChR but not by knockdown of α7−nAChR. Indeed,
gene KO of α7nAChR involves the deletion strategy targeted
exons 8–10 (Orr-Urtreger et al., 1997). KO mice show an absence
of high-affinity [I-125] alpha-bungarotoxin sites, although
no detectable abnormalities of high-affinity nicotine binding
sites. However, gene knockdown leads to the degradation
of that mRNA and abortive protein translation only. The
expression of functional α7−nAChR was still detectable in
α7−siRNA−transfected SH−SY5Y cells. In addition, there are
lots of differences between adult and newborn rodents, such
as GABA-dependent action potentials (Wang et al., 2001). The
JNK and p53 pathways may play distinct roles in neonatal and
adult astrocytes, and adult astrocyte cultures may be more useful
in the studies of PD. Therefore, considering astrocyte cultures
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from newborn mice in our present study, further experiments
using conditional KO mice of α7−nAChR or adult astrocyte
cultures are needed to examine how PNU−282987 modulates the
JNK-p53 pathway.

CONCLUSION

In the present study, using either pharmacological inhibition
or genetic KO of α7nAChR, we found that PNU−282987
protected against the MPP+−induced apoptosis of cultured
astrocytes via α7nAChR-JNK-p53 signaling pathway.
These findings indicate the important roles of JNK-
p53 signaling in the antiapoptotic response of astroglial
α7nAChR and suggest that α7nAChR agonists may be
validated as a potential target for modulating astrocyte
activity to treat PD.
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Glial activation characterizes most neurodegenerative and psychiatric diseases, often
anticipating clinical manifestations and macroscopical brain alterations. Although
imaging techniques have improved diagnostic accuracy in many neurological conditions,
often supporting diagnosis, prognosis prediction and treatment outcome, very few
molecular imaging probes, specifically focused on microglial and astrocytic activation,
have been translated to a clinical setting. In this context, hybrid positron emission
tomography (PET)/magnetic resonance (MR) scanners represent the most advanced
tool for molecular imaging, combining the functional specificity of PET radiotracers
(e.g., targeting metabolism, hypoxia, and inflammation) to both high-resolution and
multiparametric information derived by MR in a single imaging acquisition session.
This simultaneity of findings achievable by PET/MR, if useful for reciprocal technical
adjustments regarding temporal and spatial cross-modal alignment/synchronization,
opens still debated issues about its clinical value in neurological patients, possibly
incompliant and highly variable from a clinical point of view. While several preclinical
and clinical studies have investigated the sensitivity of PET tracers to track microglial
(mainly TSPO ligands) and astrocytic (mainly MAOB ligands) activation, less studies
have focused on MR specificity to this topic (e.g., through the assessment of diffusion
properties and T2 relaxometry), and only few exploiting the integration of simultaneous
hybrid acquisition. This review aims at summarizing and critically review the current state
about PET and MR imaging for glial targets, as well as the potential added value of hybrid
scanners for characterizing microglial and astrocytic activation.

Keywords: PET, MRI, gliosis, microglia, astrocytes, hybrid imaging, dual PET/MR agents, molecular imaging

INTRODUCTION

Selective cortical or subcortical atrophy, neuronal death and shrinkage characterize pathological
feature across different neurodegenerative diseases and brain disorders (Chi et al., 2018).

Nevertheless, exclusively neuron-centric approaches to neuropathological phenomena have not
returned new breakthroughs in the prevention and therapy of brain disorders (Verkhratsky et al.,
2014). This gap is due to the complexity of neuronal networks that cannot only be explained
by neuronal activity, addressing research efforts to different actors in the central nervous system
(CNS): the glia (Papa et al., 2014).
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Glial cells, mainly represented by microglia and astrocytes,
are key components for development and maintenance of
brain functions and circuitry. Microglial cells correspond
to the brain-resident macrophage playing an essential role
for synaptic pruning, CNS repair, and mainly, as cellular
mediators of neuroinflammation that characterizes different
brain disorders (Colonna and Butovsky, 2017). Astrocytes
instead, initially deputed to support neuronal activity, have
now gained a central role in brain function, for example being
part of the concept of tripartite synapse and gliotransmission
for their effects on neuronal communication and plasticity
(Pérez-Alvarez and Araque, 2013).

Increasing evidences support the role of an altered glial
function as an underlying dynamic feature in psychiatric and
neurological disorders (Garden and Campbell, 2016).

As pharmaceutical efforts begin to focus on glial specific
targets, a limiting step in knowledge consists of the
unavailability of validated biomarkers to assess and monitor
gliosis longitudinally, supporting clinical management and
potentially identifying best responders to cells-specific drugs
(Garden and Campbell, 2016).

Accordingly, the interest in the development of novel
methods to investigate glial activation and, more in general,
neuroinflammation, has surged over the past 15 years.
Neuroimaging offers a wide panel of non- or minimally invasive
techniques to characterize neuroinflammatory processes.

Among different imaging techniques, non-invasive brain
functional measurements using positron emission tomography
(PET) and detailed morpho-functional information provided by
magnetic resonance imaging (MRI) appeared the more appealing
for translational purposes, being both used in preclinical and
clinical settings.

In this context, hybrid PET/MR scanner represent the most
advanced tool for molecular imaging, combining the functional
specificity of PET radiotracers (e.g., targeting metabolism,
hypoxia, inflammation, and specific membrane receptors) to both
high-resolution and multiparametric information derived by MR
in a single imaging acquisition session.

Aims of this review are: to summarize preclinical and
clinical studies employing both PET and MRI techniques to
investigate glial contribute in brain disorders; to critically
review the main evidences raised up by PET glial tracers in
neurodegenerative disorders and their feasibility in a clinical
context; to investigate the potential added value of hybrid
PET/MRI for characterizing microglial and astrocytic activation
in neurological and psychiatric diseases.

HYBRID PET/MR SCANNER

Compared to other more widespread and validated hybrid
imaging techniques, like PET/computed tomography (CT),
PET/MR scanner constitutes the first real effort to effectively
integrate two modalities by simultaneous acquisition, going
beyond the serial PET/CT, assuring naturally co-registered
multimodal images (Monti et al., 2017). The integration
and coregistration of multimodal information achieved by

different imaging techniques is essential for a complete
understanding of the brain processes, representing a
crucial step both for visual qualitative assessment and for
multiparametric quantitative analysis. The retrospective
coregistration of complex diagnostic datasets serially acquired
on different scanners is typically achieved via software,
through transformation algorithms based on the anatomical
information of the CT component of PET/CT. Despite of
the cost effectiveness of this approach compared to hybrid
solutions, retrospective coregistration could be particularly
challenging and technically demanding in un-collaborative
patients (Monti et al., 2017). This problem is intrinsically
overcome by hybrid scanners that allow you to simultaneously
acquire images that share the same coordinate system
(Zaidi and Guerra, 2011).

This innovation has been possible after the development of
dedicated hardware components for each modality, and not
mutually influenced by the magnetic field or photon pathway
(Aiello et al., 2018).

Nowadays, integrated PET/MRI represents the most advanced
tool for molecular imaging, opening new insights for the
characterization of neurological and psychiatric disorders, and
possibly for a multifaceted patient management (Aiello et al.,
2015, 2016; Cavaliere et al., 2018a). Indeed, this innovative
clinical diagnostic scanner allows to combine the functional
specificity of PET radiotracers (e.g., targeting metabolism,
hypoxia, inflammation, specific ligands, or receptors) to both
high-resolution and multiparametric information derived by MR
in a single imaging acquisition session (Herzog et al., 2010; Aiello
et al., 2019). This simultaneity of findings achievable by PET/MR,
if useful for reciprocal technical adjustments regarding temporal
and spatial cross-modal alignment/synchronization, opens still
debated insights about its clinical value in neurological patients,
possibly incompliant and highly variable from a clinical point of
view (Zaidi and Guerra, 2011; Cavaliere et al., 2018b).

Nuclear medicine imaging techniques, like PET, offer the
unique opportunity to investigate in vivo and in a mini- or
not-invasively manner, a plethora of molecular mechanisms,
depending on the selectivity of the radio-tracer used. This
potentiality has pushed radio-chemists and drug industries
to test and investigate new potentially innovative tracers
able to specifically target pathophysiological pathways, such
as neuroinflammation, glial cells or membrane receptors to
disentangle neurodegenerative phenomena (Herzog et al., 2010).
However, stand-alone PET imaging is still limited by low spatial
resolution, that obliges it to be co-registered to an higher
resolution imaging techniques, such as CT and MR. Compared
to CT, MRI provides different quantitative information (e.g.,
water and metabolites diffusion, metabolites concentrations,
regional perfusion, and activation), simply modifying sequences’
parameters, representing the gold standard for soft tissue
and brain study and providing complementary information
compared to PET imaging (Cavaliere et al., 2018b; Marchitelli
et al., 2018). Moreover, the higher contrast resolution provided
by MR can be more suitable for the segmentation of regions
of reference useful to normalize PET signal in order to extract
quantitative uptake parameters.
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While, similarly to PET/CT scanners, findings derived by MRI
and PET can be sequentially achieved in two different times, for
highly dynamic systems like the brain this temporal gap could
bias intermodality comparison. Indeed, sequential approach
supposes that no significant modifications have occurred in the
underlying state of the subject between two imaging sessions —
a statement that could be ineffective both in physiological terms
(e.g., changes in cognitive states or alertness) and in pathological
conditions (e.g., psychiatric or neurological disorders) or as a
result of medical interventions through psychological counseling,
drugs or electrical/magnetic brain stimulations (Aiello et al.,
2018; Cavaliere et al., 2018b). For these reasons, hybrid PET/MR
scanners allow to overcome these limitations by simultaneously
acquiring morphological, functional, molecular or metabolic
information derived by both MRI and PET in a single shot.

PET AND MR IMAGING OF MICROGLIAL
ACTIVATION

Neuroinflammation is a dynamic flogistic response which involve
a complex multicellular cascade including the activation of
both microglia and astrocytes, and the release of different
neuroactive compounds.

Previous experimental studies have provided overwhelming
evidence of the pivotal involvement of microglia-related
molecular networks in the pathophysiology of many
neurodegenerative and psychiatric diseases (Condello et al.,
2018). However, the precise mechanisms by which microglia
affect the disease’s progression and modify neuropathology
remain poorly understood.

Different activation phenotypes seem characterize chronic
brain pathologies, ranging from a neuroprotective and anti-
inflammatory M2 phenotype, mainly represented in an early
stage, to the shift into the pro-inflammatory M1 phenotype,
typical of later stages and contributing to neuronal dysfunction,
injury, and disease progression (Figure 1) (Shen et al., 2018).

Therefore, the development of non-invasive molecular
imaging methods able to dynamically characterize the spatio-
temporal profile of neuroinflammatory biomarkers is widely
attracting scientific and clinical interest, also for the application
of immunomodulatory therapies both in clinical and preclinical
settings (Narayanaswami et al., 2018).

Positron emission tomography imaging of microglia has
emerged over recent years, through the development of target-
specific radiotracers and, among these, mainly the translocator
protein-18 kDa (TSPO) (Table 1) (Figure 2).

The first-generation radioligand [11C](R)-PK11195 has been
the most widely studied in clinical studies and different
neurodegenerative diseases, including multiple sclerosis (Airas
et al., 2018), Creutzfeldt-Jakob disease (Iaccarino et al., 2018),
and also in psychiatric disorders such as schizophrenia (Di Biase
et al., 2017). Although the findings of an increased uptake of
this tracer in these pathologies, limitations including low signal-
to-noise ratio and high non-specific binding has addressed for
the synthesis of second- and third-generation TSPO-specific
radiopharmaceuticals, linked to [11C] or [18F] and including

FIGURE 1 | Microglial and astrocytic phenotypes as possible targets for
in vivo PET/MR imaging.

[11C]-PBR28, [18F]-DPA-714, [18F]-PBR06, [18F]-FEPPA, and
[18F]-GE-180 (all used in a clinical context, except for [18F]-DPA-
714) (Luo et al., 2018; Singhal et al., 2018; Best et al., 2019).
Similarly, different studies have reported selective microglial
uptake of these tracers in multiple sclerosis animal models and
patients (Hagens et al., 2018; Herranz et al., 2019; Nack et al.,
2019), amyotrophic lateral sclerosis (Zürcher et al., 2015; Datta
et al., 2017), Alzheimer’s disease (Alam et al., 2017; Keller et al.,
2018; Focke et al., 2019), and Lyme disease on humans (Coughlin
et al., 2018), and stroke experimental models (Miyajima et al.,
2018), with more discordant results for psychiatric patients,
suffering from schizophrenia (Di Biase et al., 2017; Hafizi
et al., 2017; Ottoy et al., 2018; Selvaraj et al., 2018) and major
depression (Li et al., 2018), probably due to the different stage
of disease. Interestingly, one study on fibromyalgia subjects
attempts to demonstrate specificity of TSPO tracers for microglia,
considering that an high expression of this molecule was also
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TABLE 1 | Main PET radiotracers used to investigate selective microglial and astrocytic activation.

PET radiotracer Chemical structure Target Cellular target Applications References

2′-[18F]-Fluoro-2′-deoxy-D-
glucopyranose
([18F]-FDG)

Glucose metabolism Microglia and
astrocytes

Human Carter et al.,
2019

[11C]-PK11195 Translocator
protein-18 kDa
(TSPO)

Microglia and
astrocytes

Human Airas et al.,
2018

[18F]-GE-180 Translocator
protein-18 kDa
(TSPO)

Microglia and
astrocytes

Human Unterrainer
et al., 2018

[18F]-DPA-714 Translocator
protein-18 kDa
(TSPO)

Microglia and
astrocytes

Animal Luo et al., 2018

[18F]-PBR06 Translocator
protein-18 kDa
(TSPO)

Microglia and
astrocytes

Human Singhal et al.,
2018

(Continued)
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TABLE 1 | Continued

PET radiotracer Chemical structure Target Cellular target Applications References

[11C]-PBR28 Translocator
protein-18 kDa (TSPO)

Microglia and
Astrocytes

Human Albrecht
et al., 2019

[18F]-FEPPA Translocator
protein-18 kDa (TSPO)

Microglia and
astrocytes

Human Hafizi et al.,
2017

[18F]-18-THC Endogenous
cannabinoid system
(CB2 receptor)

Microglia and
astrocytes

Animal Gifford et al.,
2002

[11C]-NE40 Endogenous
cannabinoid system
(CB2 receptor)

Microglia and
astrocytes

Human Ahmad et al.,
2013

[11C]-GSK1482160 Purinergic receptor
(P2X7R)

Microglia Human Green et al.,
2018

(Continued)
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TABLE 1 | Continued

PET radiotracer Chemical structure Target Cellular
target

Applications References

[11C]-SMW139 Purinergic receptor
(P2X7R)

Microglia Human Hagens et al., 2019

[18F]-JNJ-64413739 Purinergic receptor
(P2X7R)

Microglia Animal Kolb et al., 2019

[11C]-Ketoprofen methyl ester Cyclo-oxygenase 1
(COX-1)

Microglia Human Shukuri et al., 2011

[11C]-Celecoxib Cyclo-oxygenase 2
(COX-2)

Microglia Animal Kumar et al., 2018

[11C]-CPPC Macrophage
colony-stimulating
factor 1

Microglia Animal Horti et al., 2019

[11C]-L-deprenyl-D2 Mono-amine
oxidase type B
(MAOB)

Astrocytes Human Albrecht et al., 2019

(Continued)
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TABLE 1 | Continued

PET radiotracer Chemical structure Target Cellular
target

Applications References

[18F]-THK5351 Mono-amine
oxidase type B
(MAOB)

Astrocytes Human Ishiki et al., 2018

FIGURE 2 | Imaging examples in PET and MR imaging. The figure depicts, from left to right, axial, sagittal and coronal projections of healthy (Left) and AD spectrum
(Right) brain for different PET (Shigemoto et al., 2018) and MR contrasts. From top to bottom row: microglial uptake as revealed by 11C-PiB PET tracer; astrocytic
uptake as revealed by 18F-THK5351 PET tracer; structural 3D T1-weighted MR used as anatomical reference for PET and to highlight cortical atrophy and ventricular
enlargement; 3D Susceptibility-weighted imaging MR linked to iron deposition and microgliosis; T2-weighted MR scan used for T2 mapping and astrogliosis.

detected in activated astrocytes (Albrecht et al., 2019). The
authors, using [11C]PBR28, which binds to the TSPO, and [11C]-
DED thought to primarily reflect astrocytic (but not microglial)
signal, demonstrated although in a small size sample, a selective
cortical uptake of microglial tracer but not of the astrocytic one
(Albrecht et al., 2019).

Nevertheless, the application of TSPO tracers is affected
by significant inter-subjects variability, essentially due to a
rs6971 polymorphism that affects TSPO binding mainly in first-
and second-generation radioligands (Hafizi et al., 2017), and
more importantly, they are not able to differentiate microglial
phenotype, distinguishing between conservative and detrimental

activation. Moreover, although TSPO is upregulated in activated
glial cells, its function and role in the immunity response is still
unclear. Finally, considering that major evidences emerged by
TSPO uptake in multiple sclerosis patients, and the very low brain
uptake in healthy subjects, several doubts have been raised for the
blood–brain barrier permeability of these tracers in physiological
conditions (Albert et al., 2019).

For this reason, other microglial targets have been
identified for specific radiotracers in animal models,
such as the cannabinoid receptor type 2 ([18F]-D8-THC)
(Ni et al., 2019; Gifford et al., 2002), the P2X7 receptor ([11C]-
GSK1482160) (Han et al., 2017), the cyclo-oxygenase 1
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([11C]-Ketoprofen methyl ester) (Shukuri et al., 2011), the
cyclo-oxygenase 2 ([11C]-Celecoxib) (Kumar et al., 2018),
and the macrophage colony-stimulating factor 1 ([11C]CPPC
[5-cyano-N-(4-(4-[11C]methylpiperazin-1-yl)-2-(piperidin-1-yl)
phenyl)furan-2-carboxamide]) (Horti et al., 2019).

Regarding the use of MRI for microgliosis identification,
less studies have tried to directly characterize microglial
activation in specific brain regions. Changes of iron deposition,
quantified using quantitative susceptibility mapping in MR,
have been correlated with activated microglia/macrophages
at edges of some chronic demyelinated lesions in patients
suffering from multiple sclerosis (Dal-Bianco et al., 2017;
Gillen et al., 2018; Hametner et al., 2018). Advanced
diffusion models, based on neurite orientation dispersion
and density imaging (NODDI) in MR, have been proved to
be sensitive to microglial density and to the cellular changes
associated with microglial activation in a preclinical setting
(Yi et al., 2019). Finally, in amyotrophic lateral sclerosis
patients, a technique based on diffusion spectroscopy has
been applied to identify the increase of the predominantly
glial metabolites (unspecific for microglia and astrocytes)
tCr (creatine + phosphocreatine) and tCho (choline-
containing compounds) in the primary motor cortex
(Reischauer et al., 2018).

Despite the proved potential of both PET and MRI for
the microglial imaging, very few studies have integrated both
the modalities in humans and, generally, the majority use
MRI to simply colocalize TSPO-uptake with multiple sclerosis
plaques identified by MRI (Colasanti et al., 2014; Kang et al.,
2018; Unterrainer et al., 2018; Kaunzner et al., 2019). Up to
now, only three studies performed a simultaneous PET/MRI to
investigate microglial activation in neurodegenerative diseases.
The first one, using a selective P2X7R radiotracers in patients
affected by Parkinson’s disease, was not able to identify
significant differences in PET uptake between patients and
control subjects (van Weehaeghe et al., 2019). The second
one, using a second-generation TSPO radiotracer in patients
affected by multiple sclerosis, demonstrated microglial activation
in both normal appearing cerebellum and segmented lesions
(Barletta et al., 2019). The latter combines magnetic resonance
spectroscopy of glial metabolites to TSPO-radiotracer uptake in
patients affected by amyotrophic lateral sclerosis demonstrating
a positive correlation between MR and PET biomarkers of
neuroinflammation (Ratai et al., 2018) (Figure 2).

PET AND MR IMAGING OF ASTROCYTIC
ACTIVATION

Astrocytes are the most abundant cell type in the brain, and
participate to complex neuronal-glial interactions to assure
synaptic homeostasis and metabolic sustainment for neurons
(Miller, 2018). As for microglial cells, different phenotypes
seem characterize astrocytic activation in physiological and
pathological conditions, ranging from a pro-inflammatory A1
phenotype to a protective and anti-inflammatory A2 phenotype
(Figure 1) (Miller, 2018).

Previously considered only as a supporting neuronal cells,
astrocytic contributions to different neurodegenerative and
psychiatric diseases has been recently revised (Papa et al., 2014).

Compared to microglial visualization, PET radiotracers
specific for astrocytic function have been only recently applied
for clinical purpose, mainly binding the mono-amine oxidase
type B (MAOB) enzyme, highly expressed by activated astrocytes
(Table 1) (Figure 2) (Ishibashi et al., 2019). PET studies
using the MAOB radiotracers 11C-DED or [18F]THK5351 in
patients affected by Alzheimer’s disease have demonstrated an
high correlation between brain tau deposition and astrocytic
uptake (Harada et al., 2018) and between cortical glucose
hypometabolism, detected by 18F-fluorodeoxyglucose [18F]-
FDG PET, and longitudinal decline in astrocytic function
detected by 11C-DED (Carter et al., 2019). These findings are
in agreement with another clinical paper that demonstrate an
increase of FDG uptake following selective activation of astrocytic
glutamate transport (Zimmer et al., 2017). A specific regional
increase of astrocytic function was also detected in two cases of
progressive sopranuclear palsy studied with [18F]THK5351 PET
(Ishiki et al., 2018).

Regarding the use of MRI to highlight astrocytic involvement
in neurological and psychiatric diseases, few research groups have
stressed MR potentiality to achieve this aim (Figure 2). Several
preclinical studies proposed magnetic resonance spectroscopy
to highlight lactate (Blanc et al., 2019) or acetate (Dehghani
et al., 2017) peaks changes as surrogate markers specific
for astrocytic metabolic homeostasis. However, magnetic field
strength of clinically available scanner is not able to spectrally
resolve these metabolites by surrounding peaks. In another
clinical study (Alshelh et al., 2018), regional alterations
in T2 relaxation times have been speculated as indicative
of astroglial activation in patients suffered of neuropathic
pain. More recently, the origin of signal used by functional
MRI to investigate large-group of neuronal activations has
been debated, considering preclinical evidences that evoked
astrocytic Ca2+ waves can correlate with increased EEG
power signal (Wang et al., 2018), astrocyte-evoked BOLD
fluctuations (Takata et al., 2018), and transcranial direct current
stimulation response (Monai and Hirase, 2018). These findings
render furtherly more appealing the use of hybrid scanner
that can acquire simultaneously PET, fMRI, and EEG signal
(Mele et al., 2019).

Anyway, evidences derived by MRI on astrocytic activation
are still confined to few groups, and often on limited samples.
Few studies have serially used both PET and MRI with this
purpose, and employing MR findings to colocalize PET uptake.
In a longitudinal study on patients affected by corticobasal
syndrome, [18F]THK5351 binding have been demonstrated to
detect dynamical astrogliosis in specific cortical regions (Ezura
et al., 2019). In a case of multiple sclerosis, instead, the authors
demonstrated the coregistration of [18F]THK5351 uptake with
demyelinating plaques (Ishibashi et al., 2019). Another study
compared the spatial uptake patterns of [18F]THK5351 and
fMRI network alterations in patients with early AD and healthy
controls, showing a similar pattern for the precuneus, a region
crucial for Alzheimer progression (Yokoi et al., 2018).
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Finally, in patients suffering of semantic variant
primary progressive aphasia, several authors demonstrated
that the MAOB tracers can be more sensitive to
detective neurodegenerative alterations compared to MRI
(Kobayashi et al., 2018).

GLIAL PET RADIOTRACERS: A CRITICAL
POINT OF VIEW

Despite the remarkable development of radiotracers for
numerous molecular targets implicated in the process
of neuroinflammation, only a few have been used on
patients successfully.

TSPO PET Tracers
The main problems of TSPO tracers are that they cannot
distinguish pro- and anti-inflammatory responses, they have
a low signal-to-noise ratio and high non-specific binding,
low dynamic response variation during neurodegenerative
pathologies (Figure 2). Furthermore the main problem in
the clinical use of these PET tracers is given the presence
of polymorphism (SNP) in TSPO gene. These problems
have been reduced and/or eliminated with second and third
generation TSPO PET tracers, however, there is still no
possible differentiation between the M1 (neurotoxic) and
M2 (neuroprotective) genotypes. Moreover, even if the 3D
pentameric structure of the TSPO has been revealed, the role of
this receptor does not yet appear to be clear, since the influence
of receptor upregulation as an immune reaction is not clear.
Currently [18F] -GE180 is used as a third-generation tracer in
clinical trials. Although [18F] -GE180 is able to pass in CNS
only in case of blood–brain barrier breakdown, with low BBB
permeability in human healthy brain, this radiotracer is a very
important neuroinflammation imaging agent in various CNS
diseases (Albert et al., 2019).

Cannabinoid Receptor Type 2 PET
Tracers
Due to its high brain density, this receptor has been subjected
to in vivo imaging using PET techniques using radioligands, such
as 18-Tetrahydrocannabinol (18-THC) labeled with fluorine-18.
However, the PET images obtained after injection of [18F]-18-
THC in primates do not show a particular specific region of
cerebral localization, so much so that the radiotracer appears
to be widely diffused in all regions of the brain (Gifford et al.,
2002). Some of the synthetic derivatives of classic cannabinoids,
which show nano affinity for CB2 receptors, may prove to be
successful candidates for in vivo imaging of these receptors,
including pyrazole derivatives and aminoalkylindole derivatives.
Since the level of expression of CB2 receptors in the healthy
brain is low and there is an increase of these receptors in
pathological conditions, much research has focused on these
receptors. To date only the radiotracer [11C] -NE40 has been
used in humans for biodistribution studies on healthy patients,
to verify the uptake and washout (Ahmad et al., 2013). CB2
ligands are still in the preclinical evaluation phase, however, they

can represent a valid alternative in the evaluation of microglial
activation (Yamagishi et al., 2019).

Cyclooxygenase-2 PET Tracers
Despite the potential given by the study of the increase in
cyclooxygenases (COX1 and COX2) in inflammation, actually
only very few radiotracers have been synthesized and studied.
For neuroinflammation studies it is mandatory to use selective
radioligands for the respective isoforms COX1 and COX2. The
advantage in the use of [11C]-celecoxib is certainly represented
by the ability to pass the blood–brain barrier, even when it is not
damaged (Kumar et al., 2018).

P2X7 Receptor PET Tracers
P2X7 receptor is an adenosine triphosphate ATP-gated
purinoreceptor that is widely expressed in microglia and
astrocytes. The activation of P2X7 receptor leads to the
release of the proinflammatory mediators such as cytokine
IL-1β in the brain. In fact the increase in the expression
of this receptor leads to the activation of microglia, more
than its over-expression is a consequence of the activation
of microglia. Over the last years, research has focused on
the synthesis and study of ligands of this receptor. The most
promising are certainly: [11C]-GSK1482160, [11C]-SMW139,
and [18F]-JNJ-64413739. The first [11C]-GSK1482160 has been
studied in healthy volunteer patients for the estimation of
radiopharmaceutical radiation dosimetry and biodistribution
(Green et al., 2018). The first PET/MRI study, even if preliminary,
on patients affected by multiple sclerosis was conducted in
2019 with the administration of [11C]-SMW139 (Hagens
et al., 2019). The Janssen compound [18F]-JNJ-64413739
is labeled with fluorine-18, which certainly represents an
advantage from a clinical point of view considering the
longer radioisotope half-life (Kolb et al., 2019). [18F]-JNJ-
64413739 is still under evaluation in preclinical study phase
and data on patients are not yet available, however, the first
studies on animals show its potential as a PET tracer for
neuroinflammation.

Macrophage Colony-Stimulating Factor
1 Receptor (CSF1R) PET Tracer
CSF1R is a surface receptor (tyrosine kinase family receptors)
mainly expressed by microglia. Recently a specific radioligand
of this receptor was synthesized and studied, [11C]-CPPC (Horti
et al., 2019). Even if this PET ligand is still in a preclinical phase of
animal experiments, this new class of radioligands could be very
promising for the study of microglial PET/MRI activation.

Monoamine Oxidase-B PET Tracers
During neuroinflammation, astrocytic increased MAO-B (amine
oxidases) activity which leads to an oxidative stress due
to the formation of hydrogen peroxides (Gulyás et al.,
2011). Among PET ligands MAO-B studied and synthesized
over the years, two radiotracers were successfully used in

Frontiers in Cellular Neuroscience | www.frontiersin.org 9 April 2020 | Volume 14 | Article 75143

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


fncel-14-00075 March 31, 2020 Time: 20:1 # 10

Cavaliere et al. Gliosis and PET/MRI

patients, one of which containing carbon-11([11C]-L-deprenyl-
D2) (Arakawa et al., 2017), the other containing fluorine-18
([18F]-THK5351) (Ishibashi et al., 2019). The last one was used
in a patient with relapsing-remitting multiple sclerosis (MS),
it was seen that [18F]-THK5351 accumulation corresponded to
sites identified in MRI where there were MS plaques, in lesions
undergoing astrogliosis.

BIMODAL PROBES AS FUTURE
PERSPECTIVES

Although PET/MRI has been often addressed as the new frontier
of molecular imaging (Chen and Chen, 2010), very few studies
have employed this technique in glial imaging, and often limiting
MR to a structural reference for PET signal. One possible
innovation in this field could be represented by the development
of an efficient and reliable PET/MR dual imaging probe,
that if challenging for chemists and neuroscientists (Bouziotis
et al., 2013; Vecchione et al., 2017), can help to identify killer
applications for PET/MRI.

A general issue for new single- or multi-modal imaging probes
that target the brain and that have to be taken into account is the
permeability of the blood–brain barrier, a complex multicellular
structure that protect CNS by external neurotoxic substances and
which functions are assured also by astrocytic endfeet (Poupot
et al., 2018). A possible solution is represented by the use of
physiological transfer existing across the barrier, like the use of
specific carriers or the transcytosis phenomenon (Pulgar, 2019).

Among novel imaging tools, different nanoparticles (usually
smaller than 100 nm) have been extensively used in preclinical

settings as MRI contrast agent combined with a PET tracer,
mainly for oncological and more recently cardiovascular imaging
(Aime et al., 2002; Uppal et al., 2011; Lewis et al., 2015;
Kirschbaum et al., 2016; Vecchione et al., 2017; Grimaldi et al.,
2019). Recently, a potential multimodal PET/MRI probe has been
described to target microglia and neuroinflammation in a mouse
model (Tang et al., 2018). The proposed nanoparticle selectively
binds to the scavenger receptor class A (SR-A) expressed on
activated microglia and is iron-oxide coated and so detectable by
T2∗ -weighted MRI.

CONCLUSION

In this review main PET and MR imaging biomarkers for
microglial and astrocytic activation have been summarized.
Furthermore, these studies also demonstrate potential benefits
for the integration of findings achievable by simultaneous
PET/MRI scanners, although still few employed in the literature.
While the technological challenges seem to be overcome with
new powerful scanners able to in vivo characterize molecular
processes, more efforts to identify selective glial targets and
efficient multimodal imaging probes, potentially useful for
tailored treatments targeting glial activation, are needed.
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