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Editorial on the Research Topic

Meeting of the Portuguese Society for Neurosciences SPN2019

The Portuguese Society for Neuroscience meeting (SPN2019) was held in Lisbon from 30th May
to 1st June, 2019. The main purpose of this meeting was to promote and develop research in
Neurosciences. This interaction took place in a privileged way at this meeting and brought together
the vibrant Portuguese Neuroscience community that significantly advances this defying area.

This Research Topic comprises nine manuscripts covering some of the work presented
at SPN2019 and hot topics in neurosciences: neurodevelopment; cellular and molecular
neurosciences; neurodegeneration; glia and neuroinflammation; drug and addiction; sensory
processing; and rare disorders.

In a brief Research Report, Miranda et al. show that cannabidiol, 19-tetrahydrocannabinol,
and two synthetic cannabinoids (THJ-018 and EG-018) profoundly impact, from toxicity to
precocity, developing neurons, highlighting the negative effect of prenatal exposure to natural and
synthetic cannabinoids.

A brief Research Report by Neiva et al. shows that methylprednisolone differentially affects
GABA and glutamate release from rat hippocampal nerve terminals via fast non-genomic
mechanisms putatively involving the activation of membrane-bound corticosteroid receptors.

Original Research by Sa de Almeida et al. reveals that microglial Sirtuin 2 (Sirt2) prevents
NMDA-mediated excitotoxicity in hippocampal slices in response to an inflammatory signal.
Overall, the data suggest a key-protective role for microglial Sirt2 in amnesic deficits associated
with neuroinflammation.

Original Research by Fonteles et al. supports that antagonists of ATP receptors P2X7 are
protective of dyskinesia induced by dopamine replacement therapy in a Parkinson’s disease rat
model. These findings suggest P2X7 antagonists as novel candidate anti-dyskinesia drugs.

Original Research by Costa-Pereira et al. describes an enhancement of the descending
noradrenergic pain control system due to neuropathy induced by cancer chemotherapy. The
authors suggest that potentiation of the antinociception mediated by alpha2-adrenoreceptors may
be a therapeutic opportunity.

Original Research by Fabricio de Sousa et al. shows that the cerebellum is vulnerable tometabolic
changes due to ultra-endurance racer. High-volume training in rodents induced cerebellar
oxidative and inflammatory status and impaired astrocyte reactivity.
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Mouro et al. reviewed the recent evidence concerning
metabolic, synaptic, functional, and molecular dysfunctions
occurring in Rett syndrome. From modulators of GABAergic
signaling to cannabinoids and the ketogenic diet, cleverly
exploiting the metabolic features of this disease, an ample bulk of
evidence has been gathered, creating a plethora of research lines
to be followed in the future.

Perdigão et al. reviewed the intracellular trafficking
mechanisms of synaptic dysfunction in Alzheimer’s disease.
They described that in early and late-onset familial Alzheimer’s
disease the earliest synaptic dysfunctions are characterized by
disruptions of the presynaptic vesicle exo- and endocytosis
and postsynaptic glutamate receptor endocytosis. While in
early-onset familial Alzheimer’s disease, synapse dysfunction
seems to be triggered by Aβ, in late-onset Alzheimer’s disease,
there might be a direct synaptic disruption by late-onset
Alzheimer’s disease trafficking genes, requiring further research.

Themini-review by Gonçalves-Ribeiro et al. discussed the role
of the increase in glutamate uptake on hippocampal long-term
potentiation and depression beyond excitotoxicity.

Overall, this Research Topic compiling both original and
review papers shows the diversity in the neuroscience field
ranging from in vitro to in vivo approaches, including rare to
common disorders, neurodevelopment to aging, and molecular
to behavioral tests. We hope this collection of articles will be
highly attractive to the international neuroscience community.
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Rett syndrome (RTT) is an X-linked neurodevelopmental disorder caused mainly by
mutations in the MECP2 gene, being one of the leading causes of mental disability in
females. Mutations in the MECP2 gene are responsible for 95% of the diagnosed RTT
cases and the mechanisms through which these mutations relate with symptomatology
are still elusive. Children with RTT present a period of apparent normal development
followed by a rapid regression in speech and behavior and a progressive deterioration
of motor abilities. Epilepsy is one of the most common symptoms in RTT, occurring
in 60 to 80% of RTT cases, being associated with worsening of other symptoms. At
this point, no cure for RTT is available and there is a pressing need for the discovery
of new drug candidates to treat its severe symptoms. However, despite being a rare
disease, in the last decade research in RTT has grown exponentially. New and exciting
evidence has been gathered and the etiopathogenesis of this complex, severe and
untreatable disease is slowly being unfolded. Advances in gene editing techniques have
prompted cure-oriented research in RTT. Nonetheless, at this point, finding a cure is a
distant reality, highlighting the importance of further investigating the basic pathological
mechanisms of this disease. In this review, we focus our attention in some of the
newest evidence on RTT clinical and preclinical research, evaluating their impact in RTT
symptomatology control, and pinpointing possible directions for future research.

Keywords: Rett syndrome, GABAAR, epilepsy, cholesterol, ketogenic diet, cannabinoids, neurosteroids

INTRODUCTION

In 1966, the neuro pediatrician Andreas Rett described and published a report concerning a
neurodevelopmental disorder affecting females (Rett, 1966; Percy, 2016). In this report, Dr. Rett
described a disease characterized as having an early onset of developmental delay followed by
a rapid regression, loss of communication ability and fine motor capabilities, as well as, the
occurrence of stereotypic hand movements and periodic breathing during wakefulness (Percy,
2016). Today, this disease is known as Rett syndrome (RTT). RTT is a severe neurodevelopmental
X-linked disorder affecting almost exclusively female patients, with prevalence of approximately
1:10000 live births (Segatto et al., 2014) and with a high rate of sporadic mutations (Patankar, 2014).
Despite its rareness, RTT is still the second most common cause of severe mental retardation in
females (De Felice et al., 2012). The majority of RTT cases are characterized by an archetypal clinical
scenario, comprised by loss of acquired cognitive, social, and motor skills, in an usual four-stage
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neurologic regression, occurring simultaneously with the
development of autistic behavior (Hagberg, 2002; Neul et al.,
2010; De Felice et al., 2012; Braat and Kooy, 2015). According
to Hagberg, stage I is named “early onset stagnation,” occurs
6 months to 1.5 years after birth and is characterized by
delays on the developmental progress. Subsequently, stage
II, or “developmental regression,” occurs from year 1 to
4, being characterized by rapid loss of acquired skills and
communication and manifestation of mental deficiency. Stage
III is termed “pseudostationary period,” being characterized by
apparent preserved ambulatory ability and restitution of some
communicative abilities, while a slow neuromotor regression
occurs. Lastly, stage IV or “later motor deterioration,” onsets
when the ambulation of stage III ceases and its characterized by
complete wheelchair dependence, severe disability, wasting
and distal distortion. RTT patients can also experience
gastrointestinal problems, hypoplasia, early-onset osteoporosis,
bruxism and screaming spells (Hagberg, 2002). Reductions in
brain weight and cortical atrophy/microencephaly, resulting
in a smaller head circumference, were early reported as a
common feature occurring in children diagnosed with RTT
(Jellinger et al., 1988). As thoroughly reviewed in Kyle et al.
(2018), metabolic complications are also known as a common
feature in RTT (Justice et al., 2013; Segatto et al., 2014). Also,
as revised in Shulyakova et al. (2017), important anomalies in
mitochondrial structure and function (altered electron transport
chain complex function, increased oxidative stress and elevated
levels of lactate and pyruvate in blood and cerebrospinal fluid)
have been demonstrated in RTT. The clinical diagnosis of RTT is
performed following a battery of co-existing and well-defined set
of inclusion and exclusion criteria, which were recently revised
(Neul et al., 2010; Kyle et al., 2018).

In Amir et al. (1999), using a systematic gene screening
approach, identified mutations in the gene MECP2 as cause of

Abbreviations: 24S-OHC, oxysterol 24(S)-hydroxycholesterol; 3xTg-AD, triple-
transgenic mouse model of AD; 3α-HSD, 3α-hydroxysteroid dehydrogenase;
3β-HSD, 3β-hydroxysteroid dehydrogenase; A1R, adenosine A1 receptor; A2AR,
adenosine A2A receptor; AED, anti-epileptic drugs; ALLO, allopregnanolone;
ATP, adenosine triphosphate; BBB, blood brain barrier; BDNF, brain-derived
neurotrophic factor; BHB, β-hydroxybutyrate; BZD, benzodiazepines; CA1, cornu
ammonis 1; cAMP, cyclic adenosine monophosphate; CB1R, cannabinoid receptor
1; CB2R, cannabinoid receptor 2; CBC, cannabichromene; CBD, cannabidiol;
CBDV, cannabidivarin; CBG, cannabigerol; CBN, cannabinol; CBV, cannabivarin;
CDKL5, cyclin-dependent kinase-like 5; CGIC, seven-category caregiver global
impression of change questionnaire; CNS, central nervous system; CYP11A1,
cytochrome P450 cholesterol side-chain cleavage (P450scc) enzyme; Cyp46a1,
cholesterol 24-hydroxylase; ECBS, endocannabinoid system; FDA, United States
Food and Drug Administration; FOXG1, forkhead box protein G1; GABA,
gamma-aminobutyric acid; GABAAR, GABAA receptor; GABABR, GABAB
receptor; GABR, GABAA receptor subunit; GLU, glutamate; GPR55, G-protein
coupled receptor 55; HDL, high density lipoprotein; HMG-CoA, 3-hydroxy-
3-methylglutaryl-coA; HMG-CoA-R, 3-hydroxy-3-methylglutaryl-coA reductase;
IPSCs, post-synaptic inhibitory potentials; KD, ketogenic diet; LDL, low density
lipoprotein; LPI, l-α-lysophosphatidylinositol; MCT, medium chain triglycerides;
MECP2, methyl-CpG-binding protein 2; PKA, protein kinase A; RISE-SRS,
reduced intensity status epilepticus–spontaneous recurrent seizures; RTT, Rett
syndrome; SLOS, Smith–Lemli–Opitz syndrome; Sqle, squalene monooxygenase;
SRB1, scavenger protein B1; STA, statins; StAR, steroidogenic acute regulatory
protein; Tg, transgenic; THCV, 19-tetrahydrocannabivarin; THIP, GABAAR
agonist gaboxadol; TLE, model of temporal lobe epilepsy; TRPV1, transient
receptor potential cation channel subfamily V member 1; 18-THC, 18-
tetrahydrocannabinol; 19-THC, 19-tetrahydrocannabino.

some cases of RTT. Today, several mutations in the X-linked
MECP2 gene are identified, being acknowledged as the cause of
95% of the classical RTT cases and of 40–50% of the atypical RTT
cases (Neul et al., 2010; Zhang et al., 2017), resulting in a wide
genetic and phenotypic heterogeneity of this disease (De Felice
et al., 2012). MECP2 is a globally expressed pleiotropic factor,
assuming a key role in maintaining homeostasis in different
cells and systems (Shulyakova et al., 2017). As expected for
a neurological condition (Neul and Zoghbi, 2004), in RTT
the higher levels of MECP2 in the body are expressed in the
brain (Shahbazian, 2002). Confirming the importance of MECP2
presence in the brain, the selective elimination of this gene from
neurons (Guy et al., 2007) and oligodendrocytes (Nguyen et al.,
2012) triggers RTT-like phenotype in mice (Shulyakova et al.,
2017). In atypical RTT variants, mutations in other loci rather
than the MECP2 have been identified (Neul et al., 2010).

A diversity of distinctive variant forms of RTT has been
proposed, each of which presents different clinical features. Some
of these variants have been identified and described in relatively
small populations, which leads to difficulties in the definition
of clear clinical characteristics (Neul et al., 2010). Nevertheless,
according to Neul et al. (2010), there are three distinctive
variants of RTT that have been amply identified and that are
well characterized: (1) the preserved speech variant (Zappella,
1992), (2) the congenital variant (Rolando, 1985), and (3) the
early seizure variant (Hanefeld, 1985). From these three atypical
forms of RTT, the preserved speech variant, or Zappella variant,
is the most common one. This variant has clearly defined clinical
features and mutations on the MECP2 gene are identified in most
of the diagnosed cases (Zappella, 1992; Renieri et al., 2009; Neul
et al., 2010). On the contrary, in diagnosed cases belonging to the
congenital and early seizure variants, mutations in the MECP2
gene are rarely found, while mutations in different genes are
reported (Huppke et al., 2000; Archer et al., 2006; Neul et al.,
2010; De Felice et al., 2012). Namely, mutations in the CDKL5
gene have been described in both males and females diagnosed
with early-seizure-onset RTT variant (Mari et al., 2005; Scala
et al., 2005; Zhao et al., 2014; Zhang et al., 2017). On the other
hand, mutations in the FOXG1 gene have been identified in
the congenital RTT variant (Zhang et al., 2017), first described
by Rolando (1985). The congenital variant of RTT is clinically
characterized by hypotonia and developmental delay occurring
earlier than in classical RTT variant (Rolando, 1985; Jacob et al.,
2009). Importantly, the majority of children diagnosed with
the congenital variant of RTT do not present mutations in the
MECP2 or CDKL5 mutations (Jacob et al., 2009).

The available treatment for RTT is mainly symptomatic. With
appropriate social and familiar care, attention to orthopedic
complications, physiotherapy to treat and ease muscle rigidity,
control of epileptic episodes, and a balanced and healthy
nutrition, women with RTT can survive until middle age and
older age (Kyle et al., 2018). There is a sudden death rate of 26%
in RTT and patients mainly perish due to cardiac complications,
respiratory infection and respiratory failure (Kyle et al., 2018).
Most of the preclinical and clinical studies in RTT aims at
finding ways to prevent or control epileptic episodes, due to
the importance that it has for the outcome of RTT prognosis
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(Krajnc, 2015; Clarke and Abdala Sheikh, 2018). Therefore,
preclinical research in RTT is majorly focused on finding ways
of correcting detrimental modifications in neurotransmission
occurring in this disease, using Mecp2-null mouse models (Clarke
and Abdala Sheikh, 2018). Recently, however, a paradigm shift
has been proposed. Through gene therapy it was proven that it is
possible to reverse RTT symptoms in diseased adult mice by re-
activating Mecp2 expression (Guy et al., 2007). Also, a few years
later, it was shown that switching-off the production of Mecp2
protein in adult mice leads to the development of symptoms
equivalent to those of mice born with the mutation (McGraw
et al., 2011; Clarke and Abdala Sheikh, 2018). Considering that,
by rule, neurodevelopmental disorders tend to be non-reversible,
such results were received with considerable enthusiasm (Clarke
and Abdala Sheikh, 2018). Thus, these studies showed that gene
therapy would have to necessarily deliver a working MECP2
gene throughout the patient life (it would not be sufficient to
do it just on child development) and that treatment could be
administered regardless of disease stage and/or age (Clarke and
Abdala Sheikh, 2018). Although exciting, the above-mentioned
discoveries have to be taken carefully. Indeed, in order to work,
MECP2 gene therapy would have to deliver the precise amount
of MECP2 protein in each cell of the body, as too much or too
few MECP2 protein can trigger RTT-like symptoms (Clarke and
Abdala Sheikh, 2018). As a particularly harsh example, in MECP2
duplication syndrome, an overproduction of MECP2 protein
leads to mental disability and autistic-like behavior (Moretti
and Zoghbi, 2006; Ramocki et al., 2009). Moreover, even small
deviations from the necessary MECP2 protein levels are related
with modifications in brain function, which can lead to cognitive
and mental disability (Chao and Zoghbi, 2012). Therefore, as
mentioned in Clarke and Abdala Sheikh (2018), gene therapy in
RTT delivers two major challenges: (1) it potentially means that
it would be necessary to deliver the exact right amount of MECP2
to every cell and (2) in females, it would be necessary to avoid
delivering additional copies of the gene to the cells that already
express a healthy copy; two pitfalls that are extremely difficult to
overcome with the available technology.

At this point, although possible, finding a cure for RTT is
a distant reality. In the meanwhile, it is more important than
ever to find new treatments to alleviate symptoms, reduce pain
and discomfort and increase the quality of life of both the
patient and the caregiver. Therefore, in this review we will turn
our attention to new discoveries which show potential in RTT
preclinical investigation.

DYSFUNCTIONAL GABAR SIGNALING IN
RTT: IMPLICATIONS FOR
SYMPTOMATOLOGY

Rett syndrome is characterized by structural and molecular
deficiencies in synaptic transmission. Evidence displays
important modifications in basal transmission, in short and
long-term plasticity processes and in neurotransmitter release
(Boggio et al., 2010). Studies using different Mecp2 genetic
mutated mice have made it possible to understand that

individual phenotypic characteristics of RTT can be associated
with dysfunctions in very specific neuronal populations.
Indeed, the selective deletion of the Mecp2 gene from different
neuronal populations, in different ages and in distinctive
brain regions accounts for specific phenotypical traits of
the disease. Thus, such data has led authors to claim that
the phenotypical consequences of Mecp2 deletion are time
and region-dependent (Chao et al., 2010). In this regard,
dysfunctional GABAergic signaling constitutes a vital element in
RTT symptomatology.

The GABAergic signaling system comprises a key pathway
commonly disturbed in neurodevelopmental diseases, such as
RTT, fragile X syndrome, Dravet Syndrome, neurofibromatosis
type I, Tourette syndrome, Down Syndrome and in Autism
Spectrum Disorders (Lee and Tierney, 2011; El-Ansary and Al-
Ayadhi, 2014; Braat and Kooy, 2015; Kim and Yoon, 2017).
GABA is the main inhibitory neurotransmitter in the brain,
exerting its actions via the activation of two subtypes of
GABA receptors, the ionotropic GABAAR and the metabotropic
GABABR (Chebib and Johnston, 1999; Rombo et al., 2016).
GABAAR are ligand-gated receptors responsible for mediating
the majority of inhibitory synaptic transmission in the CNS
(Reddy, 2010). Structurally, GABAAR are heteropentamers with
five protein subunits that form the chloride ion channel (Reddy,
2010). GABAAR can be assembled by seven different classes of
subunits, some of which comprised by different homologous
variants (α1−6, β1−3, γ1−3, σ1−3, δ, θ, ε). Usually, most GABAAR
are composed by α, β, and γ or δ-subunits (Sieghart, 2006). The
binding site for the endogenous modulator GABA is located
in the cleft between the α and β subunits. Apart from the
GABA binding site, there are several other binding sites in
the GABAAR which constitute targets for benzodiazepines and
barbiturates (Smith, 2002). Furthermore, each pharmacological
effect appears to be directly related with a specific binding site on
the receptor surface, which depends on the subunit composition
of the receptor (Cai et al., 2018). Post-synaptic GABAAR are
ubiquitously distributed, being responsible for generating the
phasic currents in response to presynaptic GABA release. On the
other hand, extrasynaptic GABAAR are preferentially activated
when GABA levels are low, being highly sensitive to extracellular
GABA concentrations and responsible for generating non-
desensitizing tonic inhibition (Wang, 2011; Cai et al., 2018).
Despite being exclusively present in a minority of neurons,
several clusters of GABAergic interneurons are responsible for
regulating and controlling the majority of excitatory neurons.
Thus, if an imbalance in the inhibitory system occurs, the
following excessive excitatory output leads to disturbances on the
excitation/inhibition balance, ultimately resulting in dysfunction
of cognitive processes (Braat and Kooy, 2015). Importantly,
genetic alterations in GABAergic signaling system has been
shown to be involved in several neurodevelopmental diseases (for
a detailed review see Braat and Kooy, 2015).

Evidence regarding dysfunctional GABAergic signaling in
RTT has been mainly obtained in studies using RTT-mouse
models. Such studies have been gathering substantial evidence
confirming the critical involvement of GABAergic transmission
in RTT symptomatology, highlighting the clinical relevance of
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this signaling system. Indeed, an incorrect balance between
excitation and inhibition reflecting a dysfunction in GABAergic
and glutamatergic signaling systems have been described in
Mecp2-knockout mice (Dani et al., 2005; Chao et al., 2007; Dani
and Nelson, 2009; Calfa et al., 2011). Also, as mentioned before
regarding other neuromodulatory systems, the relationship
between RTT phenotypical expression and GABAergic signaling
is region, time and neuronal population dependent (El-Khoury
et al., 2014). Confirming the critical involvement of the
GABAergic system in RTT symptomatology, it has been shown
that mice with Mecp2-deficiency exclusively in GABAergic
neurons rapidly develop forepaw stereotyped movements,
compulsive grooming, learning and memory deficits, abnormal
social behavior, electroencephalography hyperexcitability, lack
of motor coordination, severe respiratory dysrhythmias and
premature lethality. Additionally, the results of this work also
showed that the selective deletion of the Mecp2 gene in a specific
subset of forebrain GABAergic neurons was sufficient to trigger
many of the aforementioned symptoms. Thus, these data strongly
suggests that the loss of Mecp2 in GABAergic neurons acts
as a pivotal mediator for some characteristic RTT phenotypes
(Chao et al., 2010).

The critical relevance of MECP2 in GABAergic signaling was
also shown in other brain regions, such as the hippocampus.
Indeed, patch-clamp recordings performed in hippocampal
slices obtained from Mecp2 mutant mice, revealed that
hippocampal circuits in CA3 neurons display diminished basal
inhibitory rhythmic activity, which, consequently, leaves the
circuitry susceptible to hyperexcitability (Zhang et al., 2008).
Likewise, in the brain stem, an imbalance between inhibitory
and excitatory transmission was reported to occur early at
postnatal day 7 in Mecp2 mutant mice. Additionally, GABAergic
transmission was found to be significantly depressed in the
same animals, which may be related with deficient presynaptic
GABA release and diminished expression levels of subunits
α2 and α4 on the post-synaptic GABAAR (Medrihan et al.,
2008). In the thalamus, Mecp2 differentially regulates the
development of GABAergic synapses in excitatory or inhibitory
neurons (Zhang Z.W. et al., 2010). Also, in Mecp2 mutant
mice, electrophysiological deficiencies have been reported in
norepinephrinergic neurons of the locus coeruleus which
receive GABAAergic inhibitory inputs (Jin et al., 2013a; Zhang
X. et al., 2010). In the locus coeruleus, Mecp2 deficiency
leads to simultaneous abnormalities in the pre- and post-
synaptic GABAergic component, impairing GABAAergic and
GABABergic post-synaptic inhibitory currents and reducing the
presynaptic release of GABA (Jin et al., 2013a). Indeed, it
has been described that Mecp2 deficiency abnormally increases
extrasynaptic GABAAR activity, an effect suggested to occur as a
compensatory response to the deficient GABA-mediate synaptic
inhibition (Zhong et al., 2015).

The above-mentioned evidence highlights the critical
role of MECP2 gene for correct GABAergic signaling in
different brain regions. Besides brain region and synaptic
location of the receptor, in a recent study it was also shown
that selective deletion of Mecp2 from either parvalbumin-
positive neurons or somatostatin-positive neurons leads to

different phenotypical outcomes, that together comprise
almost the full range of RTT-like phenotypes. Specifically,
Mecp2 deletion from parvalbumin-positive neurons leads to
motor, sensory, cognitive and social deficits, while ablation
of Mecp2 from somatostatin-positive neurons originated
stereotyped behavior and seizures (Ito-Ishida et al., 2015).
Recently, reductions in GABAergic transmission in the
nucleus tractus solitarius, a key brain region involved in
the integration of respiratory sensory information, were reported
(Chen et al., 2018).

Although scarce, there is available data collected from
human samples supporting findings in rodent models of
RTT (Braat and Kooy, 2015). GABAAR binding was found
to be significantly altered in the basal ganglia (Blue et al.,
1999) and in the frontotemporal cortex (Yamashita et al.,
1998) in RTT patients. Additionally, a disturbed process
of GABAergic neuronal maturation was described in the
cerebrospinal fluid of RTT patients (Duarte et al., 2013) (for
a more details see Braat and Kooy, 2015). Also, an analysis
performed in post-mortem human brains, has shown defects
in the expression of the GABR gene GABRB3, contained in
the human chromosome 15q11-13, in RTT patients (Samaco
et al., 2005). Congruently, subsequent evidence obtained with
mice models, suggested that Mecp2 gene is vital for the
correct expression of both alleles of GABRB3 in neurons
(Hogart et al., 2007).

Considering the anomalies observed in GABAergic signaling
in RTT and their crucial role in symptomatology and disease
progression, correction of these modifications has been proposed
as a therapeutic strategy. Indeed, adjustment of the GABAergic
system activity in Mecp2 mutant mice leads to improvements
in several phenotypical features (Braat and Kooy, 2015). In
accordance, in a recent study, it was found that an in vivo
treatment with the inhibitor of GABA reuptake, Tiagabine,
significantly increased the life-spam of Mecp2 knockout mice,
although it did not ameliorate motor deficits (El-Khoury
et al., 2014). In another study, the benzodiazepine Midazolam
transiently abolished breathing abnormalities in Mecp2 mutant
mice (Voituron and Hilaire, 2011). Also, the enhancement
of GABAAR-mediated signaling, either through blockade of
GABA reuptake or through positive allosteric modulation of
the GABAAR, resulted in a significant reduction on respiratory
problems (Abdala et al., 2010). Recently, respiratory dysrhythmia
has been related with deficient GABAergic signaling in the
Kölliker-Fuse area, or subparabrachial nucleus, a brain area
responsible for the regulation of breathing rate. Congruently,
boosting GABA transmission reduced respiratory arrhythmia in
a RTT-mouse model (Abdala et al., 2016). Also, early exposure
to the extrasynaptic GABAAR agonist THIP was shown to
regulate neuron hyperexcitability on the locus coeruleus, known
to be involved in the regulation of breathing (Zhong et al.,
2017). Finally, genetic re-expression of Mecp2 only in GABAergic
neurons of male and female Mecp2 null mice enhanced inhibitory
signaling. Also, it extended animal lifespan, mitigated ataxia,
apraxia, and social withdrawal, displaying that the restoration of
Mecp2 expression in GABAergic neurons significantly improves
the symptomatology of RTT (Ure et al., 2016; Figure 1).
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FIGURE 1 | The potential of GABAAR modulators on RTT. (1) Exclusive deletion of Mecp2 from GABAergic neurons results in almost the full range of
neuropsychiatric symptoms of RTT (Chao et al., 2010). (2) Blocking GABA reuptake using tiagabine (El-Khoury et al., 2014) or enhancing GABAAR activity with the
benzodiazepine Midazolam increases the life-spam and reduces symptoms in Mecp2 mutant mice (Voituron and Hilaire, 2011).

Taken together, these results emphasize the crucial role
of MECP2 in GABAergic neurons. Also, they demonstrate a
clear relationship between modifications in GABAergic signaling
and symptomatology in RTT, highlining the potential of drug
agents which correct these modifications to improve RTT
symptoms. Therefore, on the following sections we will focus our
attention on new findings that, directly or indirectly, involve the
modulation of GABAergic signaling in RTT (Figure 2).

RTT, A BRAIN DISEASE WITH A
METABOLIC BLUEPRINT

Cholesterol and Neurosteroids in Rett
Syndrome
Rett syndrome was initially considered to be a metabolic disease
(Justice et al., 2013). Indeed, originally, Dr. Rett, convinced
of being in the presence of a disease with a clear metabolic
component, named it “cerebroatrophic hyperammonaemia”
(Kyle et al., 2018). Hyperammonemia is a clinical condition
characterized by increased ammonia levels, which manifests
itself in a variety of symptoms and signs, including significant
CNS abnormalities (Auron and Brophy, 2012). The fact that
hyperammonaemia has been detected only in a minority of
RTT patients led to the abandonment of the hypothesis of
cerebroatrophic hyperammonaemia as the central cause for RTT
(Campos-Castelló et al., 1988; Justice et al., 2013). Recently,
however, the metabolic components of RTT and its importance
for disease progression have been brought again into light.

Cholesterol is a vital component of the cellular membrane
structure and a precursor for numerous signaling molecules

(Nagy and Ackerman, 2013). Cholesterol does not cross the
BBB and therefore brain cholesterol has to be generated locally,
which directly contrasts with other organs that are able of
acquiring it from circulating lipoproteins (Pfrieger and Ungerer,
2011). In the brain, the production of cholesterol is a highly
compartmentalized process presenting a very delicate balance.
Its production takes place in the endoplasmic reticulum and
requires, as an energy source, the correct functioning of the
mitochondria (Justice et al., 2013). Importantly, mitochondrial
function and structure is compromised in both RTT patients
and Mecp2 mutant mouse models (Shulyakova et al., 2017).
After synthesis, brain cholesterol must be quickly renewed
and turned-over, as it can be rapidly oxidized by reactive
oxygen species (ROS), known to accumulate whenever
mitochondria dysfunction occurs (Justice et al., 2013). To
maintain homeostasis, cholesterol must be converted into the
24S-OHC by the neuron-specific enzyme Cyp46a1 (Lund et al.,
2003; Kyle et al., 2018). Thus, a tight regulation of cholesterol
homeostasis in the brain assumes particular importance:
too much or too little cholesterol is detrimental, negatively
impacting on cognitive processes, memory and motor skills
(Kyle et al., 2018). Concordantly, a vast number of neurological
diseases present abnormal lipid synthesis, storage and recycling
(Waterham, 2006), namely, SLOS and Niemann–Pick type C
disease, Alzheimer’s, Parkinson’s, and Huntington’s diseases,
Amyotrophic lateral sclerosis, Fragile X syndrome, and, as
recently discovered, RTT (Justice et al., 2013).

Using Mecp2 mutant mice, a mutagenesis screening to identify
genes that influence RTT-linked phenotypes was performed
(Buchovecky et al., 2013; Nagy and Ackerman, 2013). To
do so, descendent of MECP2 mice were screened for limp
gasping, tremors and activity, and mice that displayed reduced
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FIGURE 2 | Research topics to be addressed in this review. In red: the use of direct and indirect modulators of GABAergic signaling, respectively, benzodiazepines
(BZD) and GABA enhancers. In orange: Abnormal cholesterol metabolism occurring in RTT, the use of statins (STA) to improve RTT symptoms; the impact of
deficits on cholesterol uptake on neurosteroidogenesis; the possible therapeutic actions of the neurosteroid allopregnanolone (ALLO). In blue: the use of derivatives
of the cannabis plant to ameliorate RTT symptoms; cannabidiol (CBD) has shown promising anti-epileptic effects via GABA-dependent mechanisms; the effects of
CBD on CB1R and TRPV1 and its impact on RTT symptoms are still undisclosed; Cannabidivarin (CBDV) has been identified as a promising therapeutic drug in an
RTT-mice model. In green: Ketogenic Diet (KD) has potent anticonvulsive actions via GABAergic and glutamatergic (GLU) signaling systems; the KD can also
improve RTT symptoms via BDNF-mediated effects or through increases in adenosine production. BNDF signaling is known to be impaired in RTT (Li and
Pozzo-Miller, 2014), while unpublished data obtained in our lab points to deregulations in adenosinergic signaling. Direct arrows denote direct interaction with
GABAergic signaling system, while doted arrows denote known or undisclosed involvement on RTT pathophysiology.

phenotypic features were bred to establish the hereditability
of putative suppressor genes (Buchovecky et al., 2013). This
screening highlighted that a mutation in the Sqle gene, encoding
squalene epoxidase, which is a rate-limiting enzyme in cholesterol
biosynthesis, was sufficient to restore function and longevity in
Mecp2 mutant mice. The authors also showed that cholesterol
metabolism is perturbed in brains and livers of Mecp2 mutant
male mice, revealing profound and complex dysregulations
in cholesterol metabolism. Furthermore, HMG-CoA reductase
inhibitors, or statins, were able to ameliorate the systemic
imbalance of lipid profile, alleviate motor symptoms and increase
longevity in Mecp2 mutant mice (Buchovecky et al., 2013).
Studies with samples collected from human RTT patients have
also shown modifications in lipid profile. Directly comparing
with age-matched healthy donors, imbalances in both high
(HDL) and low (LDL) density lipoprotein levels were found
in RTT patients. Accompanying these abnormalities in plasma
lipid profile, a marked reduction in SRB1 was detected. SRB1
is ubiquitously expressed, playing vital roles in cellular lipid
uptake, mediating, for instance, the uptake of HDL-derived

cholesterol in the liver (Sticozzi et al., 2013). Congruently, using
freshly isolated human fibroblasts, it has been shown that total
cholesterol and LDL levels are significantly increased in RTT
patients, while SRB1 expression was quantified has being 70%
lower in RTT patients compared with healthy controls (Segatto
et al., 2014). On the other hand, and in accordance with data
from Buchovecky et al. (2013), cholesterol synthesis was found
to be reduced in RTT fibroblasts (Segatto et al., 2014). Therefore,
these data provided strong evidence toward the importance of
cholesterol homeostasis in RTT. Also, imbalances in cholesterol
metabolism can affect the synthesis of steroid hormones, among
which neurosteroids can have an important role in several brain
diseases, as it will be approached in the following section.

Neurosteroids: The Way Is Through the
GABAAR
Neurosteroids were described, for the first time, has having
anesthetic and anticonvulsive actions in the late 1940s (Selye,
1941; Selye and Masson, 1942; Clarke, 1973; Reddy and
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Estes, 2016). Almost half a century later, alphaxolone, a
synthetic neurosteroid, was found to increase synaptic inhibition
through GABAAR activation (Harrison and Simmonds, 1984),
which constituted a major advanced in neurosteroid research
(Majewska et al., 1986).

Neuroactive steroids are steroid molecules synthesized in
the brain that modulate neuronal excitability by rapid non-
genomic actions (Reddy, 2010). Cholesterol constitutes the
raw material for the biosynthesis of all steroid hormones
(Hu et al., 2010). De novo synthesis of neurosteroids is a
sequential and highly compartmentalized process involving, as
first step, the translocation of cholesterol from the cytoplasm
to the inner mitochondrial membrane. Once inside the
mitochondria, cholesterol is converted into pregnenolone, the
precursor of all steroid hormones (Reddy, 2010; Melcangi et al.,
2014). Pregnenolone is then transformed into progesterone
by the action of the enzyme 3β-HSD (Melcangi et al.,
2008). The conversion of cholesterol to pregnenolone in
the mitochondria is, consequently, the first rate-limiting step
in the biosynthesis of all steroid hormones (Stoffel-Wagner,
2003). ALLO is derived from progesterone by 5α-reductase
and 3α-HSD (Liu and Wong-Riley, 2010), and is viewed as
the most potent endogenous modulator of the GABAergic
system via interaction with the GABAAR (Hosie et al., 2006;
Reddy, 2010; Figure 3).

Recent studies indicate that neurosteroids have anxiolytic,
antidepressant and antipsychotic properties. Furthermore,
neurosteroids stimulate neurogenesis, facilitate regeneration
of neurons after injury, promote myelinization, and improve
cognition (Reddy and Estes, 2016; Cai et al., 2018). The
development of new analogous neurosteroid agents with
promising therapeutic properties has resulted in four compounds
tested in clinical trials for epilepsy, traumatic brain injury, status
epilepticus and Fragile X syndrome. Also, several synthetic
neurosteroids have been prepared for therapeutic use in the past
decades, among which, the best-known are, the aforementioned
alphaxolone, and also alphadolone, minaxolone, and ganaxolone
(Reddy and Estes, 2016).

Neurosteroids have been implicated in the behavioral profile
of some neurologic diseases. In SLOS, an autosomal recessive
disorder which develops due to an inborn error in cholesterol
metabolism (Tint et al., 1994; Aneja and Tierney, 2008; Lee
and Tierney, 2011), impaired neurosteroid synthesis or the
synthesis of an inhibitory analog form of neurosteroids on the
brain have been proposed to occur (Porter, 2002). Congruently,
urinary analysis has allowed the identification of neurosteroid-
like compounds in SLOS patients, being foreseeable that this
abnormal synthesis also occurs in the brain (Marcos et al., 2004;
Lee and Tierney, 2011). In Fragile X syndrome, patients show
autism-like phenotypes characterized by cognitive impairment,
anxiety, mood swings and behavioral and learning difficulties
(Reddy and Estes, 2016). A clinical trial using ganaxolone
was found to be safe but produced no significant effects on
the outcome measures in the overall population of the study.
However, specific subsets of the children with Fragile X syndrome
enrolled on the clinical trial, particularly the ones with higher
anxiety, lower cognitive abilities and who have frequent seizure

FIGURE 3 | De novo synthesis of some important neurosteroids. (1) After
being transported from the outer to the inner membrane, cholesterol is
transported from the outer to the inner membrane of the mitochondria by
steroidogenic acute regulatory protein (StAR). (2) Once inside the
mitochondria, cholesterol is transformed in pregnenolone, the mother of all
steroid hormones, by cytochrome P450 cholesterol side-chain cleavage
(P450scc) enzyme (CYP11A1). (3) Pregnenolone can be, subsequently,
transformed into progesterone by 3β-hydroxysteroid dehydrogenase
(3β-HSD), which in turn, can originate allopregnanolone through the action
of 3α-hydroxysteroid dehydrogenase (3α-HSD). (4) Allopregnanolone is
viewed as the most potent endogenous modulator of the GABAergic
system via interaction with the GABAA receptor (for a detailed review see
Melcangi et al., 2014).

episodes, might benefit from treatment with this neurosteroid
(Ligsay et al., 2017).

Recently, it has been described that ALLO (Meletti et al.,
2017) and progesterone (Meletti et al., 2018) are decreased
in cerebrospinal fluid (CSF) of patients affected by status
epilepticus. Progesterone levels were found to be 64% lower
than in healthy controls (Meletti et al., 2018). Interestingly,
neurosteroids are also being proposed for the treatment of
schizophrenia, as neurosteroids show promising anti-psychotic
potential (Cai et al., 2018).

The therapeutic potential of neurosteroids is mainly
related with their ability to rapidly modulate the activity
of the GABAergic neurons, known to be involved in the
pathophysiology of several psychiatric disorders (Mellédo
and Baker, 2002; Dubrovsky, 2005; Marx et al., 2006) and
neurodegenerative diseases (Carunchio et al., 2008; Li et al.,
2016; Kim and Yoon, 2017; Lozovaya et al., 2018), and
commonly disturbed in neurodevelopmental diseases (see
section “Dysfunctional GABAR Signalling in RTT: Implications
for Symptomatology”). The modulatory effects of neurosteroids
on GABAAR are unique and extremely complex, depending on
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several factors, such as, the subunit composition of the receptor,
the receptor localization, concentration and the structure of the
neurosteroid (Sieghart, 2006; Reddy, 2010; Reddy and Jian, 2010;
Wang, 2011; Reddy and Estes, 2016; Cai et al., 2018). Previous
studies have shown that specific combinations of subunits in
the GABAAR confer more or less affinity for neurosteroids, but
that ALLO enhances GABAAergic transmission whenever the
GABAAR are composed by any α subunit (Puia et al., 1993, 2003;
Maitra and Reynolds, 1999; Belelli et al., 2002). Importantly, both
post-synaptic GABAAR and extrasynaptic GABAAR are highly
sensible to neurosteroid modulation. In particular, extrasynaptic
GABAAR containing the δ subunit located in specific brain
regions as the hypothalamus, hippocampal dentate gyrus and
cerebellum, are highly sensitive to neurosteroids, which may
open a therapeutic window for the use of neurosteroids in
several brain diseases, including RTT (Smith, 2002; Reddy
and Estes, 2016). Indeed, neurosteroids have been proposed
as a viable alternative to overcome benzodiazepine tolerance,
as they can bind and enhance the activity of all GABAAR
isoforms, including extrasynaptic GABAAR containing the
highly neurosteroid sensitive δ subunit (Brown et al., 2002;
Uusi-Oukari and Korpi, 2010; Meera et al., 2011; Rogawski et al.,
2013; Carver and Reddy, 2016).

Also, unlike benzodiazepines, neurosteroids are able of
modulating the activity of GABAAR that lack the mandatory
γ subunit, which confers benzodiazepine sensitivity to the
GABAAR (Bianchi and Macdonald, 2003). In this regard,
neurosteroids have been tested in super refractory status
epilepticus with mixed-results (Broomall et al., 2014; Rosenthal
et al., 2017; Vaitkevicius et al., 2017). Analogs of ALLO were
found to be protective against partial seizures induced by
electrical stimulation in animals (Kaminski et al., 2004; Figure 4).

The role of ALLO as a neuroprotective agent starts before
birth. Indeed, ALLO levels fluctuate during perinatal periods
(Bernardi et al., 1998; Concas et al., 1998; Genazzani et al., 1998;
Grobin and Morrow, 2001; Jin et al., 2013b) and its actions
are known to contribute to neuroprotection of the fetal brain

(Liu and Wong-Riley, 2010). In rats, ALLO levels drop
immediately after birth, keeping a steady decline until a
temporary elevation at 10 to 14 days postnatal, then decrease
to a steady low level 3 weeks after birth (Grobin and Morrow,
2001). The drop in ALLO levels seems to coincide with drastic
reductions in progesterone levels immediately after birth (Paoletti
et al., 2006). Relevantly, in MECP2 mutant mice, the reductions
in ALLO levels coincide with the onset of RTT symptoms in such
animals (Jin et al., 2013b).

There are very few examples of the use of neurosteroids in RTT
available on literature. Jin et al. (2013b), using an optogenetic
approach to directly stimulate GABAAR in the locus coeruleus,
found that ALLO increases the amplitude, frequency and decay
time of GABAAergic inhibitory post-synaptic currents (IPSCs).
In this study, the authors described a time-dependent modulation
of GABAAergic transmission by ALLO in Mecp2 mutant mice.
Like in wild-type mice, during the first 2 weeks of the postnatal
period, ALLO increases GABAAergic inhibitory post-synaptic
potentials and suppresses neuronal excitability in locus coeruleus
neurons of Mecp2 mutant mice. However, such effect abruptly
deteriorates at 3 weeks of age in Mecp2 deficient mice, which
coincides with the onset of RTT symptoms. Therefore, the
authors hypothesize that, in MECP2 mutant mice, declines in
progesterone levels after birth may lead to decreases in ALLO
biosynthesis which in turn, becomes insufficient to potentiate
GABAAergic transmission through the GABAAR (Jin et al.,
2013b). There is, also, the possibility that the subunit composition
of the GABAAR shifts during development (Rissman and Mobley,
2011; Datta et al., 2015) or in pathophysiological conditions
(Drexel et al., 2013; Govindpani et al., 2017; Kwakowsky et al.,
2018) and also that it varies accordingly to temporal and local
constrains (Walton et al., 2017). Thus, these modifications in
GABAAR composition may change the receptor sensibility to
neurosteroids in Mecp2 mutant mice (Jin et al., 2013b) (see
Figure 5). Also, GABAAR sensitivity toward ALLO can shift
due to neurosteroid withdrawal (Gulinello et al., 2001; Mascia
et al., 2002; Boggio et al., 2010), long-term steroid administration

FIGURE 4 | Binding sites for neurosteroids on the postsynaptic and extrasynaptic GABAAR (Reddy, 2011; Cai et al., 2018). Contrary to benzodiazepines, which
require the mandatory γ subunit, neurosteroids can act on GABAAR whenever they are composed by α subunits (Bianchi and Macdonald, 2003). The extrasynaptic
GABAAR usually contains the highly neurosteroid sensitive δ subunit, which opens an exploitable therapeutic window, especially in cases of benzodiazepine
tolerance (Brown et al., 2002; Uusi-Oukari and Korpi, 2010; Meera et al., 2011; Rogawski et al., 2013; Carver and Reddy, 2016).
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FIGURE 5 | Time-dependent modulation by allopregnanolone on GABAAR signaling. (1) Allopregnanolone actions are known to contribute to neuroprotection of the
fetal brain (Liu and Wong-Riley, 2010). In rats, allopregnanolone levels change immediately after birth and during the first weeks of life (Grobin and Morrow, 2001).
(2) By exclusively stimulating the GABAA-ergic neurons in the locus coeruleus it was found that allopregnanolone increases the amplitude, frequency and decay time
of GABAAR inhibitory post-synaptic currents (IPSCs) both in wild-type and Mecp2 mutant animals. (3) However, after the first 2 weeks, allopregnanolone effects are
lost in Mecp2-null animals, coinciding with the onset of RTT symptoms in such animals (Jin et al., 2013b). The drop in allopregnanolone levels seems to coincide
with drastic reductions in progesterone levels immediately after birth (Paoletti et al., 2006). Modifications in the composition of the GABAAR can also be responsible
for the effect (Jin et al., 2013b).

(Follesa et al., 2002) and age (Shen et al., 2007), amongst other
factors [reviewed in Mellon (2007)]. Other studies have shown
that ALLO stimulates GABAAergic currents in the hippocampus
(Park et al., 2011), cerebellum (Cooper et al., 1999), and neocortex
(Puia et al., 2003).

Evidence displaying the existing of a time-dependent
modulation of GABAAergic transmission by ALLO in Mecp2
mutant mice is certainly important, as it shows how the
GABAergic system is vulnerable and mutable in RTT. However,
there is an ample bulk of evidence displaying that, even in
wild-type animals, changes in GABAAR sensitivity toward
neurosteroids occur during embryonic development and even
later in puberty. These changes can potentially lead to different
effects of ALLO and other neurosteroids during development
(Follesa et al., 2002). Thus, the GABAAR subunit composition
may shift accordingly to the developmental stage. Therefore, the
existing time-dependent GABAAR sensitivity to neurosteroids
can reflect a changeable requirement of neurosteroid actions
by the GABAergic system, which, in turn, may be related with
the hormonal milieu of the specific period of life (Colciago and
Magnaghi, 2016). Also, either physiological or pathophysiological
conditions can change the way neurosteroids act on the

GABAergic system. Understanding how the subunit composition
of the GABAAR shifts in wild-type animals comparing to RTT
mouse models, may offer important insight to elucidate the role
and therapeutic potential of neurosteroids in RTT. Also, it would
be relevant to study how the existent imbalances in cholesterol
metabolism can impact the biosynthesis of neurosteroids in RTT.

The effects of ALLO on hippocampal-dependent memory are
a great example of how the actions of neurosteroids can shift
according to physiological/pathological conditions. GABAAR
in the dentate gyrus, where ALLO is actively metabolized,
display low sensitivity to this neurosteroid. In turn, lower ALLO
metabolism in the CA1 region of the hippocampus suggests that
local steroid metabolism plays a crucial role in the regulation
of GABAAR-mediated inhibition in a regionally dependent
manner (Belelli and Herd, 2003), specifically in brain regions
devoted to memory formation and consolidation (Colciago and
Magnaghi, 2016). This is strengthened by observations that
ALLO increases neurogenesis, neuronal survival and reduces
apoptosis in the hippocampus (Charalampopoulos et al., 2008;
Rossetti et al., 2015). ALLO also increases the density of dendritic
spines, the number of mature excitatory synapses and induces
the formation of clusters of the actin binding protein debrin
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(Shimizu et al., 2015), which is known to be decreased in the
brain of Alzheimer’s disease patients and individuals with mild
cognitive impairment (Harigaya et al., 1996; Counts et al., 2012).
Congruently, using an Alzheimer’s disease mice model, ALLO
restored hippocampal-dependent learning and memory deficits
and induced survival of newly generated cells in 3xTgAD mice
and non-Tg aged mice (Singh et al., 2012). Thus, in 3xTgAD mice
it has been proposed that an early deficit in neurosteroid synthesis
may contribute to the cognitive phenotype of AD and that ALLO
shows the potential to function as a regenerative therapeutic
tool to delay or even prevent characteristic neurogenic and
cognitive deficits of Alzheimer’s disease (Wang et al., 2010;
Singh et al., 2012). In addition, ALLO was found to significantly
reduce amyloid-β accumulation in the hippocampus, cortex
and amygdala, to reduce microglia activation and increase
expression of liver-X-receptor, pregnane-X-receptor and HMG-
CoA-R, three vital proteins involved in cholesterol homeostasis
and clearance from the brain (Chen et al., 2011). Despite the clear
effects of ALLO on the molecular mechanisms of hippocampal
memory, on the other hand, it has been described that ALLO
impairs recognition memory consolidation and contextual fear
memory in wild-type mice (Misane et al., 2013; Rabinowitz
et al., 2014), and spatial learning in rats (Johansson et al.,
2002; Matthews et al., 2002; Turkmen et al., 2004). Importantly,
Mecp2 mutant mice display learning and memory impairments,
besides the classic breathing abnormalities, hypoactivity, motor
deficits, anxiety alterations and stereotypies. Likewise, Mecp2
mutant mice have reduced hippocampus, amygdala and striatum
volumes and an overall reduction in brain volume (Stearns
et al., 2007). Therefore, direct research on the possible restorative
effects of neurosteroids in RTT could constitute an interesting
and potentially successful approach.

Epilepsy in RTT: CBD to the Rescue?
Epilepsy is fairly a common comorbidity in RTT, with reports
showing its presence in 60–80% of patients. In RTT, there is
no unambiguous pattern of seizure episodes, and almost all
seizure types are reported (Krajnc, 2015). The manifestations
of seizures seems to constitute an age-related event (Chapleau
et al., 2013), with onset usually in stage II or III (see section
“Introduction”), around 4 years of age, but with possibility of
maximal onset age between 7 and 12 years (Krajnc, 2015). In
RTT, due to limited experience of epilepsy treatment, there are no
definitive recommendations regarding treatment approach with
the anticonvulsants currently available. Therefore, the choice
of treatment for epilepsy in RTT can be challenging (Krajnc,
2015), being considered a major problem in RTT treatment
(Chapleau et al., 2013). Additionally, evidence suggests that
the prevalence of drug resistance epilepsy in patients with
RTT is about the same as in other newly diagnosed epilepsies,
in which 20 to 40% of the patients become refractory to
treatment (French, 2007). However, prevention and efficient
management of epileptic episodes is of major importance in RTT,
as the severity and frequency of epileptic episodes are strong
determinants to the clinical severity of RTT phenotype (Krajnc,
2015; Clarke and Abdala Sheikh, 2018).

A number of different AED are used in treatment of epilepsy
in RTT, either in monotherapy or combined therapy, and its
selection varies from case to case (Krajnc, 2015). Regardless of
their many mechanisms of action, one of the main targets of
several AEDs is the GABAergic signaling system (Greenfield,
2013). For instance, the effects of valproate acid, one of the
most commonly prescribed AEDs, on the GABA signaling
system (such as, increased GABA turnover and consequent
enhancement of synaptic and extrasynaptic inhibition) are
important for its antiseizure actions (Löscher, 1989; Greenfield,
2013; Rogawski et al., 2016). On the other hand, the effects
of AEDs on GABAergic signaling can be more direct, like
the ones of benzodiazepines, which act as direct agonists of
GABAAR, known to have a specific binding site for this type of
drugs. Benzodiazepines are known for augmenting the amplitude
(Macdonald and Barker, 1978) or decay time (Tietz et al.,
1999) of GABAAR-evoked IPSCs (Greenfield, 2013). However,
in order to mediate increases in GABAAR currents, the receptor
must have in its composition a γ subunit and the selectivity
of each benzodiazepine depends on the specific α subunit (for
detailed review see Riss et al., 2008). The clinical advantages of
benzodiazepines relate with its efficacy against many seizure types
(Riss et al., 2008), rapidity of onset, minimal toxicity, possibility
of administration via several routes and high efficacy track-record
(Macdonald and Barker, 1978). However, its use is limited by
adverse side effects, such as cognitive impairment and sedation,
tolerance, withdrawal and drug interactions (Riss et al., 2008).
Tolerance to benzodiazepine treatment has been associated with
time-dependent modifications in GABAAR subunit composition
(Betjemann and Lowenstein, 2015). Namely, the internalization
of subunits β1−3 and γ2 on the GABAAR, may lead do
decreased inhibition of synaptic transmission (Goodkin et al.,
2008). Although benzodiazepines are not commonly prescribed
as AED in RTT cases, different studies using RTT-mice models
have shown the promising effects of benzodiazepines midazolam
(Voituron and Hilaire, 2011) and diazepam (Abdala et al., 2010),
particularly attenuating respiratory defects.

Recently, natural constituents of the cannabis plant have
been emerging as promising AEDs. Importantly, the ECBS
stands as a promising pharmacological target in RTT (Vigli
et al., 2018; Zamberletti et al., 2019). The ECBS is a complex
neuromodulatory system that regulates important physiological
processes (Kano et al., 2009), such as, anxiety and stress
(Jenniches et al., 2016), social behavior (Wei et al., 2017),
motor coordination (El Manira and Kyriakatos, 2010) and
memory/learning (Marsicano and Lafenêtre, 2009). Importantly,
these are behaviors usually compromised in RTT (Vigli et al.,
2018). Cannabinoids modulate neuronal activity mainly via the
CB1R and CB2R. CB1R activation is linked with neuroprotection
by controlling excitotoxicity via inhibition of excessive excitatory
transmission and consequent calcium release (Vendel and de
Lange, 2014). Indeed, the control of excitotoxicity constitutes
a major physiological role of the ECBS (Kano et al., 2009).
Although the CB1R is classically denoted as a Gi/o protein
coupled receptor, mainly linked with inhibitory effects, CB1R
coupling to G proteins is mutable. CB1R is now believed to have
very few “intrinsic” properties, being the cellular consequences
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of its activation likely a reflex of cell type and/or location in
which the receptor is situated, their activity in different brain
regions and due to temporal constrains (Busquets-Garcia et al.,
2018). Contrary to initial belief, which placed CB2R exclusively
in the immune system (Kano et al., 2009), CB2R are now
known to be present in neurons, microglia and astrocytes (for
a review see Solymosi and Kofalvi, 2017). CB2R are involved
in the control of glial activation and inflammation and on the
regulation of neuronal excitability (Solymosi and Kofalvi, 2017).
Moreover, CB2R levels can increase in neurons and astrocytes
under very specific circumstances, such as, in situations of
neuroinflammation and in certain diseases (Onaivi et al., 2012;
Di Marzo et al., 2015; Fernández-Ruiz et al., 2015). Related with
its physiological roles, the lack of psychoactivity associated with
CB2R activation, has made this receptor a particular promising
therapeutic target for cannabis-based therapies (Cassano et al.,
2017). For thorough reviews on the ECBS and its actions,
natural cannabinoids and their molecular targets, and the clinical
applications of cannabinoids (see Kano et al., 2009; Morales et al.,
2017; Solymosi and Kofalvi, 2017).

Today, more than 120 phytocannabinoids (natural occurring
cannabinoids) have been identified as constituents of the
cannabis plant. The most abundant cannabinoids in the cannabis
plant are delta-9-tetrahydrocannabinoid, or 19-THC, followed
by 18-THC, CBN, CBD, CBG, CBC, THCV, CBV, and CBDV
(Morales et al., 2017). From all the natural constituents of the
cannabis plant, CBD, a non-psychoactive cannabinoid (Loewe,
1946; Pertwee, 2009), is being widely studied given its high
therapeutic value. CBD has been shown, both in humans and
rodents, to have antiseizure (Jones et al., 2010; Pamplona
and Coan, 2017; Perucca, 2017; Zaheer et al., 2018), anti-
inflammatory (Malfait et al., 2000; Nagarkatti et al., 2009;
Petrosino et al., 2018), antioxidant (Hampson et al., 2000),
and anti-psychotic properties (Zuardi et al., 1991, 2012; Iseger
and Bossong, 2015), to have neuroprotective effects (Iuvone
et al., 2009; Fernández-Ruiz et al., 2013), to reduce nausea
(Parker et al., 2011; Mersiades et al., 2018) and to work as
an anxiolytic and anti-depressive drug (de Mello Schier et al.,
2014; Blessing et al., 2015; Zuardi et al., 2017). Furthermore,
CBD is known to potentiate the clinical efficacy of 19-THC,
increasing the durability of its beneficial effects, while preventing
its psychoactive effects (Russo and Guy, 2006; Solymosi and
Kofalvi, 2017). CBD acts as a surprisingly high potent antagonist
at both the CB1R and the CB2R (Thomas et al., 2009). Recently,
it has also been proposed that CBD acts as a negative allosteric
modulator (NAM) at the CB1R (Laprairie et al., 2015). Many of
CBD therapeutic properties have been suggested to occur due to
its effect at the TRPV1 (Morales et al., 2017).

The medical use of cannabis has been increasing and the full
potential of the cannabis plant is yet to be unfold. Cannabis-
based drugs are been used, or proposed for use, in neuropathic
pain and muscle spasticity associated with Multiple Sclerosis
(Fitzpatrick and Downer, 2017; Solymosi and Kofalvi, 2017;
Rice and Cameron, 2018), neurodegenerative diseases (Fagan
and Campbell, 2014; Basavarajappa et al., 2017; Navarro et al.,
2018), chronic pain (Carter et al., 2015; Pascual et al., 2018), to
alleviate AIDS-related weight loss (Badowski and Perez, 2016;

Rock and Parker, 2016) and to reduce vomiting and nausea
associated with chemotherapy (Badowski and Yanful, 2018). Most
relevantly for this work, cannabinoid use is being increasingly
proposed as a very promising anti-epileptic drug, even in cases
of treatment-resistant epilepsy (Maa and Figi, 2014; O’Connell
et al., 2017; Pamplona and Coan, 2017). In a recent clinical
trial, CBD significantly reduced convulsive-seizure frequency in
Dravet syndrome patients (Devinsky et al., 2017). In a double-
blind placebo-controlled trial, 120 children suffering with Dravet
syndrome and drug-resistance epilepsy received either CBD
(oral solution 20 mg/kg per day) or placebo over 14 weeks.
In the CBD group, 43% of the patients had a reduction of
50% in seizure frequency, as opposed to a 27% decrease in the
placebo group. Furthermore, 5% of the patients treated with
CBD became seizure-free compared with a 0% incident in the
placebo group. On the CGIC, a Likert-like scale questionnaire
which allows assessing improvement after a treatment comparing
with a baseline period (ranging from 1, very much improved
to 7 very much worse), in the CBD group, 62% of the patients
increased at least one category on the CGIC compared with
27% on the placebo group. Treatment with CBD provoked
more adverse side effects reflected on diarrhea, vomiting, fatigue,
pyrexia, somnolence, and some abnormalities on liver-function
tests (Devinsky et al., 2017). About 1 year after this clinical trial,
the FDA approved Epidiolex R© (CBD) oral solution for treatment
in Dravet and Lennox–Gastaut syndromes, two diseases that,
in resemblance with RTT, present refractory epilepsy and high
mortality rates. Also, Nabiximols (Sativex R©), a combination of
CBD and 19-THC, is approved to treat muscle spasticity in
Multiple Sclerosis (Novotna et al., 2011), an abnormality in
muscle tone present in RTT (Kyle et al., 2018).

The mechanism by which CBD exerts anticonvulsive effects
is still not completely clarified. Recently, however, using human
recombinant GABAAR, CBD was shown to act as a positive
allosteric modulator of the GABAAR, with the effects being
selective for the β-subunit (higher in receptors with β2/β3 over
β1 subunits) and the maximum effect being detected in receptors
which included the α2-subunit (Bakas et al., 2017). The authors
hypothesized that these results may explain the anticonvulsant
and anxiolytic properties of this compound (Bakas et al., 2017).
Indeed, previously, it was reported that CBD attenuated seizures
in two well characterized seizure models, the acute pilocarpine
TLE and the penicillin model of partial seizure (Jones et al.,
2012). Curiously, in the acute epilepsy model using pilocarpine, a
muscarinic acetylcholine receptor agonist, the antiseizure effects
of CBD were modest and the drug was not able of reducing
mortality and severity of episodes. On the other hand, using
the penicillin model, a selective antagonist of the GABAAR,
CBD had a powerful antiseizure effect, significantly reducing
the number of animals experiencing tonic-clonic episodes and
their mortality. Importantly, CBD exerted only minor negligible
motor effects (Jones et al., 2012). At the time, the authors
speculated that the antiseizure effect of CBD could be occurring
via a GABAergic-mediated mechanism (Jones et al., 2012).
In support of this hypothesis, a previous study had shown
an anticonvulsive action of CBD on several seizure models
mediated via disinhibition of GABA release (Consroe et al.,
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1982; Jones et al., 2012). In a very recent study, CBD was
shown to have antiseizure effects in several models of acute
epilepsy (Patra et al., 2019). Additionally, this study showed,
for the first time, that chronic CBD administration improves
seizure burden ratio, attenuates cognitive impairment and
reduces motor comorbidities, well after the onset of symptoms
in the RISE-SRS TLE (Patra et al., 2019). Thus, the results
of this study are particularly relevant for research in RTT,
considering the positive effects of a chronic administration
of CBD on both seizures and motor impairment, which
constitute two common comorbidities in RTT. Additionally,
cognitive impairment is also characteristic of RTT and, therefore,
finding that CBD improves cognition in models of acute
and chronic epilepsy in also relevant for cannabinoid-related
research in RTT.

Direct evidence of cannabinoid use in RTT mice models is
objectively scarce in literature. To the best of our knowledge,
there are only two reports evaluating the impact of a chronic
treatment with a phytocannabinoid in an RTT-mice model.
In both these reports (Vigli et al., 2018; Zamberletti et al.,
2019), the authors used CBDV, a propyl analog of CBD
devoid of psychoactive actions (Morales et al., 2017). CBDV
has very weak activity at the CB1R and CB2R (Hill et al.,
2013; Rosenthaler et al., 2014; Morales et al., 2017) and it
has been proposed to activate the TRPV1 (Iannotti et al.,
2014). Additionally, an effect of CBDV on the deorphanized
cannabinoid receptor GPR55 has been described. Besides some
cannabinoids, GPR55 is also activated by LPI. Notably, it
has been found that CBDV is a potent inhibitor of LPI-
induced GPR55 signaling (Lauckner et al., 2008; Anavi-Goffer
et al., 2012). As stated in Vigli et al. (2018), GPR55 has
been implied in important cognitive processes, such as, spatial
memory regulation (Marichal-Cancino et al., 2018), social
behavior (Kramar et al., 2017) and motor function (Bjursell
et al., 2016). Moreover, in a recent work, CBDV was shown
to attenuate seizures and social withdrawal in a mice model of
Dravet syndrome (Kaplan et al., 2017). Concerning cannabinoids
and RTT, the administration of CBDV by intraperitoneal
injection (escalating dose ranging from 2 to 100 mg/kg of
body weight) to Mecp2-308 male mice during 14 days, rescued
sociability impairments, improved the general health status and
increased the brain weight of these animals. Furthermore, a
molecular analysis of GPR55 levels, revealed an up-regulation
of this receptor in the hippocampus (Vigli et al., 2018).
These results showed, for the first time, the clinical potential
of non-psychoactive constituents of the cannabis plant and
also the important role of the GPR55 as a promising drug-
target on RTT. Very recently, a new study using CBDV has
confirmed the potential of this particular phytocannabinoid
in RTT. In this study, chronic administration of CBDV
(0.2 to 2 mg/kg) was shown to completely rescue cognitive
deficits, delaying neurological (although transiently) and motor
impairments in male MECP2 mutant mice (Zamberletti et al.,
2019). Importantly, CBDV administration normalized BDNF
and insulin growth factor 1 (IGF1) levels and restored normal
signaling in the PI3K/AKT/mTOR pathway at an advanced
stage of the disease. Interestingly, Mecp2 deletion in this RTT

mouse model provoked upregulation of CB1R and CB2R and
CBDV treatment led to a normalization of these changes
(Zamberletti et al., 2019). Although these two independent
studies suggest a promising role of CBDV as a therapeutic drug
in RTT, the fact that different molecular modifications in the
ECBS were detected in each model, highlight the necessity of
further studies.

The promising antiseizure effects of CBD, even in cases
of refractory-epilepsy, observed in both clinical trials with
humans and in laboratory animals, the effects of combinations
of CBD and 19-THC in controlling muscle spasticity and motor
symptoms, and the positive results of CBDV administration in
two different mouse models of RTT, place cannabinoids as a
viable therapeutic strategy in RTT. Moreover, CBD positively
modifies impairments in motor, cognitive and social processes in
animal models, further highlighting the potential of cannabinoid
molecules to tackle RTT-symptomology.

The Use of the Ketogenic Diet
Around 100 years ago, it was noted that a high fat diet could
have long-lasting effects in preventing seizures without inducing
significant caloric deprivation (Rogawski et al., 2016). These
findings resulted on the creation of the KD, trademarked by an
increase in the production in the liver of ketones bodies, such
as BHB, acetoacetate and acetone (Peterman, 1924; Freeman and
Kossoff, 2010; Rogawski et al., 2016). The fact that the KD was
created in a time where the available AEDs were very limited,
contributed for a rapid gain in popularity of this diet (Rogawski
et al., 2016). However, the development of the antiepileptic drug
phenytoin substantially decreased the use of the KD. In the last
30 years, interest in using the KD resurged, especially in children
presenting refractory epilepsy (Rogawski et al., 2016).

An abnormal increase of ketone bodies in the blood
was early suggested as the underlaying mechanism of the
anticonvulsive properties of low carbohydrate KD (Talbot et al.,
1927; Huttenlocher, 1976). Subsequently, many other possible
mechanisms were enounced, such as, pH changes, anticonvulsive
effects of hyperlipidemia, effects of the KD directly on sodium
and potassium balance, and also an effect on cerebral metabolism,
reflected on the change of glucose, as the main source of
energy, to BHB, as a consequence of carbohydrate restriction
(for details see Huttenlocher, 1976). To clarify these questions,
Peter Huttenlocher designed a new KD in which ketonemia was
induced by feeding of MCT. In his report of 1976, the MCT diet
was administered to 18 children and he observed no differences
in hyperlipidemia, no significant changes in pH, considerable
reductions in blood glucose levels in one-third of the children and
a gradual increase in plasma BHB and acetoacetate levels during
a diet that was kept from 3 months to 4 years. Furthermore,
plasma levels of BHB showed a significant correlation with
the anticonvulsive effects of the MCT diet and, along with
ketonemia, were rapidly abolished by intravenous infusion of
glucose (Huttenlocher, 1976). Today, the mechanisms behind the
anticonvulsive actions of the KD are fairly well characterized (for
a detailed review see Rogawski et al., 2016).

One of the proposed mechanisms of action of the KD
are increases in the synthesis of GABA and decreases in the
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synthesis of excitatory neurotransmitters, such as glutamate
(Rogawski et al., 2016). Indeed, it has been suggested that
one of the anticonvulsive mechanisms of the KD relates with
modifications in the way glutamate is processed in the brain.
Particularly, due to a more active astrocytic metabolism, the
conversion of glutamate to glutamine is increased, resulting in
a more efficient removal of glutamate and increased GABA
synthesis (Yudkoff et al., 2008). A study with 26 children
suffering from refractory epilepsy, revealed that the KD increases
levels of GABA in the cerebrospinal fluid, without affecting
glutamate concentration. In this study, the results showed
higher GABA levels in the responders to the diet compared
with non-responders. Furthermore, the anticonvulsive action
of the diet was more evident (90% reduction in seizures) in
children who had higher levels of GABA at the beginning
of the treatment and in whom a gradual increase in GABA
levels during treatment was registered. Also, the anticonvulsive
effects of the diet seem to be age-dependent, with younger
children being the best responders (Dahlin et al., 2005).
However, studies with animal models performed to confirm a
GABAergic-mediated mechanism of anticonvulsive actions of
the KD have produced mixed-results (Hartman et al., 2007).
If, on one hand, the KD administered to mice fails to confer
protection against the clonic seizures induced by GABAAR
antagonist pentylenetetrazol, on the other hand, it is much more
effective protecting against seizures induced by the maximal
electroshock test, a test in which the classical anticonvulsive drugs
targeting the GABAergic system only confer weak protection
(Uhlemann and Neims, 1972; Hartman et al., 2007). On the
contrary, the KD was found to protect against seizures induced
by GABAAR antagonists pentylenetetrazol, bicuculline, and
picrotoxin in rats (for a detailed review see Hartman et al.,
2007). It has also been suggested that ketone bodies, such as
acetoacetate, compete with chloride for the allosteric binding site
at the vesicular glutamate transporter, thus inhibiting exocytotic
glutamate release (Juge et al., 2010). Additionally, the authors
of this work showed that acetoacetate protected against seizure-
like activity induced by 4-aminopyridine (Juge et al., 2010).
Recently, using the spontaneously epileptic Kcna1-null mice,
the ketone body BHB was shown to exert anti-seizure effects,
restore impairments in synaptic plasticity processes and raise the
threshold of mitochondrial permeability transition (Kim et al.,
2015; Rogawski et al., 2016).

Concerning the clinical use of the KD in RTT, Haas et al.
(1986), reported a clinical study were the MCT KD was used in 7
girls diagnosed with RTT who presented anticonvulsive resistant
seizures. Among the 5 girls capable of tolerating the diet, the
KD improved seizure control, slightly ameliorated behavior and
motor skills and increased bodyweight. The results from this
work led the authors to suggest that, considering the defects in
the carbohydrate metabolism occurring in RTT, the KD stands as
a logical choice in this disease (Haas et al., 1986). Surprisingly,
until very recently, this was the only clinical report of the use
of KD in RTT. Indeed, evidence of the application of the KD in
RTT is extremely hard to find in the literature. In Liebhaber et al.
(2003) reported a case of an RTT patient who was treated with
the KD for 4 years. The treatment started when the patient was

8 years old and presented a refractory epilepsy. The diet led to
a 70% reduction in seizure frequency and improved contact and
behavior. In Giampietro et al. (2006) reported a case with a female
patient suffering from an atypical RTT variant in which the KD
significantly reduced seizure occurrence. In 2011, a long-term
follow-up of the use of the KD in 226 patients with refractory
epilepsy was reported. This report included one patient with RTT,
which presented a 75–99% seizure reduction after KD (Caraballo
et al., 2011). Evidence on the use of the KD in RTT-mouse
models is also scarce. In the only direct approach available in the
literature, it has been described that a restricted KD positively
impacts anxiety and motor measures in a male mutant Mecp2
mice. However, the authors also showed that the results of the
KD were very similar to the ones from a calorie restriction diet,
concluding that, most likely, it was the caloric restriction that
produced the positive outcomes, rather than the composition of
the KD by itself (Mantis et al., 2009).

Reports on the use of the KD in autism spectrum disorders and
other brain diseases are also available in literature. With relevance
for the phenotypic expression of RTT, it has been described
that 4 weeks of a KD regime increases the social behavior of
wild-type rats, registered in three different social interaction
protocols. On the other hand, the exogenous administration of
ketone bodies had no effects on social interaction in the same
paradigms (Kasprowska-Liśkiewicz et al., 2017). Also, in an EL
mice model (Meidenbauer et al., 2011), which presents autism
spectrum disorders phenotype and comorbid epilepsy, the KD
was shown to improve sociability and reduce repetitive behavior
(Ruskin et al., 2017). Using the same animal model, the KD was
shown to induce a 1 month delay in epileptogenesis (Todorova
et al., 2000) and to have anticonvulsive actions (Mantis et al.,
2004). In an Huntington’s disease mice model, the KD was shown
to produce positive outcomes on weight lose without affecting
cognitive processes (Ruskin et al., 2011). More recently, in an
animal model of autism induced by prenatal exposure to valproic
acid, the KD was, once again, associated with improvement in
social behavior (Castro et al., 2017).

Another potential mechanism of action underlying the
anticonvulsive effects of the KD involves the modulation of
adenosine receptor activity (Masino et al., 2013; Rogawski
et al., 2016). Adenosine is an ubiquitous neuromodulator
affecting the action and activity of several neurotransmitter
receptors (Sebastião and Ribeiro, 2015). A1R activity mediates
the inhibitory effects of adenosine, including inhibition of
neurotransmitter release and changes in post-synaptic membrane
conductance (Dunwiddie and Masino, 2001). On the other hand,
the A2AR mediates the excitatory effects of adenosine by coupling
to Gs proteins, consequently leading to stimulation of adenylate
cyclase, increases in intracellular cAMP levels and PKA activation
(Sebastião and Ribeiro, 2015). Relevantly, caffeine, the most
widely consumed legal drug in the world, is a non-selective
antagonist at the A1R and A2AR (Fredholm et al., 1999). Recently,
the KD was demonstrated to suppress seizures in a transgenic
mice model with spontaneous seizures by activation of the A1R
(Masino et al., 2011) and similar results were shown in an in vitro
mimic of the KD (Kawamura et al., 2010). Adenosine is directly
synthetized from ATP and given that ATP levels are increased in
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the KD it is feasible that it results in an increase in adenosine
synthesis (Rogawski et al., 2016). Adenosine receptor activity,
particularly A2AR activity, is also known to directly facilitate the
actions of the important BDNF (Diógenes et al., 2004, 2007;
Fernandes et al., 2008; Fontinha et al., 2008; Vaz et al., 2015).
Importantly, BDNF expression is impaired in RTT and it has been
suggested that it can have important therapeutic actions in RTT
(reviewed in Katz, 2014; Li and Pozzo-Miller, 2014).

In conclusion, if, on one hand, it is particularly well accepted
and proven that the KD has powerful antiseizure actions
(although the mechanisms of action are still not completely
described) (Vining et al., 1998; Hassan et al., 1999; Neal et al.,
2008), on the other hand, reports on the application of this
diet to RTT cases and in RTT-mice models are scarce. The
lack of research is even more surprising considering the positive
results shown in both clinical studies with humans and in

TABLE 1 | Summary of the main topics of this review and future directions.

From cannabinoids and neurosteroids to statins and the ketogenic diet: new therapeutic avenues in Rett syndrome?

GABAergic signaling Cholesterol metabolism Neurosteroids Cannabinoids Ketogenic diet

The GABAergic signaling system
comprises a key pathway
commonly disturbed in
neurodevelopmental diseases
(Braat and Kooy, 2015).
In RTT, GABAAergic transmission
is intimately related with
symptoms and disease
progression (Chao et al., 2010;
El-Khoury et al., 2014).
An incorrect balance between
excitation and inhibition reflecting
a dysfunction in GABAergic and
glutamatergic signaling systems
have been described in
Mecp2-KO mice (Chao et al.,
2007; Calfa et al., 2011).
The relationship between RTT
phenotypical expression and
GABAergic signaling is region,
time and neuronal population
dependent (Chao et al., 2010;
El-Khoury et al., 2014).
MECP2 absence exclusively in
GABAergic neurons has been
found to trigger almost the full
range of RTT symptomatology in
mice (Chao et al., 2010).
The use of benzodiazepines,
acting as agonists of the
GABAAR, improve RTT
symptoms in mice (Voituron and
Hilaire, 2011).
Íncreasing GABA availability by
blocking its reuptake with
Tiagabine, has been shown to
reduce RTT symptoms.

Cholesterol metabolism is
abnormal in brain and livers
of Mecp2 mutant mice
(Buchovecky et al., 2013).
A mutation in the Sqle gene
was sufficient to restore
function and longevity in
Mecp2 mutant mice
(Buchovecky et al., 2013).
Statins ameliorate the
systemic imbalance of lipid
profile, alleviated motor
symptoms and conferred
increased longevity in Mecp2
mutant mice (Buchovecky
et al., 2013).
In samples collected from
RTT patients the total
cholesterol level is altered
(Sticozzi et al., 2013; Segatto
et al., 2014).
Modifications in mitochondrial
structure and function have
been described (Shulyakova
et al., 2017). Cholesterol
influences the production of
neurosteroids (Reddy, 2010).

Allopregnanolone (ALLO) is the
most powerful endogenous
allosteric modulator of the
GABAAR (Hosie et al., 2006;
Reddy, 2010).
Neurosteroids are being
proposed as an alternative to
benzodiazepines (Reddy and
Estes, 2016) and also as
antipsychotics (Cai et al., 2018).
In MECP2 mutant mice,
allopregnanolone increases the
amplitude, frequency and decay
time of GABAAR IPSCs (Jin et al.,
2013b).
Changes in subunit composition
on the GABAAR might be
responsible for different
responses to allopregnanolone
(Paoletti et al., 2006; Jin et al.,
2013b).
Reductions in neurosteroids were
found on status epilepticus
(Meletti et al., 2017, 2018).
In SLOS, an abnormal synthesis
of neurosteroids occurs (Marcos
et al., 2004; Lee and Tierney,
2011). Ganaxolone showed
promising results in a clinical trial
in Fragile X syndrome (Ligsay
et al., 2017).

The endocannabinoid
system (ECBS) is involved
in the regulation of several
behavioral processes found
to be compromised in RTT
(Vigli et al., 2018).
Cannabis-based therapies
are being proposed as
anti-epileptic drugs (AED)
even in cases of drug
resistant epilepsy (Maa and
Figi, 2014; O’Connell et al.,
2017; Pamplona and Coan,
2017).
Nabiximols (Sativex), a
combination of CBD and
19-THC, is approved to
treat muscle spasticity in
Multiple Sclerosis (Novotna
et al., 2011), a comorbidity
frequently reported in RTT
(Kyle et al., 2018).
Epidiolex (CBD) has been
approved to treat epilepsy
in Dravet syndrome
(Devinsky et al., 2017), a
disease that present
refractory epilepsy and high
mortality rates. The
antiepileptic actions of CBD
can be mediated via
GABAergic signaling
(Bakas et al., 2017).
Administration of CBDV to
Mecp2-null mice rescued
sociability impairments,
improved the general health
status and increased the
brain weight of these
animals (Vigli et al., 2018).

The ketogenic diet (KD) has
strong antiepileptic actions
(Rogawski et al., 2016). The
anticonvulsive actions of
the KD can be mediated via
GABAergic signaling
mechanism (Rogawski
et al., 2016), or be related
with increases in adenosine
and BDNF signaling
(Masino et al., 2011).
The use of the KD in RTT
has shown promising
results in controlling
epilepsy (Haas et al., 1986;
Liebhaber et al., 2003;
Giampietro et al., 2006;
Caraballo et al., 2011).
The KD has also shown
positive results in refractory
epilepsy and in intractable
epilepsy (Neal et al., 2008;
Rogawski et al., 2016).
In Mecp2 null mice models,
the KD ameliorated anxiety
and motor measurements,
although clarification is
required (Mantis et al.,
2009).
In Autism and Huntington’s
disease mice models, the
KD has been shown to
improve sociability, to
reduce repetitive behavior
and increase body weight
(Todorova et al., 2000;
Mantis et al., 2004;
Meidenbauer et al., 2011;
Ruskin et al., 2011, 2017;
Castro et al., 2017;
Kasprowska-Liśkiewicz
et al., 2017).

Future directions

To better characterize the
modifications occurring in
GABAAR composition during RTT
progression (Jin et al., 2013b).
To further evaluate the impact of
strategies which, directly or
indirectly, increase GABAergic
signaling in RTT mice models.

To comprehend the cellular
mechanisms behind the
dysregulations in cholesterol
metabolism (Buchovecky
et al., 2013).

To directly evaluate the impact of
neurosteroid treatment in Mecp2
mutant mice phenotype.
To understand how modifications
occurring in GABAAR
composition during RTT
progression affect neurosteroid
actions (Jin et al., 2013b).

Study the ECBS in RTT
mice models.
Understand the impact of
CBD and THC in RTT
symptoms in trials with
humans and in preclinical
studies using RTT mice
models.

Reinstate the interest in the
use of the KD in RTT,
particularly considering its
antiseizure actions,
advancing with new
studies, both in humans
and in RTT-mice models.
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RTT mouse-models. Relevantly, a prospective study with 145
children aged between 2 and 16 years, suffering from intractable
epilepsy and who had never experienced the KD, showed
that 3 months of diet resulted in a 75% seizure reduction
rate, with 38% of the children in the experimental group
experiencing a reduction of 50% in seizures. Also, five children
experienced reductions of 90% in seizures and one child
became seizure free (Neal et al., 2008). Importantly, in children
allocated to the control group who continued their usual
treatment with AED, some of them experienced worsening of
symptoms and none became seizure-free (Neal et al., 2008;
Masino et al., 2013).

CONCLUSION AND FINAL REMARKS

The present review summarizes important recent evidence
concerning metabolic, synaptic, functional and molecular
dysfunctions occurring in RTT (see Table 1). Due to the
ubiquitous role of MECP2 gene, it has been a tremendous
challenge to comprehend and characterize the mechanisms
through which MECP2 mutations lead to symptomatology
in RTT. With the development and improvement of gene-
editing technologies, research in RTT has drifted from “therapy-
directed” to “cure-oriented” investigation. However, the path
for a definitive cure is paved with many challenges and, most
likely, this achievement in not around the corner. Meanwhile, it
is paramount to better understand this disease and to improve
the available treatment by exploring new therapeutic avenues. In
this work, we reviewed promising evidence on different research
lines that may have an important impact in the field. From
modulators of GABAergic signaling, to cannabinoids and the KD,
and cleverly exploiting the metabolic features of this disease, an
ample bulk of evidence has been gathered, creating a plethora of
research lines to be followed in the future. RTT is a devastating
disease, both for the patient and for the caregivers, and clinical
and preclinical research directed at finding new therapeutic

approaches are more important than ever, now that we are
beginning to understand some of the mechanisms of this disease.

Summarizing, in the future it would be interesting to: (1)
better characterize the modifications occurring in GABAAR
composition during RTT disease progression; (2) study how
cholesterol imbalances impact on neurosteroid production in
RTT and their potential therapeutic use in this disease; (3)
disclose the cellular mechanisms behind the dysregulations
in cholesterol metabolism; (4) directly study the immense
potentiality of CBD and other cannabinoids on RTT mouse-
models and in controlled clinical trials with humans; (5) reinstate
the interest in the use of the KD in RTT, particularly considering
its antiseizure actions, advancing with new studies, both in
humans and in RTT-mouse models; (6) to design further studies
on the therapeutic properties of statins in RTT, and (7) continue
to research mitochondria dynamics in RTT and its role on the
disease progression and symptomatology.
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Glutamate uptake is a process mediated by sodium-dependent glutamate transporters,
preventing glutamate spillover from the synapse. Typically, astrocytes express higher
amounts of glutamate transporters, thus being responsible for most of the glutamate
uptake; nevertheless, neurons can also express these transporters, albeit in smaller
concentrations. When not regulated, glutamate uptake can lead to neuronal death.
Indeed, the majority of the studies regarding glutamate transporters have focused on
excitotoxicity and the subsequent neuronal loss. However, later studies have found that
glutamate uptake is not a static process, evincing a possible correlation between this
phenomenon and the efficiency of synaptic transmission and plasticity. In this review,
we will focus on the role of the increase in glutamate uptake that occurs during
long-term potentiation (LTP) in the hippocampus, as well as on the impairment of
long-term depression (LTD) under the same conditions. The mechanism underpinning
the modulatory effect of glutamate transporters over synaptic plasticity still remains
unascertained; yet, it appears to have a more prominent effect over the N-methyl-
D-aspartate receptor (NMDAR), despite changes in other glutamate receptors may
also occur.

Keywords: glutamate transporters, synaptic plasticity, tripartite synapse, astrocytes, NMDAR

INTRODUCTION

Glutamate was first classified as a neurotransmitter in the 1950s (Hayashi, 1952), and is
presently acknowledged as the major excitatory neurotransmitter in the mammalian brain.
Having a pivotal role in neuronal signaling, it has been vastly implied in several brain
functions, such as cognition, memory, and learning (for review see Zhou and Danbolt,
2014). Within the Central Nervous System (CNS), glutamate acts by binding to receptors
coupled to ionotropic channels, as N-methyl-D-aspartate (NMDAR), α-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid (AMPAR) and kainite receptors, and metabotropic glutamate
receptors (mGluRs). mGluRs can be subclassified into three distinct categories in accordance
to sequence homology, G-protein coupling and ligand selectivity: Group I includes mGluR1
and mGluR5, Group II includes mGluR2 and mGluR3, and Group III includes mGluRs 4,
6, 7, and 8 (for review see Niswender and Conn, 2010). Paradoxically, in spite of its critical
role in overall CNS functionality, glutamate can also act as a neurotoxin (Choi et al., 1987).
When in abnormally high concentrations, glutamate can severely damage neurons, or
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even lead to neural death, by overactivation of NMDA or AMPA
receptors in a process referred to as excitotoxicity, suggesting a
thorough regulation of its concentration is required for proper
neuronal signaling. This regulation is primarily performed by
high-affinity glutamate transporters, but also by passive diffusion,
albeit to a lesser extent (Barbour and Häusser, 1997).

Neurotransmitter uptake is crucial for normal synaptic
transmission, being performed by astrocytes and neurons. For
this purpose, both cell types express distinct transporters,
each corresponding to specific neurotransmitter, which are
responsible for the recycling and the regulation of the synaptic
concentration of the neurotransmitter, directly influencing
several aspects of synaptic communication, such as the duration
of postsynaptic responses. Accordingly, glutamate transporters
are responsible for clearing glutamate from the extracellular space
into the cell, in order for it to be either metabolized or recycled,
in compliance with the cell’s needs. So far, five high-affinity
glutamate transporters have been identified and characterized
in the CNS: Glutamate Aspartate Transporter (GLAST) (Storck
et al., 1992), Glutamate Transporter type 1 (GLT-1) (Pines et al.,
1992), Excitatory amino-acid transporter 4 (EAAT4) (Fairman
et al., 1995) and Excitatory amino-acid transporter 5 (EAAT5)
(Arriza et al., 1997).

Several studies support the notion that glutamate transporter
expression is not uniform among distinct cell types and brain
regions. GLT-1 and GLAST are the most copious transporters
in the forebrain (Danbolt, 2001; Takahashi et al., 2015), being
responsible for approximately 90% of total glutamate transport
and subsequently, for maintaining extracellular glutamate at
optimal levels, thus preventing excitotoxic events. This is
further supported by studies of GLT-1-KO (Tanaka et al., 1997)
and GLAST-KO (Watase et al., 1998) phenotypes, as mice
suffered from lethal seizures and impaired motor coordination,
respectively, strongly indicating glutamate transporters are key
regulators of neuronal excitability. Immunostaining for GLT-1
in tissue reports a more prominent expression in the cortex and
hippocampus (Danbolt, 2001), being found almost exclusively in
glial cells. This transporter has three known isoforms (GLT-1a,
GLT-1b and GLT-1c) with different relative expressions. EAAC1
(EAAT3) is exclusively expressed in neurons. GLAST expression
is more pronounced in the cerebellum, EAAT4 in the cerebellar
Purkinje cells and EAAT5 in the retina (Danbolt, 2001).

Glutamate transport mediated by high-affinity transporters
in an electrogenic process characterized by the translocation
of net positive charge during each transport cycle. The inward
transport of a glutamate anion is coupled with three Na+

ions, accompanied by the simultaneous outflux one K+ ion,
indicating glutamate transport is a sodium-dependent process
driven by electrochemical gradients across the cell membrane
(Kanner, 2006).

As aforementioned, glutamate transporters prevent
excitotoxicity, a phenomenon vastly implied in multiple
neurological disorders, such as epilepsy, Parkinson’s disease
(Van Laar et al., 2015), Alzheimer’s disease (Hynd et al., 2004;
Esposito et al., 2013), and Amyotrophic Lateral Sclerosis (ALS)
(Van Den Bosch et al., 2006), thus emphasizing the importance
of a thorough regulation of glutamate uptake. Indeed, the

majority of studies regarding glutamate uptake have focused on
its impact on neuropathologies, however, in more recent years,
there has been a gradually increasing interest in the putative
role of these transporter in synaptic transmission. Although
glutamate transporters do not exactly bind to glutamate, they
do compete with glutamate receptors for this neurotransmitter,
implying receptor activation can be modulated by transporter
activity. Since the activation of postsynaptic glutamate receptors
affects synaptic transmission, glutamate transporters are able to
influence synaptic transmission via a regulation of glutamate
levels. Modulation of glutamate transport can be associated with
a variety of factors ranging from neural stimulation to protein
synthesis and ion channel, as will be further discussed. In fact,
there is growing evidences supporting glutamate transporters
are not static but extremely dynamic proteins, which can be
found internalized in the intracellular space, and when in the
membrane, display the ability to diffuse through glia surface
(Pita-Almenar et al., 2012; Murphy-Royal et al., 2015), likely
shaping the distribution of extracellular glutamate.

GLUTAMATE TRANSPORTERS IMPACT
WITHIN THE SYNAPSE

Glutamate transporters and receptors have similar affinities for
glutamate (Arriza et al., 1994), and taking into consideration
that glutamate transport is not solely a mechanisms for shutting
down neurotransmitter action, it should be noted that these
can also be regarded as a diffusion sink capable of modifying
synaptic responses on a millisecond time scale by sequestering
glutamate at the binding sites within the transporter (Wadiche
et al., 1995). Thus, glutamate transporters do play an important
role in synaptic transmission, being crucial for maintaining
optimal extracellular glutamate levels. AMPAR and NMDAR
have a higher expression in the synapse, where glutamate
transporters are unlikely to have any sort of competition, due
to space constraints. Nevertheless, on account of its privileged
localization, glutamate transporters may easily counteract the
action of a fraction of extrasynaptic NMDAR in hippocampal
synapse and mGlurRs, which are highly concentrated at
the perisynaptic membrane of neurons (Baude et al., 1993).
Accordingly, the activity of glutamate transporters can be
modulated in order to regulate synaptic transmission. This is
possible since glutamate transporters can act as diffusion sinks for
glutamate and also as a consequence of their high dynamism in
the membrane, allowing the adjustment of its activity in different
stages of long-term potentiation (LTP). This modulation can
be achieved by either exocytosis or endocytosis of transporters,
membrane surface diffusion (Murphy-Royal et al., 2015; Al
Awabdh et al., 2016) in co-cultures of neurons and astrocytes,
brain slices and living mice. In the hippocampal neuropil, an
area with a high-density of synapses, pharmacological blockade of
glutamate transporters prolonged NMDAR-mediated Excitatory
postsynaptic currents (EPSCs) in CA1 pyramidal neurons that
had suffered high stimulation, but not in those subjected to low
stimulation, suggesting glutamate transporters restrict glutamate
spillover from neighboring synapses, and revealing that, in this
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region, independent synapses can collaborate with each other
via glutamate transporter (Arnth-Jensen et al., 2002). Both
LTP and long-term depression (LTD) induction depend on the
activation of NMDAR and mGluR (Anwyl, 2009; Gladding et al.,
2009; Lüscher and Malenka, 2012) and these receptors can be
modulated by extracellular glutamate concentration, which is
mediated by glutamate release in the synaptic cleft, glutamate
diffusion plus glutamate uptake. In the CA1 region, neuronal
glutamate transporters are able to control the level of NMDAR
activation (Diamond, 2001) modulating neuronal excitability
by regulating Kv2.1 channels (Mulholland et al., 2008). mGluR
EPSCs are also potentiated by glutamate transporters inhibition
in both cortex and hippocampus (Huang et al., 2004; Otis et al.,
2004), constituting a possible candidate to suffer modulation
by glutamate transporters. It appears that by competing with
postsynaptic glutamate receptors, glutamate transporters mediate
the level of activity of these receptors, making them relevant in
synaptic plasticity.

Glutamate Uptake in LTP
Long term potentiation is a form of synaptic plasticity where a
persistent strengthening of synapses based on recent patterns of
activity occurs (Bliss and Lomo, 1973), resulting in a long-lasting
increase in signal transmission between neurons (for a deeper
review see: Nicoll, 2017). Maintenance and modulation of LTP
is usually associated with G-protein coupled receptor (GPCR)
and/or protein phosphorylation, typically by a heightening of
EPSCs (Betke et al., 2012). In the CA1 region, glutamate uptake
is not homogenous throughout LTP and it is well established
that LTP induction elicits glutamate uptake enhancement (Pita-
Almenar et al., 2006, 2012) by increasing expression of glutamate
transporters at the membrane. However, this modulation of
uptake is regulated by distinct pathways in early-LTP and late-
LTP. During early-LTP, glutamate uptake increase is insensitive
to dihydrokainate (DHK), a selective GLT-1 inhibitor, being
mostly secured by an enhanced expression of EAAC1 at the
membrane level. There are no studies confirming an increase
of glutamate transporters synthesis, just increase of uptake
during LTP and transporter expression at the membrane level
(Pita-Almenar et al., 2006). Conversely, late-LTP was DHK
sensitive and required macromolecular synthesis mediated by
phosphatase kinase C (PKC) (Pita-Almenar et al., 2006). Since
PKC is a protein-related to Ca2+ signaling (Huang, 1989), this
suggests that glutamate uptake modulation can be influenced by
changes in intracellular Ca2+ concentration. This is noteworthy
considering the majority of glutamate uptake is mediated by
glial glutamate transporters, along with the fact that astrocytes
show excitability by Ca2+ signaling (Araque et al., 1999;
Perea and Araque, 2005; Sherwood et al., 2017). Actually, in
astrocytic cultures, chelation of Ca2+ can prevent the modulation
of glutamate and GABA transporters (Leonova et al., 2001;
Matsuura et al., 2002; Cristovao-Ferreira et al., 2011; Jacob et al.,
2014). LTP is impaired in hippocampal slices of GLT-1KO mice
but this was overcome in the presence of low concentrations
of NMDAR antagonists (Katagiri et al., 2001). This suggests
that GLT-1 mediates NMDAR activity by controlling the levels
of extracellular glutamate, and this is plausible explanation of

how glutamate transporters modulate synaptic transmission, by
regulating the activation of postsynaptic glutamate receptors
via a control of the concentrations of glutamate present at the
synaptic cleft.

As mentioned before, glutamate uptake mediated by
glutamate transporters is an electrogenic process and, therefore,
the concentrations of K+, Na+ and H+ directly influence
glutamate uptake and, subsequently, synaptic plasticity. In
glutamate transporters, the inward flow of a glutamate anion
and three Na+ ions is simultaneously accompanied by the
outflow of one K+ ion (Kanner, 2006). Therefore, glutamate
uptake can be modulated by the extracellular concentration
of both Na+ and K+ ions. Changes in synaptic plasticity by
modulating concentrations of K+ has been correlated with
glutamate transporters (Kucheryavykh et al., 2007; Mulholland
et al., 2008). Knockout of astrocytic K+ channel impaired
glutamate uptake and enhanced short term potentiation
(Djukic et al., 2007). This can be due to the fact that increased
extracellular K+ impairs the electrogenic process of the glutamate
transporters, compromising normal uptake activity. EphA4, a
receptor tyrosine kinase, reduces both GLT-1 and GLAST
expression, leading to LTP impairment, which was rescued by
pharmacological inhibition of glutamate transporters (Carmona
et al., 2009). Surprisingly, we did not find any interactions
of glutamate transporters with the sodium potassium pump
(Na+/K+-ATPase), a ubiquitous membrane protein (Lees, 1991)
at the electrophysiological level. However, there are some studies
suggesting a possible correlation between these two proteins
such as co-localization in the hippocampus (Rose et al., 2009).
Ouabain, a specific antagonist of Na+/K+-ATPase, inhibits
glutamate uptake in synaptosomes and also exhibits a bimodal
effect by only inhibiting at high concentrations in cultures of
astrocytes (Rose et al., 2009; Illarionava et al., 2014). In fetal
human astrocytes, glutamate transporters activity can enhance
Na+/K+-ATPase activity as well as cell surface expression
(Gegelashvili et al., 2007), hinting on a possible interaction
between these proteins. This can be interesting since Na+/K+-
ATPase modulation has been correlated with changes in synaptic
transmission (Scuri et al., 2007; Diaz et al., 2013).

LTP induction and maintenance require optimal glutamate
extracellular concentration (Katagiri et al., 2001), which
is secured by glutamate transporters, mostly expressed in
astrocytes, being glutamate transport a key factor for the
induction and maintenance of hippocampal LTP. Hence, during
LTP, there is an increase of glutamate uptake activity mainly in
astrocytes (Figure 1A).

Glutamate Uptake in LTD
LTD comprehends a form of synaptic plasticity where a
weakening of synapses occurs by a reduction of the efficiency.
This can be interpreted as an internalization of AMPA receptors
in the postsynaptic membrane, triggered by synaptic activation
of either NMDARs or mGluRs (Collingridge et al., 2010). The
impact of glutamate uptake in LTD is not as well understood
as in LTP, but some studies suggest a possible correlation
between these two mechanisms. As glutamate transporters are
not enzymes, there are no available agonists capable of enhancing
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FIGURE 1 | Glutamate transporters have the ability to monitor the concentration of synaptic glutamate, potentially controlling the activity of glutamate metabotropic
and ionic receptors. (A) During LTP induction there is an increase of glutamate transport activity probably due to an increase of glutamate transporters near synaptic
cleft. This can be due to a intracellular trafficking from the intracellular space to the membrane and surface diffusion to the synaptic region, leading to an optimal
activation of postsynaptic receptors. (B) As for LTD induction, the specific role of glutamate uptake is yet to be revealed. It is know that increase of glutamate
transporters decreases LTD, perhaps by not activating postsynaptic receptors to an optimal level. Furthermore, blockade of glutamate uptake enhances LTD
suggesting that glutamate uptake may not be static during this phenomenon. We propose that there occurs some sort of glutamate uptake decrease either by
removing glutamate transporters by internalization or by surface diffusion.

its activity, making it difficult to “synthetically” elicit an increase
in glutamate uptake. One way to do it is to treat living
mice, brain slices or cultures with ceftriaxone, a beta-lactam
antibiotic that enhances GLT-1 expression (Rothstein et al., 2005;
Omrani et al., 2009; Bajrektarevic and Nistri, 2017). Chronic
ceftriaxone treatment in Wistar rats increased GLT-1 expression,
which produced an impairment in LTD in hippocampus mossy
fibers CA3 (MF-CA3) synapses (Omrani et al., 2009), an effect
reversed by the blockade of GLT-1 with DHK. This can be
explained by a restraining of the level of activation of peri-
synaptic mGluRs as a result of increased glutamate clearance by
glutamate transporters, since, in these synapses, LTD is mGluR
dependent (Yokoi et al., 1996), which, as above mentioned,
is a receptor that can be modulated by glutamate uptake.
Behavior can also affect the activity of glutamate transporters.
It is known that stress enhances LTD and decreases LTP (Pan
Wong et al., 2007). One study suggests that this stress-mediated
LTD enhancement in the CA1 region of the hippocampus is
done through the blockade of glutamate transporters, since
both LTD enhancement and decreased uptake were reversed
when animals had been previously treated with glucocorticoid
receptor antagonist, RU38486, before stress induction (Yang et al.,
2005). It is not exclusively in the hippocampus that glutamate
transporters are relevant in LTD, existing connections in other
brain regions, such as the amygdala (Tsvetkov et al., 2004)
and the cerebellum (Brasnjo and Otis, 2001), where similar
mechanisms can also occur.

To our knowledge, the role of glutamate transporters in
hippocampal LTD, under physiological conditions, still remains
elusive. Enhancement of glutamate uptake activity impairs LTD,
however, this does not necessarily mean that uptake decreases in
order to achieve LTD, although some alterations are expected.

The fact that blockade of glutamate uptake enhanced LTD (Yang
et al., 2005; Omrani et al., 2009), allied to increase produced
the opposite effect, suggests that during LTD there can be a
decrease of functional transporters in the membrane, leading
to an optimal activation of glutamate receptors. Perhaps, in a
similar way to what occurs with AMPA receptors, glutamate
transporters are also internalized by cells and translocated to the
plasma membrane upon an appropriate stimulus (Figure 1B).
Further studies need to be made in order to grasp the role of
glutamate transporters in LTD, in which transporters have not
been subjected to any form of treatment.

CONCLUSION

Glutamate clearance by high affinity transporters is essential
for the maintenance of glutamate homeostasis, which requires
a functional level of expression of glutamate transporters at
the membrane level of both astrocytes and neurons. Glutamate
uptake is not a static process and can be finely adjusted
in accordance to synaptic needs. Glutamate transporters are
able to control the level of activation of glutamate receptors
by controlling the level of glutamate present at the synaptic
level. These changes can be achieved either by an over or
under expression of glutamate transporters, altered cellular
trafficking or changes in the transporter conformation, all
processes that affect the affinity of these transporters for
glutamate. For LTP, glutamate uptake needs to be enhanced
when compared to basal levels (Pita-Almenar et al., 2006,
2012). Noting that late LTP requires protein expression, an
increase in glutamate transporters is not surprising at this
point. Conversely, despite some reports suggest causality between
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glutamate uptake and LTD, this interaction remains poorly
comprehended. An increase of glutamate uptake activity is not
favorable for LTD maintenance (Omrani et al., 2009), while a
stress-mediated inhibition of glutamate transporters enhances it
(Yang et al., 2005). Nonetheless, we did not find what occurs to
glutamate transporters throughout a “standard” LTD. In both
LTP and LTD phenomena, the impact of glutamate transporters
is seemingly achieved by a fine regulation of the activation of
peri- and extrasynaptic NMDARs and mGluRs. Further studies
are essential for a better comprehension of the importance
of glutamate uptake for synaptic transmission and plasticity,
namely by clarifying how these transporters modulate such
physiological processes.

The study of transporter activity has proven to be
particularly challenging, mostly on account of a lack of suitable
methodologies. Techniques used for assessing receptor function
are not applicable to transporters, and genetic approaches, as
up- or down-regulating glutamate transport, although feasible,
are not sensitive to variations in transporter activity, and
thus, are unable to shed some light on the functional role
of transporters during LTP or LTD. Blockade of glutamate
transporters through the application of antagonists allows
the inference of some of its putative functions in synaptic
plasticity, however, it does not help in the clarification of the
impact of enhanced glutamate transport. To our knowledge,
the only current method is the application of ceftriaxone
(Omrani et al., 2009), which acts by increasing GLT-1 expression
levels and, concomitantly, by increasing glutamate uptake.
In Murphy-Royal et al., 2015, GLT-1 surface diffusion was
blocked by a cross-linking technique (Heine et al., 2008),
which itself had an impact on synaptic transmission. Perhaps,
the manipulation or the monitoring of this diffusion of
transporters at an in situ or in vivo model could constitute
a suitable approach for better comprehending how exactly
do glutamate transporter influence synaptic signaling and

plasticity. Additionally, glutamate imaging could also allow
a more direct observation of the behavior of glutamate
transporters in seconds, or even millisecond, timescale (Dulla
et al., 2008; Okubo et al., 2010), and it can constitute a
means for understanding how glutamate transporters impact
glutamate dynamics (Hefendehl et al., 2016; Pinky et al.,
2018). Whole cell patch clamp constitutes a powerful tool
for measuring glutamate uptake in astrocytes (Bergles and
Jahr, 1997), and dual-patch recordings could emerge as a
plausible method for simultaneously recording glutamate
uptake and neuronal excitability, and ultimately, correlate
these two events.

In sum, sufficient evidence indicates the critical participation
of glutamate transporters in synaptic transmission and
synaptic plasticity in the hippocampus and other areas,
and additional studies are required in order to better
comprehend the mechanisms by which glutamate transporters
and, subsequently, glutamate uptake impacts synaptic
transmission and plasticity.
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Chemotherapy-induced peripheral neuropathy (CIPN) is a problem during cancer
treatment and for cancer survivors but the central mechanisms underlying CIPN remain
understudied. This study aims to determine if CIPN is associated with alterations of
noradrenergic modulation of nociceptive transmission at the spinal cord. CIPN was
induced in male Wistar rats by paclitaxel injections. One month after CIPN induction,
the behavioral effects of the administration of reboxetine (noradrenaline reuptake
inhibitor), clonidine (agonist of α2-adrenoreceptors; α2−AR) and atipamezole (antagonist
of α2−AR) were evaluated using the von Frey and cold plate tests. Furthermore,
we measured the expression of the noradrenaline biosynthetic enzyme dopamine-
β-hydroxylase (DBH) and of α2−AR in the spinal dorsal horn. Reboxetine and clonidine
reversed the behavioral signs of CIPN whereas the opposite occurred with atipamezole.
In the 3 pharmacological approaches, a higher effect was detected in mechanical
allodynia, the pain modality which is under descending noradrenergic control. DBH
expression was increased at the spinal dorsal horn of paclitaxel-injected animals. The
enhanced noradrenergic inhibition during CIPN may represent an adaptation of the
descending noradrenergic pain control system to the increased arrival of peripheral
nociceptive input. A potentiation of the α2−AR mediated antinociception at the spinal
cord may represent a therapeutic opportunity to face CIPN.

Keywords: descending pain modulation, antidepressants, paclitaxel, chemotherapy side-effects, cancer
treatment, pain

INTRODUCTION

Chemotherapy is the most common approach for cancer treatment but it frequently induces
neuropathy. This chemotherapy-induced peripheral neuropathy (CIPN) is a clinical problem that
may impose changes in cancer treatment and can persist after cessation of chemotherapy (Mantyh,
2006; Seretny et al., 2014). CIPN is characterized by multiple sensory features which include
changes in pain responses, such as spontaneous pain, allodynia and hyperalgesia.
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The neurotoxic mechanisms underlying CIPN depend on
the cytostatic drug (Kerckhove et al., 2017). Paclitaxel, one of
the most effective cytostatic drug, has been shown to cause
CIPN in humans and in animal models (Polomano et al.,
2001; Cavaletti and Marmiroli, 2010). Increases in nociceptive
behavioral responses in paclitaxel-induced CIPN models were
ascribed to peripheral fiber loss, mitochondrial swelling and
vacuolization of peripheral axons and hyperexcitability of dorsal
root ganglion neurons (Cliffer et al., 1998; Flatters and Bennett,
2006; Boehmerle et al., 2014; Yadav et al., 2015). The central
changes during paclitaxel-induced CIPN remain understudied
but since paclitaxel has a very low ability to cross the blood-
brain barrier (Cavaletti and Marmiroli, 2010), it is likely that the
central changes during paclitaxel-induced CIPN are caused by
the neurotoxic effects triggered by the cytostatic at the periphery.
At the spinal cord, paclitaxel-injected animals show increased
spontaneous activity of wide-dynamic range neurons (Cata et al.,
2006) and reduced local GABAergic tonic inhibition (Yadav et al.,
2015). At the supraspinal level, the periaqueductal gray matter
(PAG), a key area of the descending pain modulatory system,
shows increases in spontaneous and evoked neuronal firing
(Samineni et al., 2017). Furthermore, in a recent exploratory
study using diffusion weighted magnetic resonance, alterations
in the activity of the PAG were reported (Ferris et al., 2019).
Using an animal model of paclitaxel-induced CIPN, we recently
reported increases in the activity of serotoninergic neurons
of the rostroventromedial medulla (RVM), an area that relays
descending modulation from the PAG to the spinal cord
(Costa-Pereira et al., 2019).

CIPN is empirically treated with antidepressant drugs which
increase noradrenaline (NA) and serotonin (5-HT) levels
(Sisignano et al., 2014), but the relative contribution of each
neurochemical system is starting to be unraveled. Using the
paclitaxel-induced CIPN model, we have recently described an
involvement of 5-HT with an enhanced facilitatory effect of 5-
HT3 receptors at the spinal cord (Costa-Pereira et al., 2019).
Nothing is known about descending noradrenergic modulation
in the paclitaxel-induced CIPN model. This is important since
descending pain modulation has some distinct features between
different preclinical models (Porreca et al., 2002; Ossipov
et al., 2014). Furthermore descending modulatory systems
are crucial to balance between inhibition (antinociception)
and facilitation (pro-nociception) (Tracey and Mantyh, 2007;
Heinricher et al., 2009). An imbalance of descending modulation
toward facilitation was proposed to account for chronic pain
installation. It is well established that NA release at the spinal
dorsal horn is mainly originated from the pontine locus coeruleus
(LC) (Pertovaara, 2006; Heinricher et al., 2009) and leads to
analgesia by activating spinal α2A-adrenoreceptors (α2A-AR)
which block the nociceptive transmission at the spinal dorsal
horn, both pre and postsynaptically (Kawasaki et al., 2003;
Pertovaara, 2013). Intrathecal administration of α2-AR agonists
induces antinociception in humans and animal models whereas
the opposite occurs with α2-AR antagonists (Eisenach et al., 1996;
Budai et al., 1998). However, NA may trigger pain facilitation
after brain release (Bie et al., 2003; Ortiz et al., 2008; Martins et al.,
2015). Further adding complexity to the studies of noradrenergic

pain modulation, an effect of the pain model was reported. In
traumatic neuropathic pain models, noradrenergic upregulation
occurs with increased spinal NA levels and enhanced potency
of α2-AR (Ma and Eisenach, 2003; Bantel et al., 2005) but
with the progression of traumatic neuropathy, a gradual loss of
descending noradrenergic inhibition occurs (Hughes et al., 2013,
2015). In diabetic neuropathy the descending noradrenergic
inhibition is impaired and NA exerts pain facilitation at the
spinal level (Kinoshita et al., 2013). These results show that the
specificities of each preclinical pain model should be considered
in the studies of descending noradrenergic pain control.

To evaluate if descending noradrenergic modulation of
spinal nociceptive transmission is altered during paclitaxel-
induced CIPN, we used a validated model of paclitaxel-
induced CIPN to study the noradrenergic modulation of
nociceptive transmission at the spinal cord. We first evaluated
the nociceptive behavioral effects of the administration of
reboxetine (noradrenaline reuptake inhibitor), clonidine (agonist
of α2-adrenoreceptors; α2−AR) and atipamezole (antagonist
of α2−AR). Then we evaluated the immunohistochemical
expression of the noradrenaline synthetizing enzyme, dopamine-
β-hydroxylase (DBH), at the spinal dorsal horn. We analyzed
the expression of α2−AR at the spinal dorsal horn, using
immunohistochemistry and western blot approaches.

MATERIALS AND METHODS

Animals
Wistar male rats (weighing 175–190 g; Charles River, France)
were housed in a 12/12 h light/dark environment at 22± 2◦C and
received food and water ad libitum. All behavioral experiments
were conducted in the light phase. The animals were acclimated
to the housing facility for a least 1 week before the onset of
experiments. The animals were randomly housed in pairs and
selected from the cage before each procedure.

The experiments were approved by the Animal Ethical
Committee of the Faculty of Medicine of University of Porto
and Directorate-General of Food and Veterinary Medicine–
Portuguese National Authority for Animal Health (license
0421/000/000/2018) and performed in accordance with the
European Community Council Directive (2010/63/EU) and the
ethical guidelines of the International Association for the Study
of Pain (IASP) in conscious animals (Zimmermann, 1983).

Induction of the CIPN Model
The CIPN model was induced as described previously (Polomano
et al., 2001). Briefly, paclitaxel (Taxol R©) (2.0 mg Kg−1

– cumulative dose of 8.0 mg Kg−1) (Tocris, United Kingdom) was
dissolved in a solution of 4% Dimethyl Sulfoxide (DMSO). Rats
weighing 190-200 g received an intraperitoneal (i.p.) injection
of the paclitaxel solution in 4 alternate days (day 1, 3, 5, and
7). The injections were performed between 9 a.m. and 11 a.m.
Control animals were injected with 4% DMSO. The DMSO
concentration was elected based on previous studies showing that
it is the minimal concentration of DMSO required to resuspend
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paclitaxel and it does not induce any toxic effects (Worthley and
Schott, 1969; Chen et al., 2011; Braz et al., 2015).

Drug Delivery and Behavioral Evaluation
Three weeks after CIPN induction, all rats weighing 290–
300 g underwent surgical implantation of sterile silicone
catheter (0.31 × 0.64 × 0.17 mm; Freudenberg, Germany).
Briefly, the animals were deeply anesthetized with medetomidine
(0.25 mg Kg−1) and ketamine hydrochloride (60 mg Kg−1)
and the catheter was inserted in the subarachnoid space in
caudal direction until the tip reached the L4/L5 spinal cord
segment. After surgery, the rats were single-housed to avoid
interfering with cagemate’s catheter. The correct placement of
the intrathecal catheter was confirmed after dissection. The
few animals presenting severe signs of locomotor impairment
after surgery were excluded from the study. The animals
were then used in pharmacological experiments to test the
behavioral nociceptive effects of reboxetine (NA reuptake
inhibitor), atipamezole (α2A−AR blockade) and clonidine
(α2A−AR agonist). All experiments were performed 30 days after
the first paclitaxel injection.

Reboxetine Experiments
To study the effects of NA reuptake inhibition on nociceptive
behaviors, we injected the selective reuptake inhibitor, reboxetine
mesylate (10 mg Kg−1) (Tocris Bioscience, United Kingdom)
(DMSO: n = 5; paclitaxel: n = 5) using the i.p. route. Reboxetine
was dissolved in saline and the control groups were injected
with saline (DMSO: n = 5; paclitaxel: n = 5). Previous
study showed reboxetine did not affect motor performance
(Lapmanee et al., 2013).

The effects of reboxetine on mechanical allodynia were
evaluated before (T0) and at 30, 60, 120, and 240 min after
injection. To evaluate mechanical nociceptive responses, we used
the von Frey test as described previously in the CIPN model
(Costa-Pereira et al., 2019). Briefly, the test was performed after
20 min acclimatization to equipment, according to the “up and
down” method (Chaplan et al., 1994), which consists on the
application of monofilaments between 0.4 and 26.0 g (Stoelting,
United States) starting with the 2.0 g monofilament. Each animal
was tested twice at an interval of 3–5 min, each value obtained
was logarithmic transformed and averaged.

The effects of reboxetine on cold hyperalgesia were assessed
at 30 min, the time that has been previously shown to be of
maximum reboxetine (Hughes et al., 2015), which was further
confirmed by the present results using the von Frey test. Cold
responses were studied as described previously (Costa-Pereira
et al., 2019) using the cold plate test. After a training period
of 3 days for habituation purposes in the device, the animals
were placed on the plate at 0◦C and the withdrawal latency
was recorded. The cut-off period of 60 s was applied to avoid
any tissue damage.

Atipamezole Experiments
To evaluate the effects of the blockade of spinal α2A−AR on
nociceptive behaviors, we administered the α2A−AR antagonist
atipamezole (Tocris Bioscience, United Kingdom) at 5 µg

(DMSO: n = 5; paclitaxel: n = 4). Atipamezole was administered
using the intrathecal route and was dissolved in 0.9% saline
solution. Based on previous study (Dimitrov et al., 2013), we
assessed the effects of atipamezole on mechanical and cold
hypersensitivity 30 min after antagonist injection. Atipamezole
did not induce any sedative effects (Pertovaara et al., 1994).

Clonidine Experiments
To assess the effects of the activation of spinal α2A−AR on
nociceptive behaviors, we intrathecally administered the agonist
clonidine (Sigma-Aldrich, United States) at 3 doses: 0.1 µg
(DMSO: n = 6; paclitaxel n = 7), 1 µg (DMSO: n = 7; paclitaxel
n = 7) or 10 µg (DMSO: n = 8; paclitaxel n = 6). Clonidine
was dissolved in 0.9% saline solution and the respective control
groups were injected with saline (DMSO: n = 7; paclitaxel
n = 6). Mechanical and thermal hypersensitivity were evaluated
before and 30 min after clonidine injection, which has previously
been shown to be the time of the maximal drug effect (Yaksh
et al., 1995). In order to evaluate possible sedative effects of the
higher clonidine dose (10 µg), 2 additional animals were tested
in the rotarod as described previously (Vanderah et al., 2001).
Briefly, the test was performed using DMSO-injected animals
after training once a day for three consecutive days. Training
consisted on placing the rats on a rotating rod (Ugo Basile, Varese,
Italy) with the rate of rotation set at 10 rpm, until they fell off or
until reaching a cutoff time set at 180 s. The evaluated animals
remained on the rod for 180 s which indicates that the animals
did not have motor impairments after clonidine injection.

Immunohistochemistry
Thirty days after the first paclitaxel injection, the rats were
deeply anesthetized with an overdose of an i.p. injection of
sodium pentobarbital (65 mg Kg−1) and perfused with 100 ml
of calcium free Tyrode’s solution, followed by 750 ml of 4%
paraformaldehyde in 0.1M phosphate buffer. The lumbar spinal
cord segments were removed, immersed in a fixative for 4 h and
cryopreserved in a 30% sucrose solution. The segments were then
sliced at 30 µm in a freezing microtome and used for the DBH
and α2A-AR immunoreactions described below. The L4 and L5
sections were used for immunodetection of DBH (DMSO: n = 6;
paclitaxel: n = 5) and α2A- AR (DMSO: n = 5; paclitaxel: n = 5).

Dopamine-β-Hydroxylase (DBH) Immunoreaction
For the DBH-immunoreaction, one in every fourth spinal L4 and
L5 sections were incubated with a monoclonal anti-DBH primary
antibody (Millipore Catalogue No. MAB308) diluted at 1:5000,
followed by a horse biotinylated anti-mouse secondary antibody
(Dako, Denmark; 1:200). After several washes, the sections were
incubated in PBS-T containing the avidin-biotin complex (1:200;
ABC, Vector, United States). The bound peroxidase was revealed
using 0.0125% 3,3′- diaminobenzidine tetrahydrochloride (DAB)
(Sigma-Aldrich, United States). The immunodetection of DBH-
immunoreactive fibers was assessed as described above.

The DBH labeled sections were observed using a light
microscope (Axioskop 40 model, Zeiss R©, Switzerland) coupled to
a high-resolution digital camera (Leica EC3 model) and the LAS
4.6.0. software (Leica Microsystems R©) and maintaining the same
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exposure and light settings. The quantification of DBH labeling
of 3 randomly taken L4 and L5 spinal sections was performed
on the ImageJ R© software (U. S. National Institutes of Health,
United States) based on a method previously described (Hughes
et al., 2013; Costa-Pereira et al., 2019). Briefly, the mean level of
background was determined for each section and lamina using
ROI analysis of small areas without DBH immunoreaction. The
threshold level for DBH positive pixels was adjusted at a value of 5
standard deviations above the mean background level. The mean
percentage of DBH positive pixels in laminae I-II, lamina III, IV,
and V was then calculated.

The total DBH fibers length in each lamina of spinal dorsal
horn were also calculated using a semi quantitative skeleton
analysis adapted from Willing et al. (2017). Briefly, after an
adjustment of the threshold level as abovementioned, the images
were converted to binary images, skeletonized using the skeleton
macro from ImageJ and evaluated in terms of number of pixels
occupied by skeletons. The number of pixels were then converted
to millimeter scale.

α2A-AR Immunoreaction
For the α2A-AR immunoreaction, one in every fourth spinal
sections was incubated with a rabbit-raised anti-α2A primary
antibody (Neuromics; Cat. No. RA14110), diluted at 1:500,
followed by incubation for 1 h with a donkey anti-rabbit Alexa
488 (Molecular Probes R©; 1:1000). Photomicrographs were taken
under the same time exposure, capture parameters and laser
light wavelength (488 nm) on an ApoTome Slider (Zeiss R©)
fluorescence microscope coupled to the AxioVision Rel. 4.8.
software (Zeiss R©). The images were analyzed in order to calculate
the percentage of pixels occupied by α2A-AR immunoreactivity,
size and number of α2A-AR positive neurons in the spinal
dorsal horn of 5 randomly taken sections using the ROI
manager. The mean percentage of α2A-AR positive pixels in
laminae I-II was automatically calculated by the ImageJ software.
The size and number of α2A-AR positive neurons were also
automatically quantified using the “Analyze Particles” function of
ImageJ software.

Western- Blot Analysis of α2A AR
The dorsal portion of the L4 and L5 segments from DMSO
(n = 5) and paclitaxel-injected animals (n = 5) were homogenized
with lysis buffer (TBS-T: 20 mM Tris HCl pH 7.4; 150 mM
NaCl; 0.1% Triton X-100) containing phosphatase inhibitors
and protease inhibitor. A total of 20 µg of protein was loaded
and electrophoresed on 12% SDS-PAGE. The proteins were then
electroblotted onto nitrocellulose membranes. After incubation
with 5% of Blotting-Grade Blocker (Bio-Rad, United States), the
membrane was incubated with rabbit anti-α2A-ARs (Neuromics;
Cat. No. RA14110) diluted at 1:1000, followed by an anti-rabbit
secondary antibody conjugated to horseradish peroxidase (HRP)
(1:10000; Jackson Immunoresearch Europe, United Kingdom).
The immunoreactive bands were detected by Chemidoc
system (Bio-Rad, United States). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as loading protein internal
control, with the membranes being incubated with mouse
anti-GAPDH (1:10000; Abcam, United Kingdom) followed by

incubation in anti-mouse secondary antibody conjugated to HRP
(1:10000; Jackson Immunoresearch Europe, United Kingdom).
Semi-quantification of bands was performed using Image Lab
software (Bio-Rad, United States) and expressed in arbitrary
units. The results of the quantification of α2A-AR expression
were presented as normalized for GAPDH.

Specificity of Primary Antibodies
The specificity of the primary anti-DBH antibody was previously
demonstrated (Howorth et al., 2009). We tested the specificity
of alpha2AR using Western blot of liver samples since the liver
tissue does not express mRNA for the receptor (Handy et al.,
1993). No band was detected in the blot.

Statistical Analysis
The behavioral results obtained in the Von Frey and cold
plate tests were analyzed by two-way repeated measures of
ANOVA followed by Tukey’s post hoc for multiple comparisons.
The analysis of the percentage of change obtained in the
von Frey and cold plate tests were conducted by ordinary
two-way ANOVA followed by Tukey’s post hoc for multiple
comparisons. DBH and α2A-ARs expression in DMSO- and
paclitaxel-injected animals were compared by unpaired t-test.
Statistical analysis was performed by GraphPad Prism (GraphPad
Software, United States). Data are presented as mean ± SD.
P < 0.05 was considered statistically significant values.

RESULTS

In order to evaluate if increasing NA levels or interfering
with the function of α2−AR differentially affect nociceptive
behavioral responses of control and paclitaxel- injected animals,
we administered reboxetine, atipamezole or clonidine.

Antinociceptive Effects of Reboxetine
In order to evaluate the behavioral nociceptive effects of
an increase of NA levels, we injected the selective NA
reuptake inhibitor reboxetine 30 days after the first paclitaxel
administration. The results of paclitaxel administration in
mechanical and cold sensitivities are shown in Figure 1.
The analysis of the effects of reboxetine in the von Frey
test (Figures 1A–C), showed that in DMSO-injected animals
(Figure 1A) there was a significant interaction between
treatments (saline vs. reboxetine) and time [F(4,32) = 17.60,
p < 0.0001]. Reboxetine significantly increased paw withdrawal
thresholds at 30 min after injection compared to saline
(p = 0.0091) and before the injection (T0; p = 0.0064). The
paw withdrawal thresholds returned to the baseline values
60 min after injection of reboxetine. The analysis of the
effects of reboxetine in paclitaxel-injected animals (Figure 1B)
revealed a significant interaction between treatment and
time [F(4,32) = 62.73, p < 0.0001]. Reboxetine significantly
increased paw withdrawal thresholds at 30 and 60 min after
injection compared with saline and with T0 (p < 0.001).
Paw withdrawal thresholds returned to the baseline values
120 min after injection of reboxetine. The injection of saline
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FIGURE 1 | Nociceptive behavioral effects of the administration of reboxetine (30 days after the first paclitaxel injection). (A,B) Show a time-course analysis of paw
withdrawal thresholds in the von Frey test of DMSO- and paclitaxel-injected rats, respectively, after saline or reboxetine administration. (D,E) Show the paw
withdrawal latency in the cold plate test at baseline (T0) and 30 min (T30) after saline or reboxetine administration. Data are presented as mean ± SD. ∗p < 0.05;
∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001 vs. saline; #p < 0.05; ##p < 0.01; ####p < 0.001 vs. baseline (T0). Graphs (C,F) show the percentage of change from
baseline of paw withdrawal thresholds and latencies after saline or reboxetine injection in the von Frey (C) and cold plate (F) tests. Data are presented as mean ± SD
(saline: DMSO and paclitaxel n = 5; reboxetine at 10 mg/kg: DMSO and paclitaxel n = 5). ∗p < 0.05; ∗∗∗∗p < 0.0001 vs. saline; ####p < 0.001 vs. DMSO.

did not affect the behavioral responses of DMSO- and
paclitaxel-injected animals (Figures 1A,B). Overall, the analysis
of the variation from baseline, 30 min after injection of
reboxetine or saline, revealed a significant interaction between
treatments and experimental groups (DMSO vs. paclitaxel)
[F(1,16) = 27.53; p < 0.0001; Figure 1C]. The increase
of withdrawal thresholds was higher after reboxetine than
after saline injection both in the DMSO- (p = 0.0116) and
paclitaxel-group (p < 0.0001). The injection of reboxetine
induced significantly higher percentages of change in the
paclitaxel-group (178.75 ± 19.50%) than in DMSO-group
(124.62± 5.23%; p< 0.0001).

The analysis of the effects of reboxetine in the cold plate test is
shown in Figures 1D–F. In DMSO-injected animals (Figure 1D),
reboxetine induced a significant interaction between treatments
and time [F(1,8) = 23.12, p = 0.0013]. Reboxetine significantly
increased paw withdrawal latency compared to saline injection
(p = 0.0002) and T0 (p = 0.0012). The analysis of the
effects of reboxetine in paclitaxel-injected animals (Figure 1E)
revealed a significant interaction between treatments and time
[F(1,8) = 5.466, p = 0.0476]. Reboxetine significantly increased
the paw withdrawal latency compared to T0 (p = 0.0127).
No statistically significant alterations in paw withdraw latency
were induced after saline injection in DMSO- and paclitaxel-
injected animals (Figures 1D,E). The overall analysis of the
variation (Figure 1F) only revealed an effect of treatment
[F(1,16) = 18.60, p = 0.0005] but no effects of the group
[F(1,16) = 1.404, p = 0.2533] or interaction [F(1,16) = 0.017,
p = 0.8969] which indicates that reboxetine increased significantly
withdrawal latencies in both experimental groups compared with
saline but without significant differences between the group
(DMSO: 183.92± 28.77%; paclitaxel: 209.09± 37.09%).

Pronociceptive Effects of Atipamezole
Since reboxetine administration had an effect at behavioral
responses, we then evaluated if blocking α2A-AR at the spinal
cord by intrathecal administration of atipamezole, an α2A-AR
antagonist, also affected nociceptive behavioral responses. The
behavioral effects of intrathecal are shown in Figure 2. Overall,
the analysis of the effects of atipamezole in the von Frey test
(Figure 2A) showed a significant interaction between groups
(DMSO vs. paclitaxel) and time [F(1,7) = 57.37, p = 0.0001]. In
comparison with the respective values at T0, the administration
of atipamezole decreased paw withdrawal thresholds in the
DMSO (p = 0.0087) and paclitaxel group (p < 0.0001).
After atipamezole injection, the paw withdrawal thresholds of
paclitaxel-injected animals were significantly lower than DMSO-
treated animals (p < 0.0001). At baseline, the experimental
groups were statistically different (p< 0.0001).

The analysis of the effects of atipamezole in the cold plate
test (Figure 2B) showed a significant interaction between groups
and time [F(1,7) = 8.048, p = 0.0252]. Compared to baseline,
atipamezole significantly decreased paw withdrawal latencies in
the DMSO (p < 0.0001) and paclitaxel groups (p = 0.0051). In
the DMSO group, atipamezole decreased withdrawal latencies to
values similar to those of the paclitaxel group at T0 (p = 0.1105;
Figure 2B). Paw withdrawal latencies in the paclitaxel group were
significantly lower than in the DMSO group after atipamezole
injection (p < 0.0001). At T0, the DMSO- and paclitaxel groups
were statistically different (p< 0.0001).

Antinociceptive Effects of Clonidine
Based on the results obtained with reboxetine and atipamezole,
we then evaluated if activating α2A-AR at the spinal cord by
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FIGURE 2 | Nociceptive behavioral effects after the administration of atipamezole (30 days after the first paclitaxel injection). (A) Shows paw withdrawal threshold in
the von Frey test at baseline (T0) and 30 min (T30) after atipamezole administration. (B) Shows paw withdrawal latency in the cold plate test at T0 and T30 after
atipamezole administration. Data are presented as mean ± SD (DMSO n = 5; paclitaxel n = 4). ∗∗p < 0.01; ∗∗∗∗p < 0.0001 vs. baseline (T0); ####p < 0.0001 vs.
DMSO.

FIGURE 3 | Nociceptive behavioral effects of the administration of clonidine (30 days after the first paclitaxel injection). (A,B) Show paw withdrawal thresholds in the
von Frey test at baseline (T0) and 30 min (T30) after saline or clonidine administration. (D,E) Show paw withdrawal latencies in the cold plate test at T0 and T30 after
saline or clonidine administration. (C,F) Show the percentage of change from baseline of paw withdrawal thresholds and latencies, in the von Frey (C) and cold plate
(D) tests. Data are presented as mean ± SD (saline: DMSO n = 7; paclitaxel n = 6; clonidine at 0.1 µg: DMSO n = 6; paclitaxel n = 7; clonidine at 1 µg: DMSO n = 7;
paclitaxel n = 7; clonidine at 10 µg: DMSO n = 8; paclitaxel n = 6). ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001 vs. baseline (T0); ##p < 0.01; ###p < 0.001;
####p < 0.0001 vs. saline. +p < 0.05; ++p < 0.01; ++++p < 0.0001 vs. clonidine 0.1 µg.

intrathecal administration of 3 doses of clonidine, an α2A-
AR agonist, also affected nociceptive behavior. The results of
the study of the effects of 3 clonidine doses (0.1, 1, and
10 µg) are shown in Figure 3. In the von Frey test, the
analysis of the effects of clonidine in DMSO-injected animals
(Figure 3A) revealed a significant interaction between treatments
and time [F(3,24) = 7.589, p = 0.0010]. The lower dose of

clonidine (0.1 µg) produced no effects compared to T0 and
saline. The higher doses of clonidine significantly increased paw
withdrawal thresholds compared to T0 (1 µg: p = 0.003; 10 µg:
p = 0.001), saline (1 µg: p = 0.0003; 10 µg: p < 0.0001), and
clonidine at 0.1 µg (1 µg: p = 0.0077; 10 µg: p = 0.0015).
No differences were detected between clonidine at 1 and
10 µg. Saline injection produced no significant effects and
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no differences were detected between the animals at baseline.
The effects of clonidine in paclitaxel-injected animals in the
von Frey test (Figure 3B) revealed a significant interaction
between treatment and time [F(3,22) = 16.63, p < 0.0001].
The 3 doses of clonidine significantly increased paw withdrawal
thresholds compared to baseline (0.1 µg: p = 0.0030; 1 µg:
p < 0.0001; 10 µg: p < 0.0001) and saline (0.1 µg: p = 0.0020;
1 µg: p = 0.0001; 10 µg: p < 0.0001). Clonidine at 10 µg,
showed higher withdrawal thresholds compared to clonidine at
0.1 µg (p = 0.0257; Figure 3B). No differences were detected
between clonidine 0.1 and 1 µg neither between clonidine 1
and 10 µg. At T0, the paw withdrawal thresholds were not
significantly different between the different conditions (saline
and 3 doses of clonidine). The analysis of the variation from
baseline (Figure 3C) showed an effect of experimental group
[F(1,35) = 43.29; p < 0.0001] and treatment [F(2,35) = 10.13;
p = 0.0003] but no interaction [F(2,35) = 0.613; p = 0.5473]. The
3 doses of clonidine significantly increased withdrawal thresholds
in the paclitaxel group compared with DMSO group. Overall, the
effects of the lower dose (0.1 µg) were significantly lower than
the intermediate (1 µg; p = 0.0042) and the higher dose (10 µg;
p = 0.0030). No statistically significant differences were detected
between the doses of 1 and 10 µg.

In the cold plate test, the effects of clonidine in DMSO-injected
animals (Figure 3D) showed a significant interaction between
treatment and time [F(3,24) = 24.19, p < 0.0001]. The lower
dose of clonidine (0.1 µg) produced no effects compared to T0
and saline. The higher doses of clonidine significantly increased
paw withdrawal latency compared to T0 (1 µg: p = 0.0009;
10 µg: p < 0.0001), to saline (1 µg: p < 0.0001; 10 µg:
p < 0.0001) and to clonidine at 0.1 µg (1 µg: p < 0.0001; 10 µg:
p< 0.0001). No differences were detected between clonidine at 1
and 10 µg. Saline injection produced no significant effects and no
differences were detected between the animals at baseline. The
analysis of the effects of clonidine in paclitaxel-injected animals
in the cold test (Figure 3E) revealed a significant interaction
between treatments and time [F(3,44) = 7.087, p = 0.0005].
The lower dose of clonidine (0.1 µg) produced no effects
compared to T0 and saline. The higher doses of clonidine
significantly increased paw withdrawal latency compared to
baseline (1 µg: p = 0.0025; 10 µg: p < 0.0001) and saline
(1 µg: p = 0.0076; 10 µg: p < 0.0001). Clonidine at 10 µg
showed higher withdrawal latencies compared to clonidine at
0.1 µg (p = 0.001; Figure 3E). No differences were detected
between clonidine 1 and 10 µg (Figure 3E). Overall, the analysis
of the variation from baseline (Figure 3F) revealed an effect
of the experimental group [F(1,35) = 20.07; p < 0.0001] and
treatment [F(2,35) = 6.689; p = 0.0035] but no interaction
[F(2,35) = 1.257; p = 0.2971]. Therefore, the variation is higher in
paclitaxel- than DMSO-injected animals. Overall the effects of the
lower dose (0.1 µg) are significantly lower than the higher dose
(10 µg; p = 0.0079).

DBH-Immunoreaction at the Spinal Cord
To evaluate if the noradrenergic innervation of the spinal
dorsal horn is affected during CIPN, the DBH expression
was analyzed (Figure 4). DBH-immunoreactive fibers were

FIGURE 4 | Spinal noradrenergic system evaluated by DBH immunoreaction
(30 days after the first paclitaxel injection). Representative photomicrographs
of DBH expression at the spinal dorsal horn (A,B). The details of fibers namely
varicosities are better depicted in (B) (arrows). Scale bar in (A,B) 200 and
25 µm, respectively. The mean percentages of DBH positive pixels evaluated
using the ROI manager are shown in laminae I-II (C), III (D), IV (E), and V (F).
The total length of DBH-immunoreactive fibers quantified using skeleton
macro is shown in laminae I-II (G), III (H), IV (I), and V (J). Data are presented
as mean ± SD (DMSO n = 6; paclitaxel n = 6). ∗p < 0.05; ∗∗p < 0.01;
∗∗∗p < 0.001 paclitaxel vs. DMSO.

clearly recognized by the brown axons and varicosities
scattered throughout the spinal dorsal horn (Figures 4A,B).
The sections from paclitaxel-injected animals presented
significantly higher percentages of DBH-positive pixels
compared to the DMSO-injected animals in laminae I–II
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FIGURE 5 | Expression of α2A-AR in the spinal dorsal horn (30 days after the
first paclitaxel injection). Representative photomicrographs of a α2A-AR
positive pixels at laminae I–II are shown in (A,B). The immunolabelling occurs
in structures with neuronal morphology, which are better represented by
arrows in (B). Scale bar in (A,B): 100 and 50 µm, respectively. (C,D) Show
the size and the number of α2A-AR positive neurons, respectively, determined
in laminae I-II in DMSO- and paclitaxel-injected animals. (E) Represents the
percentage of α2A-AR positive pixels in laminae I-II of DMSO- and
paclitaxel-injected animals. Data are presented as mean ± SD (DMSO n = 5;
paclitaxel n = 5). (F) Depicts the quantification of α2A–AR assessed by
western-blotting from DMSO- and paclitaxel-injected animals. GAPDH was
used as a control of the western-blotting procedure. Data are presented as
mean ± SD (DMSO n = 5; paclitaxel n = 5).

(p = 0.0011; Figure 4C), lamina III (p = 0.0216; Figure 4D),
and IV (p = 0.0004; Figure 4E). No statistically significantly
differences were detected in lamina V (p = 0.0652; Figure 4F).
The total length of DBH-positive fibers was also analyzed
(Figures 4G–J). Paclitaxel-injected animals showed longer
DBH-positive fibers compared to DMSO-injected animals
in laminae I–II (p = 0.0002; Figure 4G), lamina III
(p = 0.0008; Figure 4H), IV (p = 0.0013; Figure 4I), and
V (p = 0.0158; Figure 4J).

Spinal Expression of α2A-AR
In order to evaluate if the higher effects of α2A-AR ligands
observed in paclitaxel-injected animals were related to changes
in receptor expression, the analysis of the α2A-AR expression
at the spinal dorsal horn was performed (Figure 5). The

immunofluorescence quantification of the superficial dorsal horn
(laminae I-II) (Figure 5E) revealed that the percentage of α2A-AR
positive pixels were not statistically significant different between
DMSO- and paclitaxel-injected animals (p = 0.2017). Likewise,
the analysis of size and number of α2A-AR positive objects did
not show significantly differences between experimental groups
(p = 0.2804 and p = 0.1820, respectively; Figures 5C,D).

The western-blotting analysis (Figure 5F) did not show
statistically significant differences between DMSO- and
paclitaxel-injected animals (p = 0.7174).

DISCUSSION

The present study shows, for the first time, that the noradrenergic
modulation of spinal nociceptive transmission is altered in
an animal model of paclitaxel-induced CIPN. This is relevant
since the study of descending pain modulation should take
into account the specific features of the preclinical model
(Porreca et al., 2002; Ossipov et al., 2014) and descending
noradrenergic modulation was never studied in the paclitaxel-
induced CIPN model. To study noradrenergic modulation
of nociceptive transmission at the spinal cord in paclitaxel-
induced CIPN, we performed behavioral and structural studies.
Regarding the behavioral studies, paclitaxel-injected animals
treated with the selective NA reuptake inhibitor reboxetine
showed a decrease of nociceptive behaviors. The antinociceptive
effects of reboxetine were much more robust in paclitaxel-
injected animals than in controls, both in magnitude and
duration. Considering the increased NA levels in the spinal
cord after reboxetine injection (Nakajima et al., 2012), the
present findings showing antinociceptive effects after reboxetine
administration indicate an increased recruitment of descending
noradrenergic pain inhibition during paclitaxel-induced CIPN.
The reboxetine data are further supported by the results
of the intrathecal administration of the α2A-AR antagonist
atipamezole and of the α2A-AR agonist clonidine since both
drugs induced higher behavioral effects in paclitaxel-injected
animals. The results suggest a relation between the dose
and the magnitude of behavioral antinociceptive responses.
Furthermore, the lowest clonidine dose (0.1 µg) failed to show an
effect in DMSO-injected animals whereas in paclitaxel-injected
animals it induced an antinociceptive effect. The clonidine
data reinforce the hypothesis that in paclitaxel-induced CIPN
there is an increased recruitment of noradrenergic modulation
at the spinal cord. Incidentally, it should be noted that the
current pharmacological studies support the existence of tonic
noradrenergic inhibition since the intrathecal administration of
atipamezole and clonidine to DMSO-injected animals altered
their behavioral nociceptive responses. The existence of a tonic
noradrenergic inhibition is a question under dispute since
some studies show that atipamezole induces mechanical and
cold allodynia in control animals (Xu et al., 1999), whereas
others failed to show effects (Wei and Pertovaara, 2006;
Patel et al., 2018). The role of the descending noradrenergic
system during chronic pain installation is interesting. In
traumatic pain models, some studies reported plastic changes
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and functional upregulation of spinal α2-AR (Stone et al.,
1999; Ma and Eisenach, 2003; Bantel et al., 2005; Hayashida
et al., 2008). This was proposed to compensate the enhanced
nociceptive peripheral input, through increased noradrenaline
levels and enhancement of the potency of α2-AR at the
spinal cord. With the progression of traumatic neuropathy,
a gradual loss of descending noradrenergic inhibition occurs
along with an increase of descending facilitation (Viisanen
and Pertovaara, 2007; Rahman et al., 2008; Hughes et al.,
2013, 2015; Patel et al., 2018). By studying paclitaxel-induced
CIPN using a short duration, the present result indicates
that CIPN is similar to short-term models of traumatic
neuropathy. Since the duration of neuropathy also affects
the features of descending modulation, we will increase
the duration of our studies in the paclitaxel-induced CIPN
model to evaluate if a switch of descending noradrenergic
modulation from inhibitory to facilitatory could account for
the intensification of CIPN after long term chemotherapy
treatments, a current problem for cancer survivors (Mantyh,
2006; Seretny et al., 2014).

As to the structural data, the levels of DBH in the spinal
dorsal horn cord were higher in paclitaxel-injected animals. The
analysis of the laminar distribution in what concerns the length
of fibers and positive-pixels showed that the increase was due
to contribution of all the spinal laminae. The increase in the
DBH levels at the spinal cord matches the results obtained in
traumatic neuropathic pain models (Ma and Eisenach, 2003)
and indicates increased noradrenergic innervation of the spinal
dorsal horn in chronic pain situations. The higher potency of
atipamezole and clonidine in paclitaxel-injected animals cannot
be explained by an increase in the expression of α2A-AR at
the superficial dorsal horn (laminae I–II), as no differences
were found in the expression of α2A-AR between paclitaxel-
and DMSO-injected animals. An increase of potency of α2-
AR without changes in receptor expression may be due to
increased efficiency of G-protein coupled α2-AR (Bantel et al.,
2005; Chen et al., 2007). The antinociceptive effects of clonidine
are well reported in clinical studies (Rauck et al., 2015) and
in models of traumatic peripheral nerve injury (Hayashida
et al., 2008). Clonidine acts at presynaptic α2-AR located on
the central terminals of primary afferents and on postsynaptic
dorsal horn α2-AR (Pan et al., 2002; Mitrovic et al., 2003). In
the present study, we cannot discriminate between the pre- and
postsynaptic components of α2-AR. Paclitaxel induces abnormal
outgrowth of primary afferent sensory neurons (Letourneau
and Ressler, 1984; Cliffer et al., 1998) but since no changes
in α2-AR expression were detected in the present study, it is
likely that the primary afferents which express α2-AR are not
structurally affected during CINP. The neurochemical nature
of primary affect fibers damaged by paclitaxel is starting to be
studied with indications that NMDA receptors are affected (Xie
et al., 2016; Chen et al., 2019). Another emergent issue is the
cell type which expresses α2-AR since at the spinal cord the
receptors are present in neurons and glial cells (Xu et al., 2010).
No differences were detected in the number and size of cell
profiles immunostained for α2-AR between the experimental
groups and most of the immunostained profiles were large and

similar to neurons. Detailed comparisons of the expression of
α2-AR in neurons and glial cells (astrocytes and microglia)
between control and paclitaxel-injected animals can provide
evidence about a possible role of spinal glia during CIPN. The
behavioral studies with reboxetine, atipamezole and clonidine
clearly showed more pronounced drug effects in mechanical
allodynia than in cold hyperalgesia. This is an interesting finding
since mechanical allodynia is a sensory modality predominantly
modulated supraspinally, namely by brainstem centers engaged
in noradrenergic inhibitory control (Xu et al., 1999; Saade
et al., 2006; Hughes et al., 2015). The LC is likely to be
the main source of the increased descending input since it
is, by large, the main source of noradrenergic fibers at the
spinal cord in the rat strain used in the present study (Tavares
et al., 1997). Noradrenergic modulation from the LC is an
important coordinator of the balance between inhibition and
facilitation of descending pain control (Rahman et al., 2008;
Martins et al., 2015). We showed antinociceptive effects of NA
in paclitaxel-injected animals which indicates that during CIPN
noradrenergic modulation from the LC preserves its inhibitory
tone. We have recently shown that in paclitaxel-induced CIPN
there is an increased activation of serotoninergic RVM neurons
(Costa-Pereira et al., 2019). Since the RVM targets the LC and
this connection is relevant for descending noradrenergic pain
modulation (Sim and Joseph, 1992; Bahari and Meftahi, 2019) it
is possible that the activation of RVM neurons recently reported
in the paclitaxel-induced CIPN model (Costa-Pereira et al., 2019)
is a trigger of increased recruitment of noradrenergic descending
modulation during CIPN.

Patients affected by CIPN are empirically treated with
antidepressant drugs which potentiate the effects of NA and
serotonin but the relative contribution of each neurochemical
system is unknown (Sisignano et al., 2014). By showing that
in the paclitaxel CIPN model, the inhibitory function of
the noradrenergic system is potentiated and based on our
recent demonstration that the serotoninergic system exerts
pronociceptive effects mediated by spinal 5HT3 receptors (Costa-
Pereira et al., 2019), we propose that treating CIPN with drugs
that mainly target the noradrenergic system may be a valuable
approach in the future of cancer treatment. However, further
preclinical studies are necessary namely in what concerns the
evaluation of the mechanisms of noradrenergic modulation
of nociceptive transmission during CIPN in female animals.
Although no differences in the sex differences in mechanical
allodynia were detected between male and female rodents
(Hwang et al., 2012; Naji-Esfahani et al., 2016), one study showed
sex differences in cold allodynia (Ward et al., 2011). To better
envisage the translational perspectives of the present study, it is
important to include female animals inasmuch that paclitaxel is
used in the treatment of tumors that affect women, such as breast,
cervical and ovarian cancers (Cavaletti and Marmiroli, 2010).
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Alzheimer’s disease (AD) is the most common neurodegenerative disease characterized
by progressive memory loss. Although AD neuropathological hallmarks are extracellular
amyloid plaques and intracellular tau tangles, the best correlate of disease progression
is synapse loss. What causes synapse loss has been the focus of several researchers
in the AD field. Synapses become dysfunctional before plaques and tangles form.
Studies based on early-onset familial AD (eFAD) models have supported that synaptic
transmission is depressed by β-amyloid (Aβ) triggered mechanisms. Since eFAD is
rare, affecting only 1% of patients, research has shifted to the study of the most
common late-onset AD (LOAD). Intracellular trafficking has emerged as one of the
pathways of LOAD genes. Few studies have assessed the impact of trafficking LOAD
genes on synapse dysfunction. Since endocytic traffic is essential for synaptic function,
we reviewed Aβ-dependent and independent mechanisms of the earliest synaptic
dysfunction in AD. We have focused on the role of intraneuronal and secreted Aβ

oligomers, highlighting the dysfunction of endocytic trafficking as an Aβ-dependent
mechanism of synapse dysfunction in AD. Here, we reviewed the LOAD trafficking genes
APOE4, ABCA7, BIN1, CD2AP, PICALM, EPH1A, and SORL1, for which there is a
synaptic link. We conclude that in eFAD and LOAD, the earliest synaptic dysfunctions
are characterized by disruptions of the presynaptic vesicle exo- and endocytosis and
of postsynaptic glutamate receptor endocytosis. While in eFAD synapse dysfunction
seems to be triggered by Aβ, in LOAD, there might be a direct synaptic disruption by
LOAD trafficking genes. To identify promising therapeutic targets and biomarkers of the
earliest synaptic dysfunction in AD, it will be necessary to join efforts in further dissecting
the mechanisms used by Aβ and by LOAD genes to disrupt synapses.

Keywords: late-onset Alzheimer’s disease, synapses, endocytosis, β-amyloid, APOE4, PICALM, BIN1, CD2AP

INTRODUCTION

Alzheimer’s disease (AD), the most common neurodegenerative disease, affecting 1 in 10 people
over 65 years old, remains without adequate treatment. By the age of 85, one in three people
develops the disease (Alzheimer’s Association, 2019). Functionally, a progressive loss of memory
and cognitive impairment leads to a loss of autonomy and independance. Neuropathologically,
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AD is characterized by two hallmark proteinaceous aggregates,
extracellular amyloid plaques and intracellular neurofibrillary
tangles. The AD brain volume is dramatically reduced,
mainly due to extensive cortical neuronal death. These are
hallmark phenotypes of a disease in which pathological
mechanisms can start 30 years before diagnosis. Importantly,
the synapse loss is the best pathological correlate of cognitive
impairment in AD, which can exceed and precede the existing
neuronal cell death (Tampellini and Gouras, 2010). Among
the earliest disease phenotypes are intracellular β-amyloid (Aβ)
accumulation and synapse dysfunction. Synapse dysfunction
can remain silent, at least initially, due to the reserve brain
capacity to compensate for the affected neurons. Cognitive
impairment likely manifests when the pathology spreads
throughout the brain. Thus, it has become apparent that the
next step for AD research is to focus on identifying novel
therapeutic strategies targeted at the earliest mechanisms of
synaptic dysfunction.

AD has two forms (Katzman, 1976), the familial early-
onset (eFAD) and sporadic late-onset (LOAD), depending
on if it occurs before or after the age of 65. eFAD is the
result of dominantly inherited mutations in the amyloid
precursor protein (APP) and presenilin (PSEN1 and
PSEN2; Selkoe and Hardy, 2016). These mutations lead
to increased production of Aβ, the main component of
amyloid plaques, or a higher ratio of longer Aβ peptides
(Aβ42/43) to Aβ40. Aβ42, while accounting for only 10%
of the total Aβ produced, is more hydrophobic and has a
higher capacity of aggregating into oligomers. Currently,
evidence strongly supports that soluble Aβ oligomers are
more toxic than insoluble fibrils (plaques). The production of
Aβ42 occurs intracellularly, where it accumulates before being
secreted and deposited into amyloid plaques extracellularly
(Gouras et al., 2005). Aβ oligomerization, particularly
of Aβ42 peptides, begins intracellularly (Tampellini and
Gouras, 2010). Intraneuronal Aβ correlates with cognitive
dysfunction better than amyloid plaques (Billings et al., 2005;
Takahashi et al., 2017). Aβ42 oligomerization precedes tau
aggregation (Billings et al., 2005; Bilousova et al., 2016).
Thus, we did not include tau-dependent synaptic dysfunction
in this review; nevertheless, since tau aggregation is a
determinant for the propagation and progression of the
pathology, we recommend a recent review on the topic
(Tracy and Gan, 2018).

In contrast with eFAD, LOAD is likely multifactorial,
caused by a combination of aging, lifestyle, and genetic
factors. Given the prediction for heritability of AD to be
between 58 and 79%, geneticists have been looking for gene
variants in LOAD patients (Gatz et al., 2006). Apolipoprotein
E-ε4 was the first genetic risk factor identified and is the
most significant one (Strittmatter et al., 1993). However,
it does not account for all genetic susceptibility (Stocker
et al., 2018). Thus, genome-wide association studies (GWAS)
conducted since 2007 have identified several additional genetic
risk factors associated with LOAD (Grupe et al., 2007; Harold
et al., 2009; Hollingworth et al., 2011; Naj et al., 2014).
A recent meta-analysis of GWAS expanded the initial ‘‘Top

10’’ genes (Lambert et al., 20131) to 37 LOAD putative
risk factors (Jansen et al., 2019; Kunkle et al., 2019). Now
it is crucial to determine how these genes contribute to
AD functionally. We, along with other resesarchers, have
performed gene ontology (GO) analysis and LOAD risk factors
group in three main pathways: endocytic trafficking, immune
response, and lipid metabolism (Figure 1). Interestingly, some
genes, such as ABCA7 and TREM2, are grouped in more
than one pathway. Indeed, it is essential to keep in mind
that these biological pathways intersect; for example, lipid
metabolism influences trafficking at many levels (Huijbregts
et al., 2000) and trafficking in microglia influences the
immune response (McQuade and Blurton-Jones, 2019). Most
attention has been given to how the loss of function of
these genes impacts Aβ, generation (reviewed in Guimas
Almeida et al., 2018), aggregation (Zhang et al., 2018), and
clearance (Van Acker et al., 2019). Recently reviewed data
indicates that LOAD microglia risk genes may impact synapses
(Rajendran and Paolicelli, 2018).

Here, we will review the importance of neuronal endocytic
trafficking for synapses (Barry and Ziff, 2002), how Aβ can
have a physiological synaptic role, and how intraneuronal
and secreted Aβ oligomers affect synapses, highlighting
Aβ-dependent consequences to synaptic endocytic trafficking.
Importantly, we will highlight recent data on how LOAD risk
genes related to trafficking may impact synapse dysfunction,
in particular, the ones related to endocytic protein trafficking
(BIN1, SORL1, PICALM, CD2AP), to lipid trafficking (APOE
and ABCA7), and synapses (EPH1A).

SYNAPTIC ENDOCYTIC TRAFFICKING

Presynaptic Trafficking
Cycles of synaptic vesicles (SV) exocytosis and endocytosis at
the presynaptic active zone membrane mediate neurotransmitter
release. This presynaptic trafficking begins with the arrival of
an action potential that opens Ca2+ channels, which triggers
exocytosis of readily releasable SV pool (RRP), which comprises
the SVs that are docked and primed for exocytosis. There is also
the SV reserve pool, which is mobilized only during periods of
intense neuronal activity. After exocytosis, there are different
routes of endocytosis to recycle SVs. SV components and newly
added membrane need to be recycled to ensure repeated rounds
of release.

The SV fusion machinery is composed of the SNARE
(soluble N-ethylmaleimide-sensitive factor attachment protein
receptor) complex proteins synaptobrevin/VAMP2, syntaxin-1,
and SNAP-25 and SM proteins (‘‘Sec1/Munc-18-like proteins’’),
which promote the assembly of the fusogenic SNARE complex.
To trigger exocytosis, Ca2+ binds to synaptotagmin-1, the
SV calcium sensor protein that, by interacting with the
SNARE complex, modulates its assembly or its coupling to
the plasma membrane, enabling fusion (Tucker et al., 2004;
Wang et al., 2011; Dittman and Ryan, 2019). Upon fusion, NSF
promotes the disassembly and recycling of the SNARE complex

1https://www.alzforum.org/alzgene
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FIGURE 1 | Gene ontology (GO) analysis of LOAD risk factors reveals the enrichment of genes in the trafficking pathway. Nearly half of the 37 LOAD putative risk
factors identified by genome-wide association studies (GWAS) meta-analysis (Lambert et al., 2013; Jansen et al., 2019; Kunkle et al., 2019), have been functionally
grouped by GO analysis in three main pathways: trafficking (orange), immune response (blue), and lipid metabolism (green). GO analysis was performed using the
Cytoscape StringApp (Doncheva et al., 2019).

(Südhof, 2013). SV recycling follows exocytosis to regulate
the presynaptic plasma membrane area and locally regenerate
SVs (Kononenko and Haucke, 2015; Azarnia Tehran et al.,
2018; Chanaday et al., 2019). There are probably several routes
of SV recycling. Here, we focus on endocytic recycling that
starts with endocytosis of SV proteins. When SVs fuse, they
intermix with the plasma membrane (Fernández-Alfonso et al.,
2006); therefore, SV recycling requires sorting and reformation.
Considering the high number of SVs, their identity and
uniformity, protein sorting, and SV reformation are significant
tasks for the presynaptic endocytic machinery. Presynaptic
endocytosis can be mediated by clathrin, by bulk endocytosis, or
by ultrafast endocytosis. Upon the formation of the presynaptic
early endosome, SVs need to be accurately reformed, which
requires endocytic adaptors such as the assembly protein
complex 2 (AP-2) to sort cargo into clathrin-coated pits. AP-3
is an alternative adaptor that can sort SV cargo at endosomes
into reforming SVs but independently of clathrin (Milosevic,
2018). Other clathrin adaptors are neuronal-specific such as

AP180 and LOAD risk factor CALM (for LOAD risk factors,
see below). These proteins are essential for VAMP2 sorting
by still unclear mechanisms. Other endocytic adaptors are
required to ensure sorting fidelity, such as stonin 2 and synaptic
vesicle 2 (SV2A; Kononenko and Haucke, 2015; Gordon and
Cousin, 2016). After the assembly of endocytic vesicles, the BAR
domain proteins, endophilin, amphiphysin, and SNX9/18 form
the vesicle neck and recruit dynamin, which is responsible for
membrane scission. Then, endophilin recruits synaptojanin-1 to
shed the coat off of the released endocytic vesicles (Kononenko
and Haucke, 2015).

Postsynaptic Trafficking
In the postsynaptic site, activation of neurotransmitter-
gated ion channels occurs by the presynaptic release of
neurotransmitters. In an excitatory synapse, the principal
neurotransmitter released is glutamate, which binds NMDA
(N-methyl-D-aspartic acid) receptors, kainate receptors, and
AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazole propionic
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acid) receptors (Waites et al., 2005). Brief periods of high
neuronal excitability activate NMDARs and induce Ca2+

influx, leading to a long-lasting increase in synaptic efficacy.
Repetitive low-frequency stimulation produces long-term
depression (LTD), with a decrease in synaptic strength (Kessels
and Malinow, 2009). Plasticity at synapses, i.e., changes in the
onset or magnitude of long-term potentiation (LTP) and LTD,
can be regulated postsynaptically by changing the number,
types, or properties of neurotransmitter receptors (reviewed in
Henley and Wilkinson, 2016). Regulated trafficking of AMPARs
underlies activity-induced changes in synaptic transmission,
and therefore their abundance at synapses can significantly
strengthen or weaken synaptic transmission (Malinow and
Malenka, 2002; Bredt and Nicoll, 2003; Newpher and Ehlers,
2008). AMPAR subunits can have long- (GluA1, GluA2L, and
GluA4) or short-tailed carboxyl-terminals (GluA2, GluA3, and
GluA4S), which impact their trafficking (Shepherd and Huganir,
2007; Hanley, 2008). The recycling or functional insertion of
AMPARs into the postsynaptic membrane is dependent on
AMPAR-binding proteins, phosphorylation, and ubiquitination
events (Derkach et al., 1999, 2007; Malinow and Malenka, 2002;
Schwarz et al., 2010). The addition of long-tailed AMPARs to the
postsynaptic membrane is correlated with synaptic strengthening
and, therefore, with LTP (Hayashi et al., 2000; Kakegawa et al.,
2004), while LTD is associated with the removal of synaptic
long- or short-tailed AMPARs (Malinow and Malenka, 2002;
Sheng and Hyoung Lee, 2003).

Aβ Physiological Role at Synapses
Although in AD, high Aβ concentration has a toxic effect,
endogenous Aβ concentration has a physiological synaptic
role. Aβ physiological function was first proposed in 2003 by
the Malinow lab and described that blocking Aβ endogenous
production by gamma-secretase inhibition potentiated synaptic
transmission (Kamenetz et al., 2003). In contrast, in 2008, the
Arancio lab showed that exogenous picomolar concentrations
of Aβ, monomers and oligomers, increase LTP, while high
nanomolar amounts of Aβ reduce LTP (Puzzo et al., 2008). In
agreement, the Slutsky lab showed that increasing endogenous
Aβ, by inhibition of neprilysin-mediated degradation, potentiates
synaptic transmission (Abramov et al., 2009). Importantly, SV
recycling was first identified to be endogenously regulated by
Aβ. The Slutsky lab elegantly demonstrated that increasing Aβ

by neprilysin inhibition increases SV recycling, while decreasing
physiological Aβ levels by anti-Aβ antibody-promoted
degradation, in contrast, decreases SV recycling (Abramov
et al., 2009). More recent data indicate that exogenous picomolar
preparations of oligomeric Aβ42 can augment neurotransmitter
release and the length of the postsynaptic density, resulting
in a late-LTP (Gulisano et al., 2019). The mechanisms of how
endogenous Aβ regulates synaptic vesicle recycling and PSD
recruitment for modulating synaptic transmission and plasticity
are unclear. Some evidence indicates that Aβ can bind to alpha7-
nicotinic acetylcholine receptors (Puzzo et al., 2008; Gulisano
et al., 2019) to induce presynaptic calcium entry. Overall, the
evidence points to an Aβ physiological role, but it is still not
clear which form of Aβ is relevant. Does Aβ40 being more

abundant play a different physiological role from Aβ42? Other
products of APP processing, as well as APP full length, also have
synaptic physiological functions that have been recently reviewed
(Ludewig and Korte, 2016).

Aβ-DIRECT IMPACT ON SYNAPTIC
TRAFFICKING

There are several lines of evidence demonstrating that Aβ

is synaptotoxic. In most experimental conditions, exogenous
preparations of synthetic or brain-derived oligomeric Aβ were
used (reviewed by Mucke and Selkoe, 2012), while other
experimental conditions mimicked chronic and time-dependent
Aβ accumulation with overexpression of mutant APP, with only
a few assessing the contribution of intracellular Aβ. Here we
will cover intracellular Aβ-dependent mechanisms focusing on
trafficking dysfunction.

Aβ progressively accumulates within neurons (Gouras et al.,
2000; Mochizuki et al., 2000) in the limiting membrane of
late endosomes or MVBs pre- and especially postsynaptically
(Takahashi et al., 2002; Willén et al., 2017; Yu et al., 2018). This
intracellular Aβ can oligomerize and disrupt synapses (Takahashi
et al., 2004; Pickett et al., 2016). Increased Aβ production,
as a result of overexpression of exogenous APP or β-CTF in
hippocampal slices, is sufficient to depress synaptic transmission,
since inhibiting beta- or gamma-secretase prevented synaptic
depression (Kamenetz et al., 2003).

More mechanistically, increased Aβ42 production, as a
result of overexpression of APP with eFAD Swedish mutation
(APPsw) in primary neurons, is enough to trigger postsynaptic
dysfunction with loss of PSD-95, AMPA and NMDA glutamate
receptors (Almeida et al., 2005; Snyder et al., 2005). Loss
of PSD-95 and spines also occurs in vivo in AD mice and
human AD brain (Gylys et al., 2004; Pham et al., 2010; Proctor
et al., 2010; Sultana et al., 2010; Baglietto-Vargas et al., 2018).
Since PSD-95 drives AMPA receptors’ incorporation in the
postsynaptic density, its loss may underlie the synaptic removal
of these receptors (Ehrlich and Malinow, 2004). The loss of
AMPA receptors likely causes the reduced AMPA receptor-
mediated currents observed even when APP is overexpressed
(Ting et al., 2007). Aβ42 requirement for loss of AMPA
transmission was confirmed when a mutation that inhibits
BACE1 cleavage (APPM596V) blocked synaptic depression
(Ting et al., 2007). Indeed, Aβ-dependent synaptic endocytosis
of AMPA receptors is sufficient to account for spine loss and
reduced NMDA synaptic response (Hsieh et al., 2006). One
interesting study found that intracellular Aβ oligomerization,
induced by overexpression of APP with the Osaka mutation,
reduced spines via dysfunction of BDNF, mitochondria, and
endosomes transport (Umeda et al., 2015). Intracellular Aβ

also interferes with the BDNF TrkB receptors’ endosomal
sorting for lysosomal degradation, which could disturb synapses
(Almeida et al., 2006).

The presynaptic compartment may get affected after the
postsynaptic compartment since the loss of synaptophysin, a
major component of SVs, only occurred after AMPA receptor
synaptic loss (Almeida et al., 2005). Indeed, the presynaptic
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decrease of synaptophysin and synapsin mark AD synaptic
loss. Interestingly, the presynaptic compartments of APPsw
neurons are enlarged but undergo SV recycling (Almeida
et al., 2005). Also, upon sustained neuronal activation of
APPwt neurons, SV recycling is reduced (Ting et al., 2007).
The defects in SV endocytosis could be partially due to
dynamin-1 depletion induced by APPsw overexpression in
eFAD mice (Kelly et al., 2005; Parodi et al., 2010). The
contribution of intracellular Aβ to SV cycle dysfunction remains
mostly unstudied.

Secreted Aβ can affect synapses extracellularly and by
contributing to intracellular Aβ via endocytosis of extracellular
Aβ (Lai and McLaurin, 2010). Endocytosed Aβ oligomers
could translocate to synapses where interaction with the SV
marker synaptophysin can be detected (Russell et al., 2012).
Extracellular Aβ can also form a complex with secreted
ApoE. This complex can bind to low-density lipoprotein
receptor (LDLR) and LRP1, internalize, and accumulate into
endosomes within synapses (Bilousova et al., 2019). It is not
clear how endosomal Aβ can interact with cytosolic proteins.
An answer may be provided by a study that showed that
endocytosed Aβ42 could accumulate in endosomes, increasing
their membrane permeability and facilitating Aβ cytosolic
accumulation and neuronal toxicity (Yang et al., 1998).
Moreover, a recent study demonstrated that Aβ oligomers
in vitro could inhibit the SNARE fusion complex assembly
by direct binding to syntaxin-1a (Yang et al., 2015). Besides,
in vitro, Aβ seems to be able to block synaptophysin complex
formation with VAMP2with relevance for SV exocytosis (Russell
et al., 2012). Thus, when Aβ oligomers rupture endosomes
and reach the cytosol, Aβ could directly inhibit the SV
cycle. This mechanism is similar to the one used by alpha-
synuclein in Parkinson’s disease, where cytosolic alpha-synuclein
oligomerization inhibits SNARE-mediated vesicle fusion in
dopaminergic neurons (Garcia-Reitböck et al., 2010; DeWitt and
Rhoades, 2013).

Secreted Aβ, or exogenous synthetic Aβ, can also bind
extracellularly to excitatory synapses, namely postsynaptically
(Wang et al., 2017; Willén et al., 2017), increasing calcium influx,
which triggers AMPA and NMDA receptor phosphorylation
leading to their removal from synapses by endocytosis (Snyder
et al., 2005; Liu et al., 2010; Miñano-Molina et al., 2011; Sinnen
et al., 2016; Baglietto-Vargas et al., 2018). The mechanisms
of disruption of glutamate receptor trafficking induced by
extracellular Aβ have been extensively reviewed (Guntupalli
et al., 2016). Other synaptic receptors may also be affected
by exposure to Aβ oligomers, such as EphB2, the degradation
of which increases upon Aβ binding (Cissé et al., 2011).
EphB2 regulates NMDAR expression and currents, for long-term
plasticity in the dentate gyrus, consequently regulating memory
(Cissé et al., 2011). Extracellular Aβ may also contribute to
spine loss via F-actin disassembly (Kommaddi et al., 2018). The
mechanisms of SV cycle disruption by extracellular Aβ that seem
to involve calcium influx have been recently reviewed (Marsh and
Alifragis, 2018).

Overall, extracellular Aβ has the same targets of intracellular
Aβ. While the acute treatment with Aβ oligomers promotes

synaptic receptor dysfunction, chronic treatment results in
abnormal spine morphology, with the induction of long thin
spines that, ultimately, cause a significant decrease in spine
density (Lacor et al., 2007). Alternatively, evidence indicates that
extracellular Aβ depends on intracellular Aβ for synaptotoxicity
as follows: Aβ binds to APP with high affinity (Lorenzo et al.,
2000; Lu et al., 2003; Lacor et al., 2004; Fogel et al., 2014; Wang
et al., 2017); extracellular Aβ can promote its processing and
intracellular Aβ accumulation (Tampellini et al., 2009); APP
enriched at synapses can be the synaptic receptor for Aβ (Laßek
et al., 2013; Del Prete et al., 2014; Fanutza et al., 2015; Montagna
et al., 2017); APP KO neurons are resistant to exogenous Aβ

toxicity (Wang et al., 2017); and, extracellular synthetic Aβ

no longer reduces PSD-95 when Aβ production is inhibited
(Tampellini et al., 2009).

In vivo in normal rodent hippocampus, acute exposure to
Aβ dimers extracted from the AD brain reduced dendritic spine
density and potently inhibited LTP and enhanced LTD (Shankar
et al., 2008). Interestingly while LTD requiredmGluR5, spine loss
required NMDA receptors (Shankar et al., 2008). In a 3xTg-AD
mouse model, the chronic accumulation of Aβ correlated
with the impaired synaptic insertion of GluA1-containing
AMPARs during chemical LTP stimulation (Baglietto-Vargas
et al., 2018). However, in some AD models (APP/PS1), a
postsynaptic reduction of AMPA receptors or spine loss was not
a significant phenotype; instead, the presynaptic SV release was
affected (He et al., 2019). A reduction of the phosphoinositol
PtdIns(4, 5)P2 (PIP2) triggered by endogenous or exogenous Aβ

oligomers could account for the presynaptic deficits (Berman
et al., 2008; He et al., 2019). PIP2 is a plasma membrane
phosphoinositide that binds to synaptotagmin-1 on the SV to
allow for its docking and fusion (Lee et al., 2010). Selective
inhibition of Aβ-induced PIP2 hydrolysis via presynaptic
mGluR5 could rescue the presynaptic release of glutamate and
restore synaptic transmission in APP/PS1 mice (He et al., 2019;
Kunkle et al., 2019).

We summarized how Aβ accumulates at the synapse, as well
as the earliest Aβ-dependent mechanisms of synapse dysfunction
(Figure 2).

LOAD GENETIC RISK-DRIVEN
TRAFFICKING DEFECTS IMPACT
SYNAPSES INDEPENDENTLY OF Aβ

Among the 11 LOAD risk genes involved in intracellular
trafficking, we will review the evidence that supports a direct
synaptic (dys)function for APOE4, ABCA7, BIN1, CD2AP,
PICALM, SORL1, and EPH1A.

APOE4
Apolipoprotein E gene (APOE) has a risk LOAD variant
(APOE4). Two single nucleotide polymorphisms (SNPs) generate
three allelic variants of the human APOE gene, ε2, ε3, and ε4 that
affect the structure of the ApoE protein, as well as, the binding to
lipids, receptors, and Aβ (Liu et al., 2013; Yamazaki et al., 2019).
APOE ε3 is the most common allele, with a prevalence of 77.9%,
the ε2 allele is the less prevalent (8.4%), and the ε4 allele has a
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FIGURE 2 | Scheme illustrating how Aβ impacts synaptic trafficking. Scheme of a dysfunctional early-onset familial AD (eFAD) synapse. At the presynaptic terminal:
1. Synaptic vesicle release inhibition, extracellular Aβ endocytosed, alone or via ApoE-LRP endocytosis can accumulate at endosomes. Intracellular Aβ, produced
from APP endocytosis, accumulates at endosomes. Endosomal Aβ can disrupt the endosomal membrane and reach the cytosol, where it can potentially bind to
SNARE subunit syntaxin-1a, or indirectly inhibit synaptophysin or PIP2, thus inhibiting synaptic vesicles (SV) fusion and neurotransmitter release. 2. SV endocytosis
inhibition, extracellular Aβ increases calcium influx, triggers calcium-dependent calpain to degrade dynamin1, reducing endocytosis. 3. SV recycling inhibition by
intracellular Aβ. 4. Transport to synapses inhibition by intracellular Aβ oligomerization. At the postsynaptic terminal: 5. Increased endocytosis of AMPA and NMDA
receptors, by intracellular and extracellular Aβ. 6. Loss of PSD-95 by intracellular Aβ. 7. Impaired endosomal sorting of TrkB receptor, by endosomal Aβ.

frequency of 13.7% that increases in LOAD patients (Farrer et al.,
1997; Michaelson, 2014).

In the brain, ApoE is the primary lipoprotein of high-density
lipoprotein (HDL), mainly secreted by astrocytes and also
produced by neurons (Xu et al., 1999; Hauser et al., 2011).
Secreted ApoE scavenges lipids from the local environment for
cellular delivery. Upon receptor-mediated endocytosis and lipid
unloading, ApoE is released from its receptor at the endosomal
pH and sorted for recycling or degradation (Hauser et al., 2011).

ApoE knockdown altered the cholesterol distribution within
synaptic membranes (Igbavboa et al., 1997). ApoE mediates
cholesterol transport into neurons, increasing synapse formation
(Mauch et al., 2001; Liu et al., 2013). Cholesterol binding
to synaptophysin may enable the correct sorting of SV
constituents at the plasma membrane necessary for SV recycling
(Thiele et al., 2000).

ApoE4 differs from ApoE3 by one aminoacid, which is
sufficient to cause ApoE4 misfolding and abnormal trafficking.
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Reduced ApoE4 recycling and endosomal accumulation
may lead to increased cholesterol intracellular accumulation
(Heeren et al., 2004), as well as increased ApoE4 lysosomal
degradation, accounting for the reduction of ApoE in the
brain of APOE4 carriers (Riddell et al., 2008). ApoE4 is
hypolipidated compared with ApoE3 and ApoE2, the most
lipidated (Heinsinger et al., 2016). The APOE state of lipidation
may be more critical than ApoE levels. There is some evidence
that ApoE4 transports cholesterol into and out of neurons
less efficiently (Michikawa et al., 2000; Rapp et al., 2006).
Controversy exists since ApoE2 may delay AD development by
reducing brain cholesterol (Oikawa et al., 2014).

APOE4 knock-in (KI) increased excitatory postsynaptic
currents in human-induced neurons, suggesting enhanced SV
release or synapse density (Lin et al., 2018). Importantly,
APOE4 KI and APOE KO mice show reduced neuronal
complexity and impaired synaptic plasticity (Trommer et al.,
2004). Importantly, in APOE4 KI mice, LTP is diminished
and LTP maintenance unimpaired (Trommer et al., 2004;
Korwek et al., 2009).

Morphologically, APOE KO and APOE4 KI present less spine
density and shorter spines (Wang et al., 2005; Dumanis et al.,
2009; Rodriguez et al., 2013). Reduced spines could be due to
both a delay in spine formation and increased spine elimination,
as observed in APOE4 KI neurons in vitro (Nwabuisi-Heath
et al., 2014). APOE4 KI show increased calcineurin activity
(Neustadtl et al., 2017), a phosphatase that can dephosphorylate
AMPA receptors, promoting their synaptic removal and
increasing LTD (Zhou et al., 2004). Presynaptically, APOE4 KI
show reduced production of the neurotransmitter glutamate
(Dumanis et al., 2013) and glutamate transporter vGlut1
(Liraz et al., 2013).

ApoE receptors, members of the low-density lipoprotein
(LDL) receptor family, include ApoE receptor 2 (ApoEr2),
very low-density lipoprotein receptor (VLDLR), LDLR, and
LDLR-related protein 1 (LRP1). ApoE receptors allow for
its endocytosis and are also present at synapses, where they
have specific functions (May et al., 2004; Bal et al., 2013;
Bilousova et al., 2019). Presynaptically, ApoE receptors regulate
SV release (Bal et al., 2013). Presynaptic activation of Apoer2 and
VLDLR by Reelin, another ligand, leads to a rise in Ca2+ and
SV fusion (Bal et al., 2013). The SNARE complex involved,
containing VAMP7 and SNAP-25, was specifically up-regulated
(Bal et al., 2013). Interestingly, SNAP-25 levels were higher in
APOE ε4 carriers CSF compared to non-carriers with mild-
cognitive impairment (MCI; Wang et al., 2018). Postsynaptically,
LRP1 interaction with PSD-95 is disrupted upon NMDA
activation to modulate NMDA receptors signaling (Bacskai
et al., 2000; May et al., 2004). LRP1 regulates NMDA receptor
function (May et al., 2004) and endocytosis, promoting, during
development, the switch from NR2B to NR2A subunits at
synapses (Maier et al., 2013). ApoER2 can get trapped in
postsynaptic recycling endosomes upon ApoE4 binding, thus
preventing reelin dependent activation of the NMDA receptor,
decreasing calcium influx and LTP (Chen et al., 2010; Yong et al.,
2014). Long-term spatial memory could require LDLR binding to
ApoE4 (Johnson et al., 2014).

Interestingly, clusterin (or apolipoprotein J), another putative
LOAD genetic risk factor, accumulates in synapses of human
post-mortem brains of APOE4 AD carriers (Jackson et al., 2019).

Research is still needed to address if the detrimental synaptic
effects of ApoE4 are independent of ApoE4 impact on Aβ brain
accumulation. Importantly, genetically correcting APOE4 to
APOE3 in LOAD IPSCs reduced synaptic release and synaptic
density without however rescuing secreted Aβ (Lin et al.,
2018). Complementarity may also exist since APOE KO or
APOE4 KI can potentiate LTP inhibition induced by Aβ

oligomers (Trommer et al., 2005). Also, APOE4 KI in an
early onset model (5xTg mice) increases amyloid pathology
and enhances age-dependent decline in cognitive function by
down-regulating an NMDA receptor pathway (Liu et al., 2015).

ABCA7
ATP-binding cassette transporter A7 (ABCA7) belongs to
the ABC transporter family that transports lipids, including
cholesterol and lipophilic proteins, across membranes. While
some ABCA7 variants increase the risk of developing AD
(Carrasquillo et al., 2015; Cuyvers et al., 2015; Steinberg et al.,
2015; Allen et al., 2017), others are protective (Vasquez et al.,
2013). In LOAD, it is not clear whether ABCA7 expression
is altered early in the disease; surprisingly, in advanced AD,
ABCA7’s higher expression was associated with advanced
cognitive decline (Karch et al., 2012). ABCA7 knockout mice
have altered brain lipid profiles, and when aged, show impaired
spatial memory (Sakae et al., 2016) with more pronounced
effects in female mice (Logge et al., 2012). ABCA7 knockout
may accelerate amyloid pathology in some eFAD mouse
models (APP/PS1; Sakae et al., 2016), but not in others
(J20; Kim et al., 2013). Whether or not ABCA7 knockout
impacts cognitive function needs to be studied. Suggestive of an
effect on synaptic function, a recent study found that healthy
ABCA7 carriers show impaired cortical connectivity (Sinha
et al., 2019). Interestingly, there might be genetic interactions
between APOE4 with ABCA7 that impact memory (Chang et al.,
2019). ABCA7 expression in the brain is highest in neurons
(Zhang et al., 2014).

BIN1
Bridging integrator-1 gene (BIN1) encodes for Bin1, a
member of the BAR (Bin–Amphiphysin–Rvsp) superfamily
(Sakamuro et al., 1996), homologous to the previously reported
amphiphysin-1 (Lichte et al., 1992; Leprince et al., 1997). Bin1,
with highest expression in brain and skeletal muscle (Sakamuro
et al., 1996; Butler et al., 1997), undergoes alternative splicing
(Tsutsui et al., 1997), originating at least 10 isoforms. The main
isoforms are a longer neuronal-specific isoform with an extra
clathrin binding domain (CLAP), two ubiquitous, and a muscle
isoform (Ramjaun et al., 1997). All contain an N-BAR domain,
through which Bin1 confers and senses membrane curvature,
and a C-terminal SH3 domain that mediates Bin1 interaction
with proteins involved in endocytosis, such as amphiphysin-1,
dynamin (Butler et al., 1997; Leprince et al., 1997; Ramjaun et al.,
1997; Wigge et al., 1997) and endophilin (Micheva et al., 1997).
The brain expresses mainly the Bin1 neuronal-specific isoform
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and at least one ubiquitous isoform (Prokic et al., 2014). Initially,
Bin1 was detected in brain synaptosomes and was shown to
localize to axon initial segments and nodes of Ranvier (Butler
et al., 1997; Wigge et al., 1997; Wigge and McMahon, 1998).

Bin1 can dimerize, through its BAR domain, with itself or with
amphiphysin-1 (Wigge et al., 1997). Overexpressed Bin1 inhibits
clathrin-mediated endocytosis (Wigge et al., 1997). In contrast,
BIN1 knockdown reduced the recycling but not endocytosis of
the transferrin receptor in fibroblasts and HeLa cells (Muller
et al., 2003; Pant et al., 2009). In neurons, Bin1 polarizes to axons,
where its knockdown reduced BACE1 recycling and degradation
but not its endocytosis (Miyagawa et al., 2016; Ubelmann
et al., 2017). Mechanistically, Bin1 contributes to the scission
of recycling carriers from early endosomes (Ubelmann et al.,
2017). Neuronal BIN1 knockdown enlarges early endosomes by
cargo accumulation or over-activation of Rab5, a small GTPase
and regulator of early endosome formation, by interaction
with RIN3, a Rab5 GEF and a putative risk factor for LOAD
(Calafate et al., 2016).

The expression of Bin1 in the AD brain remains controversial.
In AD human brains, BIN1 transcription increases (Chapuis
et al., 2013). In contrast, BIN1 protein decreases in sporadic AD
human brains (Glennon et al., 2013). In eFAD models, there is
BIN1 accumulation adjacent to amyloid plaques (De Rossi et al.,
2019). Subsequently, a separate analysis of two Bin1 isoforms,
neuronal and ubiquitous, indicated reduced neuronal BIN1 but
increased ubiquitous BIN1 in AD human brains (Holler et al.,
2014; De Rossi et al., 2016).

To investigate the impact of Bin1 overexpression, the Lambert
lab generated a human BIN1 transgenic mouse (hBin1-Tg;
Daudin et al., 2018). The hBin1-Tg mice showed an early
phenotype of neurodegeneration starting at 3 months, with
structural impairment of fiber pathways and structural and
functional changes in entorhinal cortex-dentate gyrus (EC-DG)
pathway, the earliest brain region impacted in LOAD (Khan
et al., 2014; Small, 2014). BIN1 overexpression seems to affect
hippocampal physiology, even in the absence of amyloid plaques
(Daudin et al., 2018). These data show that the BIN1 risk factor
can be sufficient to generate phenotypic changes before the
accumulation of Aβ plaques or tau aggregates.

The di Camilli lab identified a synaptic role for Bin1 (Di Paolo
et al., 2002). They found Bin1 depleted in the amphiphysin-1
knockout mice. Amphiphysin-1 knockout and Bin1 knockdown
mice synaptosomes exhibited SV recycling defects, such as slower
recycling and a smaller pool of SVs and irreversible seizures
(Di Paolo et al., 2002). Unfortunately, BIN1 knockout mice
die after birth due to muscle defects (Muller et al., 2003). In
neurons, Bin1 enriched in axons (Ubelmann et al., 2017) has a
presynaptic localization (Di Paolo et al., 2002) and in vitro binds
to SV glycoprotein 2A (SV2A; Yao et al., 2010), suggesting a
presynaptic role for Bin1.

Additionally, a proteomic analysis of postsynaptic
compartments identified Bin1, suggesting a postsynaptic
role for Bin1 (Bayés et al., 2011). Subsequently, both an increase
and a decrease in Bin1 levels led to a small impact on spine
morphology (Schürmann et al., 2019). BIN1 knockdown resulted
in a reduction of the mean amplitude of AMPAR currents and

reduced surface expression of GluA1 in spines and the dendritic
shaft (Schürmann et al., 2019). Given that Bin1 is a regulator of
endocytic recycling (Pant et al., 2009; Ubelmann et al., 2017), it
could be necessary for GluA1 synaptic insertion, via recycling
carriers from postsynaptic endosomes (Oku and Huganir, 2013).

CD2AP
CD2AP, CD2-associated protein, belongs to the CIN85/CD2AP
protein family, contains three SH3 domains in the N-terminal,
a proline-rich domain, and a coil-coiled domain in the
C-terminal. CD2AP enriched in podocytes functions in kidney
glomeruli (Shih et al., 1999; Dikic, 2002). In podocytes foot
processes, in T-cell contacts, at the lamellipodia of migrating
cells, CD2AP is at the interface between endocytic trafficking and
actin cytoskeleton (Dustin et al., 1998; Li et al., 2000; Welsch
et al., 2005; Zhao et al., 2013).

It is still unknown whether CD2AP has a synaptic function.
Interestingly, in the kidney, CD2AP interacts with endophilin
and, as CIN85, with dynamin and synaptojanin, proteins that
have synaptic functions in neurons (Soda et al., 2012). In
neurons, a pool of CD2AP localizes to dendritic but not axonal
early endosomes (Ubelmann et al., 2017). Functionally, there
is only one recent study of Cindr, CD2AP/CIN85 homolog in
Drosophila melanogaster (Ojelade et al., 2019). Cindr localizes to
presynaptic boutons. Importantly, Cindr depletion leads to the
impairment of synaptic maturation and SV recycling and release.
Mechanistically, Cindr forms a complex with 14–3–3, a regulator
of UPS-mediated degradation, to control the levels of calcium
channels and synapsin (Ojelade et al., 2019). This study suggests
that CD2AP, like Cindr, could regulate neurotransmission and
synaptic plasticity.

In the future, it would be imperative to understand if in AD
brain CD2AP expression is altered and if its loss of function
has an impact on synapses, whether if it is through presynaptic
channels degradation or postsynaptic endosomal missorting.

PICALM
PICALM encodes for CALM (clathrin assembly lymphoid
myeloid leukemia), a ubiquitous expressed endocytic clathrin
adaptor, the paralog of the neuronal-specific AP180 (Dreyling
et al., 1996; Yao et al., 2005). Both bind to membrane lipids, such
as PI(4, 5)P2, through their N-terminal domain and interact
with clathrin through their C-terminal (Yao et al., 2005). In
neurons, AP180 is mostly presynaptic, while CALM is both
pre- and postsynaptic (Yao et al., 2005). AP180 and CALM
are involved in neuronal growth, but are not functionally
redundant; AP180 controls axonal development, while
CALM controls dendritic morphology (Bushlin et al., 2008).
AP180 participates specifically in clathrin-mediated SV recycling
(Vanlandingham et al., 2014).

At the plasma membrane, CALM sorts cargo into nascent
clathrin-coated vesicles and recruits R-SNARES (Vamp2, 3, 4,
7, and 8) to endocytic vesicles allowing for fusion into early
endosomes (Meyerholz et al., 2005; Sahlender et al., 2013).

Presynaptically, CALM facilitates VAMP2 synaptic
endocytosis (Harel et al., 2008; Koo et al., 2011; Gimber
et al., 2015). Interestingly, VAMP2 is essential for the fusion of
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SVs and neurotransmitter release (Fernández-Alfonso and Ryan,
2006). CALM can also recluster associated and integral synaptic
proteins, such as synaptophysin and synaptotagmin, after SV
exocytosis, for sorting into endocytic vesicles for SV recycling
(Gimber et al., 2015; Xu et al., 2015).

Postsynaptically, CALM can modulate the abundance of
GluA2 at the postsynaptic membrane by influencing its
endocytosis (Harel et al., 2011), indicating a possible role of
CALM in AMPA receptor dysfunction in AD.

EPH1A
Eph receptors are a large family of receptor tyrosine kinases
(RTK). Based on their structural similarity and the interaction
with their ligands, the Eph family members are divided into two
types, Eph type-A (EphA) and Eph type-B receptors (EphB), with
nine and five members respectively. Their natural ligands are
membrane-anchored molecules bound to the cell surface called
ephrins. EphrinAs, with higher affinity to EphA, are ligands
bound to the cell surface through a glycosylphosphatidylinositol
(GPI)-linked moiety, and ephrinBs preferentially interact with
transmembrane EphB (Pasquale, 2004; Héroult et al., 2006).

Ephrins also present reverse signaling properties, and
Eph-ephrin binding can function in a bidirectional way between
two opposing cells. Therefore, Ephs and ephrins localize both
pre- or postsynaptically; their signaling can be initiated at the
presynapse andmove forward or reverse via the postsynaptic Eph
receptor, and signaling can be initiated at the postsynapse and
translated through a presynaptic Eph receptor (Klein, 2009).

Ephs and ephrins function in the formation and regulation
of excitatory synapses is well established (Hruska and Dalva,
2012; Sloniowski and Ethell, 2012). EphA4 regulates dendritic
spine morphogenesis in the hippocampus, triggering dendritic
spine retraction (Bourgin et al., 2007) in a process involving
actin (Zhou et al., 2012), Cdk5 (Fu et al., 2007) and integrins
(Bourgin et al., 2007). Also, postsynaptic EphA4, but not axonal,
is required for synaptic plasticity (Filosa et al., 2009). EphB is
necessary for spine formation via N-WASP and Cdc42 (Irie and
Yamaguchi, 2002), in an RhoA-GEF-dependent manner (Penzes
et al., 2003; Margolis et al., 2010). Also, EphB is necessary for
spine morphogenesis and synapse formation in the hippocampus
(Henkemeyer et al., 2003), as well as for the recruitment,
localization, and function of NMDA receptors (Dalva et al., 2000;
Takasu et al., 2002; Nolt et al., 2011). EphBs are also crucial for
synaptic plasticity (Grunwald et al., 2004).

In AD-related models, Aβ oligomers can bind to EphB2,
depleting them, and consequently impairing synaptic plasticity
and cognitive functions (Cissé et al., 2011).

Although the EPHA1 gene has been known as a putative
risk factor since 2011 (Hollingworth et al., 2011; Naj et al.,
2011), it is still unclear how EPHA1 could contribute to LOAD
synapse dysfunction.

SORL1
SORL1 encodes for the sortilin-related receptor with A-type
repeats (Sorla), also known as LR11, a member of the vacuolar
protein sorting ten domain (VPS10) receptor family and
LDLR family (Jacobsen et al., 1996; Yamazaki et al., 1996).

SORL1 variants were first associated with LOAD in 2007
(Rogaeva et al., 2007), but a decrease in Sorla expression in the
brain of AD patients had been already observed in 2004 by the
Lah lab (Scherzer et al., 2004) and in 2005 by the Willnow lab
(Andersen et al., 2005). Even in mild cognitive impairment, there
is less Sorla expression (Sager et al., 2007). Sorla expression is
widespread in the brain (Motoi et al., 1999) and localizes to early
endosomes and Golgi compartments (Andersen et al., 2005; Offe
et al., 2006) as well as pre- and postsynaptic compartments (Rohe
et al., 2013; Hartl et al., 2016).

SORL1’s role in synaptic function is unclear. In neurons,
Sorla may function as a neuroprotective factor supported by
findings that Sorla is a sorting factor for the tropomyosin-related
kinase receptor B (TrkB) to facilitate trafficking between synaptic
plasma membrane, postsynaptic densities, and cell soma (Rohe
et al., 2013). TrkB is a receptor of brain-derived neurotrophic
factor (BDNF), a growth factor involved in neuronal survival
(Chao, 2003).

Presynaptically, Sorla can interact with phosphorylated
synapsin, via 14–3–3 adaptor proteins to sort it for degradation
by the protease calpain (Hartl et al., 2016). Also, supporting a
role for Sorla in regulating synapsin turnover, a proteomic study
of cortices and hippocampus of SORL1-deficient mice revealed
an increase in synapsin 1 and 2 (Hartl et al., 2016).

Postsynaptically, Sorla interacts with the synaptic
EphA4 receptor tyrosine kinase attenuating its activation by
ephrinA1 (Huang et al., 2017). Interestingly, EPhA4 activation
by ephrinA1 induces spine retraction (Sloniowski and Ethell,
2012). Sorla overexpression in vivo decreases EPhA4 activation
and reduces the deficits caused by Aβ in LTP and memory (Fu
et al., 2014; Huang et al., 2017). This study indicates that in
LOAD, decreased Sorla may account for increased activation of
spine retraction, maybe even in the absence of Aβ.

We attempted to summarize how LOAD trafficking genes
may affect synapses, although direct supporting data is missing
in most cases (Figure 3).

CONCLUSION

For many years, LOAD etiology has been a debatable topic
among researchers. The amyloid hypothesis has dominated
the field as the leading cause of AD. Experimental models of
eFAD support this hypothesis, as well as the delay of disease
onset in carriers of the AD protective mutation in APP that
reduces Aβ production (Jonsson et al., 2012). It remains unclear
if Aβ accumulation causes the earliest synaptic dysfunction
in LOAD.

Moreover, most clinical trials targeting Aβ aggregation
cleared amyloid plaques, but the cognitive improvement was
limited at best. Today, clinical trials include patients early in the
disease, but it is still unclear if once disease manifests, it will be
possible to revert synapse damage. In the future, based on the
genetic risk, it will be possible to predict the age of onset, and thus
preventive therapeutic strategies targeted at the still reversible
synapse dysfunction may be the solution. Now, we need to
determine the targets for future preventive therapies based on the
mechanisms that drive the initial synaptic dysfunction in AD.
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FIGURE 3 | Scheme of a dysfunctional LOAD synapse illustrating how LOAD trafficking genes impact synaptic trafficking. At the presynaptic terminal, 1. Sorl1 and
Cindr (CD2AP homolog) interact with synapsin, via 14–3–3, and their loss of function leads to aberrant synapsin accumulation. 2. CALM mediates
VAMP2 endocytosis and SNARE complex recycling. 3. Bin1 interacts with dynamin and SV2 and could play a role in SV endocytosis. 4. ApoE4 and ABCA7 alter the
transport of cholesterol and other lipids into neurons, leading to cholesterol retention in recycling endosomes and depletion from the synaptic membranes. At the
postsynaptic terminal, 5. Sorl1 attenuates EphA4 activation by ephrinA1, causing spine retraction. 6. Bin1 regulates GluA1 availability at synapses via recycling.
7. CALM regulates GluA2 availability at synapses via endocytosis. 8. ApoE4 regulates AMPA receptor availability at synapses via calcium influx, calcineurin activation,
that dephosphorylates AMPA receptors triggering their endocytosis.

Here we reviewed the Aβ-dependent mechanisms of synapse
function and dysfunction as well as potentially Aβ-independent
mechanisms.We found evidence in the literature supporting that
Aβ, at the physiological concentration (picomolar), facilitates
synaptic transmission and plasticity while reducing it when at
pathological levels (nanomolar). Pathological Aβ has multiple
synaptic targets indicating a broad impact on synapse or a lack of
specificity. Alternatively, the multiplication of Aβ targets reflects
the need for an effort from the research community to improve
cellular and in vivo models, to uniformize the experimental
conditions, and to integrate individual findings. Overall, we
find that presynaptically, Aβ targets the synaptic vesicle cycle
and neurotransmitter release. However, the mechanism thus

far identified depends on the disruption of the endosomal
membrane by Aβ. Once at the cytosol, at least in vitro,
Aβ can bind to the SV release machinery and disrupt SV
release. Postsynaptically, Aβ targets spine loss and glutamate
receptors endocytosis, depressing synaptic transmission; the
mechanism involved seems to depend on extracellular Aβ-driven
calcium influx and endosomal Aβ. However, the mechanisms
by which endosomal Aβ interferes with synapses remain
mostly unknown.

Moreover, the generalized use of exogenous Aβ treatments
or transgenic models overexpressing APP or presenilin with
eFAD mutations may disguise relevant Aβ-dependent synaptic
dysfunction mechanisms, such as the ones mediated by aging or
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by LOAD risk factors. So, there is an increasing need for better
models to understand the physiological targets of Aβ in AD.

Regarding Aβ-independent mechanisms of synapse
dysfunction, we focused on LOAD genetic risk factors linked to
endocytic trafficking, given its importance for synapses. There
are few studies on the impact of these genes’ loss of function
and even less on the effects of patient’s variants. Nevertheless,
it is interesting to find that most of the LOAD genes, similarly
to Aβ, control the synaptic vesicle cycle and the trafficking of
glutamate receptors.

Knowing the synaptic dysfunction mechanisms used by
each LOAD gene will likely reveal novel targets that may
be independent of Aβ. It would be essential to correlate the
mechanism of each LOAD gene with the cognitive decline and
the carrier genotype.

Therefore, new preclinical animal and cellular models bearing
LOAD genetic risk are being established and will hopefully soon
contribute to identifying early LOAD therapeutic targets and
potential biomarkers. Thus, with these new medical strategies,
we might approach LOAD during its prodromal phase, and we
might minimize the disease burden, expanding life span with a
better quality of life.
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Microglial cells have emerged as crucial players in synaptic plasticity during development
and adulthood, and also in neurodegenerative and neuroinflammatory conditions. Here
we found that decreased levels of Sirtuin 2 (Sirt2) deacetylase in microglia affects
hippocampal synaptic plasticity under inflammatory conditions. The results show that
long-term potentiation (LTP) magnitude recorded from hippocampal slices of wild
type mice does not differ between those exposed to lipopolysaccharide (LPS), a
pro-inflammatory stimulus, or BSA. However, LTP recorded from hippocampal slices
of microglial-specific Sirt2 deficient (Sirt2−) mice was significantly impaired by LPS.
Importantly, LTP values were restored by memantine, an antagonist of N-methyl-
D-aspartate (NMDA) receptors. These results indicate that microglial Sirt2 prevents
NMDA-mediated excitotoxicity in hippocampal slices in response to an inflammatory
signal such as LPS. Overall, our data suggest a key-protective role for microglial Sirt2 in
mnesic deficits associated with neuroinflammation.

Keywords: sirtuin 2, long-term potentiation, microglia, neuroinfalmmation, memantine

INTRODUCTION

Neuroinflammation generally refers to the noxious effects caused by immunological activation of
microglia and astrocytes in various diseases of the central nervous system (CNS) and also in aging
(Streit et al., 2004).

Microglia are primary innate immune cells, the resident macrophages of the CNS that constantly
survey the microenvironment. They are known to play an important role in regulating brain
development and in synaptic plasticity, controlling synapse formation, function and elimination
during development and adulthood (Lenz and Nelson, 2018; Lee and Chung, 2019). Additionally,
abnormal microglial activation, through the activation of the transcription factor NF-κB (Glass
et al., 2010), a master regulator of the inflammatory and neurotoxic gene response (Streit et al.,
2004; Glass et al., 2010), contributes to the initiation and progression of various neurodegenerative
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diseases (Glass et al., 2010). Once the delicate neuro-glial
interactive balance is compromised, CNS synaptic transmission,
plasticity and memory are also affected (Streit et al., 2004;
Bains and Oliet, 2007; Di Filippo et al., 2008). Indeed, the
release of pro-inflammatory molecules such as IL-1β may result
in synaptic dysfunction. Accordingly, there are evidences that
both peripheral and central inflammation are associated with
impairments of synaptic plasticity in particular of hippocampal
CA1 long-term potentiation (LTP) which is dependent on
glutamate NMDA receptors activation (Di Filippo et al., 2013).
LTP is considered an electro-physiological model for the basic
mechanisms involved in learning and memory formation (Bliss
and Collingridge, 1993; Martin and Shapiro, 2000) known to be
impaired in models of neurodegenerative diseases characterized
by mnesic deficits (Martin and Shapiro, 2000; Lynch, 2004).

Sirtuins are a seven-member (SIRT1-SIRT7) family of NAD+-
dependent lysine deacetylases in humans and other mammals
that can act on different substrates and regulate a variety of
cellular functions, comprising genome maintenance, longevity
and metabolism (Westphal et al., 2007; Yamamoto et al.,
2007; Vassilopoulos et al., 2011). They have been shown to
hold protective effects against age-related diseases such as:
cancer, diabetes, cardiovascular and neurodegenerative diseases,
including Alzheimer’s disease (AD) and Parkinson’s disease (PD)
(Donmez and Outeiro, 2013). Sirtuins interfere with multiple
key processes of neurodegeneration, namely by preventing
the accumulation of toxic protein aggregates and restoring
protein homeostasis (Donmez and Outeiro, 2013), by increasing
transcription of important genes for learning and memory with
an impact in neural plasticity (Herskovits and Guarente, 2014),
by reducing oxidative stress through activation of mitochondrial
functions (Osborne et al., 2016) and by suppressing sustained
chronic inflammation via inhibition of NF-κB and through
epigenetic modifications (Han, 2009; Min et al., 2013).

Sirt2 is the most abundant sirtuin in the brain (Maxwell et al.,
2011). It is primarily a cytoplasmic protein that can transiently
shuttle into the nucleus during mitosis but little is known about
its precise function (Harting and Knoll, 2010; de Oliveira et al.,
2012). An increasing number of studies have reported that Sirt2
is involved in the regulation of inflammatory diseases (Yu et al.,
2016; Yuan et al., 2016). In particular, Sirt2 has been shown to be a
potential regulator of brain inflammatory responses mediated by
microglia, holding a key inhibitory role in microglia−mediated
inflammation and neurotoxicity (Pais et al., 2013). Upon pro-
inflammatory stimuli, to counteract microglial overactivation,
Sirt2 is dephosphorylated, which enhances its deacetylase activity.
Sirt2 deacetylates NF-κB (which is found hyperacetylated in
the absence of Sirt2), inhibiting thus NF-κB-dependent pro-
inflammatory cytokine expression and preventing, this way,
excessive transcription of genes that are related to aging and
inflammation (Pais et al., 2013; Lo Sasso et al., 2014; Rothgiesser
et al., 2019). Therefore, Sirt2 might function as a “gatekeeper,”
preventing excessive microglial activation and restraining its
deleterious effects through NF-κB deacetylation. Indeed, it has
been shown that intra-cortical injection of LPS decreases Sirt2
levels in the brain of wild type mice and is associated with
increased nitrotyrosination, neurotoxicity and neuronal cell

death in Sirt2 deficient mice (Fernandes et al., 2012; Kim et al.,
2013; Pais et al., 2013).

Additionally, Sirt2 was shown to alleviate neuropathic pain
(Zhang and Chi, 2018) and traumatic brain injury (Yuan
et al., 2016) associated with inhibition of NF-κB signaling
and neuroinflammation. On the other hand, deletion of Sirt2
resulted in depressive-like behaviors and impaired hippocampal
neurogenesis (Liu et al., 2015).

Given that Sirt2 plays a key role in microglia-
mediated inflammation, and that LTP can be affected by
neuroinflammation, we aimed to investigate the impact of
microglial-Sirt2 deficiency on hippocampal LTP. Our findings
revealed that, upon LPS inflammatory stimulus, Sirt2-deficiency
in microglia leads to an LTP impairment in hippocampal slices,
which can be reversed by prior exposition of hippocampal
slices to memantine, an antagonist of NMDA receptor. Our
results suggest that microglial Sirt2 prevents NMDA-mediated
excitotoxicity in hippocampal slices stimulated with LPS,
revealing thus a key-protective role for microglial Sirt2 in mnesic
deficits associated with neuroinflammation.

MATERIALS AND METHODS

Animals
Myeloid-specific Sirt2 deficient mice, LysMCre/wtSirt2flox/flox,
were generated at Instituto de Medicina Molecular João Lobo
Antunes (IMM) by crossing LysMCre/wt mice (The Jackson
Laboratory) with Sirt2flox/flox mice (Dr. Auwerx, Laboratory
of Integrative and Systems Physiology, Ecole Polytechnique de
Lausanne (EPFL), Switzerland). LysMwt/wtSirt2flox/flox mice were
used as control. The experimental animals were 2–6 months old.

All experiments were performed according to institutional and
national guidelines, with local ethical approval in accordance
with the recommendations of “Directive 2010/63/EU.”

Microglia
Primary microglial cell cultures were prepared from
individual newborn LysMCre/wtSirt2flox/flox and control
LysMwt/wtSirt2flox/flox mice as described before with a purity
>90% (Pais et al., 2008). Briefly, after removal of the meninges,
brains were mechanically disrupted in cold Hank’s balanced
salt solution (HBSS). Cells were cultured in high-glucose
Dulbecco’s Modified Eagle Medium (DMEM) containing
Glutamax (Invitrogen) and supplemented with 10% FBS
(Endotoxin <10 EU/ml), 5 µg/ml insulin (Sigma), 2.0 mg/ml
L-glucose (Sigma), 0.25 ng/ml Granulocyte-macrophage
colony-stimulating factor (GM−CSF) (Peprotech) and 1%
Penicillin-Streptomycin 50 mM (Invitrogen) for 10 days.
Medium was changed after 3 days and at day 6, an equal amount
of medium was added to the culture. The confluent mixed glial
cell cultures were shaken for 2 h at 250 r.p.m. and microglial cells
obtained from the supernatant after centrifugation.

Adult microglia were obtained from brains of
LysMCre/wtSirt2flox/flox and control LysMwt/wtSirt2flox/flox mice
(8 weeks old) perfused with 30 ml of PBS via the left ventricle of
the heart as described before (Pais and Chatterjee, 2005). Brains
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were removed and homogenized in HBSS containing collagenase
VIII (0.2 mg/ml) (Sigma). After incubation for 45 min at
37◦C, the digested tissue was minced, strained trough a nylon
cell strainer of 100 µm (BD FalconTM) and centrifuged. The
pellet was ressuspended in 30% Percoll (Amersham Biosciences
AB, Upssala, Sweden) in PBS and centrifuged at 515 g for
30 min at room temperature. Microglial cells were obtained
after MACS Cell separation of the pelleted cells incubated with
CD11b (Microglia) MicroBeads (Milteny Biotec) according to
manufacturer’s instructions. The purity of isolated microglial
cells by MACS assessed by CD11b staining and flow cytometry
analysis is within 80–90%.

Western Blot Analysis
Western blot analysis was performed to confirm that microglial
expression of Sirt2 was decreased in primary cultures and in adult
microglia isolated from LysMCre/wtSirt2flox/flox in comparison
with cells obtained from control LysMwt/wtSirt2flox/flox mice
(Supplementary Figure 1). Primary microglial cells and brain
adult microglia extracts were prepared in NP-40 lysis buffer
(150 mM NaCl, 50 mM Tris–HCl, 1% NP-40 for cell culture;
50 mM Tris, 1 mM EDTA, 5 mM MgCl2, 1% Triton X-
100 for brain tissue) containing protease and phosphatase
inhibitors (Roche Diagnostics GmbH) and resolved in 12% SDS
gels. Proteins were transferred onto nitrocellulose membranes
(Bio−Rad) and incubated with primary antibodies against
Sirt2 (Sigma) and β-actin (Applied Biosystems) or NF-κB p65
(acetyl K310) (Abcam) followed by incubation with horseradish
peroxidase-conjugated secondary antibodies (GE Healthcare).
The immunoreactivity was detected with an Immobilon Western
Chemiluminescent HRP Substrate (Millipore).

Hippocampal Slice Preparation
LysMCre/wtSirt2flox/flox and control LysMwt/wtSirt2flox/flox mice
were sacrificed under sevoflurane anaesthesia (Merial, Harlow,
United Kingdom) and brains rapidly removed. The skull was
exposed by cutting the skin at the top of the head, the cerebrum
bisected along the midline, separating the two hemispheres, and
both hippocampi dissected in ice-cold, oxygenated (95% O2,
5% CO2) Kreb’s solution (artificial cerebrospinal fluid, aCSF)
containing (in mM): 124 NaCl, 3 KCl, 1.25 NaH2PO4, 26
NaHCO3, 1 MgSO4, 2 CaCl2, and 10 mM glucose, pH 7,4.
Hippocampal slices (400 µm thick) were cut perpendicularly
to the long axis of the hippocampus using a McIlwain tissue
chopper, and incubated in a submerged resting chamber, with
Kreb’s solution, at room temperature, for at least 1 h prior to
experimentation, for functional and energetic recovery.

Hippocampal slices, after resting for 1 h at room temperature,
were incubated at room temperature, either with LPS (10 µg/ml;
Escherichia coli serotype 055:B5, Sigma) or with control BSA
(0,002%; Bovine serum albumin) for 20 min.

To assess the role of NMDA receptors activation (namely
the extra-synaptic ones), the hippocampal slices were incubated,
after resting, first with memantine (1 µM, for 60 min).
After this first incubation step, the hippocampal slices from
LysMCre/wtSirt2flox/flox and control LysMwt/wtSirt2flox/flox mice
were subsequently exposed either to LPS or control BSA.

Ex vivo Microelectrophysiological
Recordings: LTP Induction, Registration
and Quantification
Slices were transferred to a recording chamber for submerged
slices and continuously superfused at 3 ml/min with Kreb’s
solution at 32◦C, gassed with 5% CO2 and 95% O2.

Recordings were obtained with an Axoclamp 2B amplifier and
digitized (Axon Instruments, Foster City, CA, United States).
Individual responses were monitored, and averages of six
consecutive responses were continuously stored on a personal
computer with the LTP program (Anderson and Collingridge,
2001). Field excitatory post-synaptic potentials (fEPSPs) were
recorded through microelectrode (2–6 M� resistance) placed in
the stratum radiatum of the CA1 area. Recording electrodes were
pulled from borosilicate glass capillary tubes (Harvard Apparatus,
United States) and filled with aCSF.

In LTP experiments, stimulation (rectangular 0.1 ms pulses,
once every 10 s) was delivered alternatively to two independent
pathways through two bipolar concentric electrodes placed on
the Shaffer collateral/commissural fibers in the stratum radiatum.
The intensity of the stimulus was adjusted to obtain a fEPSP slope
within 50% of the maximum slope recorded and having minimal
contamination with population spikes.

A stable baseline of at least 20 min was recorded prior to
application of theta-burst stimulation (TBS) protocol, which
consisted of 10 bursts of 4 stimuli at 100 Hz, separated by 200 ms.
The intensity of the stimulus was never changed during these
induction protocols. LTP was quantified as the % of change in
the average slope of the fEPSP taken from 50 to 60 min after LTP
induction in relation to the average slope of the fEPSP measured
during the 10 min that preceded the induction of LTP.

Data were acquired using WinLTP 2.01 M,X-Series software
and are presented graphically as mean percentage EPSP
slope± standard error of the mean (SEM).

Input-Output Curve
Input–output curves (I/O) in slices from different genotype
groups were performed to ensure that modifications in
LTP magnitude were not due to changes in basal synaptic
transmission. After obtaining a stable baseline for at least 15 min,
the stimulus delivered to the slice (rectangular 0.1 ms pulses, once
every 15 s) was decreased until disappearance of the fEPSPs. The
stimuli delivered to the slice were then progressively increased
by steps of 20 mA. For each stimulation condition, data from
three consecutive averaged fEPSP (each averaged fEPSP is the
computerized mean of six individual fEPSP) were stored. The
range of all inputs delivered to the slice was typically from 60 mA
to supra-maximum stimulation amplitude of 300 mA. The input–
output curve was plotted as the relationship of fEPSP slope vs
stimulus intensity, providing a measure of synaptic efficiency.
The max slope (Emax) values were obtained by extrapolation
upon nonlinear fitting of the I/O curve.

Statistical Analysis
Values are reported as mean ± standard deviation (SD).
Significant differences between different genotypes and
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treatments were assessed by means of two-way ANOVA with
Bonferroni’s post-hoc correction using IBM SPSS Statistics
for Macintosh, Version 25.0. Armonk, NY: IBM Corp.
Values of p < 0.05 were considered to represent statistically
significant differences.

RESULTS

LPS Induces LTP Impairment in
Hippocampal Slices Deficient in
Microglial Sirt2
Theta-burst-stimulation (TBS) reliably induced a robust and
reproducible LTP in both hippocampal slices of mice deficient in
microglial Sirt2 (Sirt2−) and control mice (Ctr) when incubated
either with BSA as a control or with LPS (Figures 1A,B).
Two-way analysis of variance revealed a significant main effect
for treatment, F(1,20) = 23.23, p < 0.0001, and a significant
interaction between treatment and group, F(1,20) = 12.56,
p < 0.0001. Bonferroni post hoc test was conducted and
evidenced a statistically significantly LTP magnitude decrease
in slices from Sirt2− mice when incubated with LPS in
comparison to BSA (LTP-Sirt2−LPS = 27.43 ± 10.26 %, n = 6
vs LTP-Sirt2−BSA = 92.65 ± 24.07 %, n = 6; p = 0.001),
while there was no significant difference between LPS and
BSA-incubated slices of Ctr mice (p > 0.05) (Figure 1C).
Therefore, lower levels of Sirt2 in microglia strongly reduced
the LTP magnitude of hippocampal slices incubated with LPS
(Figure 1B). Additionally, LTP magnitude was significantly
increased in BSA-treated slices from Sirt2− mice in comparison
to slices from Ctr mice (LTP-Sirt2−BSA = 92.65 ± 24.07 %, n = 6
vs LTP-CtrBSA = 64.44 ± 18.57 %, n = 6; p = 0.019) (Figure 1C).
Moreover, LTP magnitude recorded in hippocampal slices from
Sirt2− mice exposed to LPS was significantly reduced when
compared to LTP magnitude recorded in similar conditions in
hippocampal slices from Ctr mice (LTP-Sirt2−LPS = 27.43± 10.26
%, n = 6 vs LTP-CtrLPS = 54.49 ± 20,75 %, n = 6;
p = 0.023) (Figure 1C).

I/O curves confirmed that, using slices taken from the
same animals and exposed to LPS in the same conditions of
those used in LTP recordings, the alterations detected in LTP
magnitude were not attributed to changes in baseline synaptic
efficiency (Figure 1D).

Although the I/O curve of hippocampal slices deficient
in microglial Sirt2 and exposed to LPS revealed a slight
deviation from the other curves, fEPSP values (taken as a
measure of the strength of the post-synaptic response) were
similar for the four different conditions at the maximum
stimulation (Emax): LTP-CtrBSA = 1.021 ± 0.262, n = 4; LTP-
Sirt2−BSA = 1.028 ± 0.261, n = 4; LTP-CtrLPS = 1.116 ± 0.262,
n = 5; LTP-Sirt2−LPS = 0.909 ± 0.261, n = 3. Two-way analysis
of variance revealed no significant differences in Emax obtained
from slices taken from the different groups. There was no
significant main effect of the group, F(1,10) = 0.001, p = 0.981,
neither of treatment, F(1,10) = 0.001, p = 0.981, nor of the
interaction effect between the two F(1,10) = 0.838, p = 0.381.

Importantly, we attested that the basal stimulation was
adjusted to obtain 50% of the maximum fEPSP slope. Therefore,
we have used the following intensities for LTP recording:
LTP-CtrBSA = 187 mA; LTP-Sirt2−BSA = 184 mA; LTP-
CtrLPS = 182 mA; LTP-Sirt2−LPS = 235 mA. Accordingly, the
LTP was induced in each hippocampal slice when similar values
of fEPSP slope were obtained by adjusting the initial intensity
of stimulation. The intensity of the stimulus was maintained
during the induction protocol. Therefore, the slices from LTP-
Sirt2−LPS were stimulated in a range of mA out from the range
of stimulation where a decreased response was detected, avoiding
therefore any possible influence in LTP induction. Indeed, two-
way analysis of variance did not show significant differences
between groups regarding the fEPSP slope values corresponding
to 50% of the maximum fEPSP slope (p > 0.05).

Memantine Reverts the LTP Decline
Induced by LPS in Microglial-Specific
Sirt2 Deficient Hippocampal Slices
NMDA receptors are critical for CA1 hippocampal LTP
induction and expression (Bliss and Collingridge, 1993;
Collingridge et al., 2004). However, excessive or prolonged
activation of NMDA receptors can be involved in pathological
processes (Rothman and Olney, 1995; Parsons et al., 1998).
Accordingly, numerous attempts to reduce glutamate-induced
excitotoxicity by antagonizing NMDA receptors have been
tested (Sun et al., 2019). However, due to the important
physiological role of NMDA receptor activation, most NMDA
receptor antagonists produce undesired effects on LTP and
memory (Frankiewicz et al., 2000). One of the drugs that has
been used to selectively block the pathological activation of
NMDA receptors, whilst leaving their physiological functions
intact, is memantine (for review see Danysz et al., 1997;
Parsons et al., 1999; Danysz and Parsons, 2003; Wenk, 2006).
Therefore, in order to investigate the putative role of NMDA
receptors in the alterations observed in LTP magnitude in
hippocampal slices from microglial-specific Sirt2 deficient
mice exposed to LPS, hippocampal slices were pre-incubated
with memantine (1 µM, for 60 min) prior to the incubation
with LPS or BSA.

We found that pre-incubation with memantine
before LPS exposure restored the LTP of LPS-stimulated
hippocampal slices to levels similar do the BSA
condition (Sirt2−BSA = 105.3 ± 18.04%, n = 4 vs LTP-
Sirt2−Memantine+LPS = 77.6 ± 16.97%, n = 8; p > 0.05).
In fact, the LTP magnitude of the hippocampal slices
from Sirt2− mice incubated with memantine and LPS,
was significantly increased when compared to LTP
magnitude of hippocampal slices incubated with LPS alone
(LTP-Sirt2−Memantine+LPS = 77.6 ± 16.97%, n = 8 vs LTP-
Sirt2−LPS = 27.8± 10.30%, n = 6; p < 0.001). The pre-incubation
of hippocampal slices from Sirt2−mice with memantine followed
by BSA incubation did not affect LTP magnitude when compared
to BSA incubation alone.

There were no statistically significant differences regarding
LTP magnitude between the four different conditions (BSA, LPS,
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FIGURE 1 | Impaired LTP in microglial Sirt2-deficient hippocampal slices incubated with LPS. Changes in fEPSP slope induced by TBS in hippocampal slices from
Ctr (A) or Sirt2−(B) mice pre-treated for 20 min with either vehicle BSA (n = 6,© and �) or LPS (n = 6,  and �). Arrow indicates TBS. (Ba) shows traces obtained
in a representative experiment in (B); each trace is the average of six consecutive responses obtained immediately before (1) and after (2) TBS, and is composed of
the stimulus artifact, followed by the presynaptic volley and the fEPSP. (C) LTP magnitude % of change, resulting from the difference between the fEPSP slope of
LTP induced by TBS during the last 50–60 min of the experiment, in relation to pre-theta-burst values from the experiments shown in (A) and (B). Lines indicate
statistical significant differences between groups, using two-away ANOVA between-groups with Bonferroni’s post-hoc correction. All values are mean ± SEM,
*p < 0.05; ****p < 0.001. (D) I/O curves of hippocampal slices stimulated or not with LPS. I/O curves were performed in the presence of either BSA or LPS in
hippocampal slices deficient in Sirt2 (BSA, n = 4, �; LSP, n = 3, �) and control slices (BSA, n = 4,©; LSP, n = 5,  ).

Memantine+BSA, Memantine+LPS) recorded in hippocampal
slices prepared from Ctr mice (p > 0.05) (Figure 2).

DISCUSSION

In the present study, we show a significant impairment on
LTP magnitude in hippocampal slices from microglia-specific
Sirt2 deficient mice pre-exposed to the general inflammatory
stimulus LPS.

Sirt2 has already been shown to hold a key-inhibitory role
in microglia-mediated inflammation (Pais et al., 2013). In the
current study, we propose that Sirt2 may also take part in
protective mechanisms that ensure CNS synaptic transmission
and plasticity under an inflammatory environment.

Microglia processes are driven by neuronal activity and can
simultaneously interact with both presynaptic and postsynaptic
elements (Wake et al., 2009). In response to inflammatory
stimuli, microglia are activated, releasing key regulatory
molecules, such as TNF-α, IL-1β, IL-6, and IL-8, prostaglandin
E2, as well as glutamate, reactive oxygen and nitrogen
species, that are known to be highly upregulated during CNS
inflammation and to control synaptic transmission and plasticity

(Milner and Campbell, 2003; Di Filippo et al., 2008; Dilger and
Johnson, 2008; Gomes-Leal, 2012). However, whether and how
microglia influence physiological synaptic transmission is still
unclear. Nevertheless, there is evidence that under pathological
conditions, activation of microglia, which is the primary stage
of neuroinflammation, is a common early feature of most
brain diseases, followed by synaptic alterations (Cagnin, 2001;
Dekosky and Marek, 2003).

According to our published work, microglia not expressing
Sirt2, upon an inflammatory stimulus like LPS, become over-
activated due to the absence of NF-κB inhibition by Sirt2 (Pais
et al., 2013). This leads to overproduction of pro-inflammatory
cytokines, such as TNF-α, IL-6, and reactive oxygen and nitrogen
species (Pais et al., 2013), all known to have a key role in synaptic
plasticity and to mediate LTP impairment (Wang et al., 2015;
Rizzo et al., 2018).

To induce deletion of the floxed Sirt2 in microglia, we
have used the Cre under the LysM promoter that has been
shown to induce a limited recombination in microglia (∼40%)
when compared to the CX3CR1 promoter (∼90%) (Goldmann
and Prinz, 2013). Although we observed a partial decrease in
microglial Sirt2 levels (Supplementary Figure 1) it would be
interesting to perform the LTP experiments in hippocampal slices
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FIGURE 2 | Memantine rescues LTP impairment in microglial Sirt2 deficient hippocampal slices. Changes in fEPSP slope induced by TBS in hippocampal slices from
Ctr (A) or Sirt2− (B) mice pre-treated for 20 min with either vehicle BSA (n = 6,© and n = 4, �) or LPS (n = 8,  and n = 6, �) or for 60 min of memantine followed
by 20 min with either vehicle BSA (n = 7,© and n = 6, �) or LPS (n = 4,  and n = 8, �). Arrow indicates TBS. (C) Plot of LTP magnitude % of change, resulting
from the difference between the fEPSP slope of LTP induced by TBS during the last 50–60 min of the experiment, in relation to pre-theta-burst values from the
experiments shown in (A) and (B), as indicated below the columns. All values are mean ± SEM. Lines indicate statistical significant differences between groups,
using two-away ANOVA between-groups with Bonferroni’s post-hoc correction. *p < 0.05; ***p < 0.001.

of CX3CR1Cre/wtSirt2flox/flox mice which will probably have a
stronger Sirt2 gene deletion.

We found an increased LTP magnitude in hippocampal slices
from microglial Sirt2 deficient mice under control conditions.
A possible explanation might be that, in microglia-specific
Sirt2 deficient mice, in absence of Sirt2, hippocampal microglia
become “primed,” being able to easily liberate and produce
important factors for synaptic plasticity. Although these might
be beneficial at a certain level, when overproduced, as it
may happen after LPS stimulation they may contribute to
LTP decrease. This seems the case of IL-1β, which has a
dual role in LTP, being required for LTP under physiological
conditions, but inhibiting LPT when at higher doses, as

encountered in pathological conditions (Ross et al., 2003). Our
finding contrasts, however, with the results of a recent study
that has shown that whole-body Sirt2 knockout (KO) mice
present an LTP reduction in hippocampal slices without any
inflammatory stimulation, which is accompanied by impairments
in long-term memory and is likely result from enhanced
acetylation and surface expression of AMPA receptors in
neurons (Wang et al., 2017). Future work will investigate
whether our observation is due to selective deficiency of
Sirt2 in microglia.

Here we show that the absence of Sirt2 specifically in
microglia is responsible for an LTP impairment under
inflammatory conditions. Interestingly, the I/O curve of
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hippocampal slices deficient in microglial Sirt2 and exposed
to LPS revealed a slight deviation from the others, which
may suggest a certain latency in achieving maximal synaptic
response. However, there were no significant differences
regarding fEPSP slope values between groups, neither for
the initial intensity of stimulation before LTP induction,
neither for the obtained maximal synaptic responses between
slices (Emax). This finding is supported by a previous
study that has also proved that loss of Sirt2 did not cause
changes in basal synaptic properties compared to Ctr mice
(Wang et al., 2017).

Rescue of LTP impairment with memantine in LPS stimulated
microglial Sirt2-deficient hippocampal slices strongly suggests
the involvement of extra-synaptic NMDA receptors. Although
CA1 LTP depends upon synaptic NMDA receptors activation
(Fox et al., 2006), extra-synaptic NMDA receptors activation
are well-known for mediating toxic effects (Viviani et al.,
2006; Xia et al., 2010). Extra-synaptic NMDARs are enriched
in GluN2B-containing heterodimers (GluN2B-NMDARs) and
its activity has been associated with neuronal death, in
particular in neurodegenerative disorders such as Huntington’s
or Alzheimer’s disease (Papouin and Oliet, 2014). In fact,
memantine is an antagonist of the NMDA receptors, and
at the concentration used in this study particularly inhibits
extra-synaptic NMDA receptors (Xia et al., 2010). These extra-
synaptic NMDA receptors are generally activated by pro-
inflammatory and neurotoxic factors produced by activated
microglia, such as IL-1β, TNF and glutamate (Barger and
Basile, 2001; Viviani et al., 2003; Floden et al., 2005; Gardoni
et al., 2011). Both IL-1β and TNF were shown to decrease
LTP (Cunningham et al., 1996; Coogan and OConnor, 1997;
Murray and Lynch, 1998; Ross et al., 2003). Several studies
have reported a cross-talk between activation of IL-1β and
NMDA receptors (Viviani et al., 2003; Yang et al., 2005;
Gardoni et al., 2011). In fact, IL-1RI (interleukin-1 receptor
type I) colocalizes with the GluN2B subunit of NMDA extra-
synaptic receptors in hippocampal neurons (Gardoni et al., 2011).
Importantly, pre-treatment of hippocampal neurons with IL-
1β enhance NMDA-induced [Ca2+]i through activation of the
Src family of kinases, which increase tyrosine phosphorylation
of the NR2A/B subunits (Viviani et al., 2003). IL-1β may have
a similar effect during LTP induction as it also involves Src
kinase activation (Salter, 1998). Although it is clear that IL-1β

and other inflammatory factors interfere with NMDA receptors,
the effect in calcium influxes may be dose dependent and have
different outcomes in physiological and pathological conditions.
We have previously shown that Sirt2-deficent microglia become
overactivated by LPS stimulation. Therefore, we hypothesize
that LPS-incubated hippocampal slices of microglial-specific
Sirt2 deficient mice overproduce inflammatory mediators such
as IL-1β, TNF and glutamate enhancing NMDA-induced
neuronal death. Future investigation of the specific mechanisms
underlying the decreased LTP will be needed to identify the
precise factors released by Sirt2-deficient microglia in stimulated
hippocampal slices. Moreover, we cannot exclude an anti-
inflammatory effect of memantine. Besides being an antagonist
of the NMDA receptors, memantine has also been shown

to inhibit microglial activation by LPS (Rosi et al., 2006;
Wu et al., 2009).

Given the crucial role of microglia in neuroinflammation,
the fact that Sirt2 is able to regulate the inflammatory
response in the CNS through microglial cells, with an impact
in synaptic plasticity, makes it a potential therapeutic target
to prevent cognitive decline associated to neuroinflammation.
Although development of new drugs for the prevention of
neurodegenerative diseases has been an area of intense activity,
little progress has been observed. Interestingly, various potent
small-molecule modulators of sirtuins have shown efficacy
in preclinical models of neurodegenerative and inflammatory
diseases, holding promise for drug discovery efforts in multiple
therapeutic areas (Lavu et al., 2008; Langley and Sauve, 2013;
Min et al., 2013). Our data reinforces this possibility and,
in particular, point toward microglial Sirt2 as a potential
therapeutic target to prevent cognitive decline associated to
neuroinflammation.

CONCLUSION

The results obtained show that, in the absence of microglial
Sirt2, inflammatory stimuli significantly impair NMDA-mediated
synaptic plasticity. This reveals a key-protective role for
microglial Sirt2 in neuroinflammation.

By showing neuroprotective effects, Sirt2 emerges as a
potential target for therapeutic intervention in an array of
neurological disorders, playing a vital role in all conditions where
microglial activation and neuroinflammation may have a major
importance in the disease process, like neurodegenerative
diseases. This matter is of great importance, since the
comprehension of the molecular mechanisms underlying
sirtuins activity may help us find new therapeutic targets
for these diseases.
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Phytocannabinoids are psychotropic substances of cannabis with the ability to
bind endocannabinoid (eCB) receptors that regulate synaptic activity in the central
nervous system (CNS). Synthetic cannabinoids (SCs) are synthetic analogs of ∆9-
tetrahydrocannabinol (∆9-THC), the psychotropic compound of cannabis, acting as
agonists of eCB receptor CB1. SC is an easily available and popular alternative to
cannabis, and their molecular structure is always changing, increasing the hazard for
the general population. The popularity of cannabis and its derivatives may lead, and
often does, to a child’s exposure to cannabis both in utero and through breastfeeding
by a drug-consuming mother. Prenatal exposure to cannabis has been associated
with an altered rate of mental development and significant changes in nervous system
functioning. However, the understanding of mechanisms of its action on developing
the human CNS is still lacking. We investigated the effect of continuous exposure
to cannabinoids on developing human neurons, mimicking the prenatal exposure by
drug-consuming mother. Two human induced pluripotent stem cells (hiPSC) lines were
induced to differentiate into neuronal cells and exposed for 37 days to cannabidiol (CBD),
∆9-THC, and two SCs, THJ-018 and EG-018. Both ∆9-THC and SC, at 10 µM, promote
precocious neuronal and glial differentiation, while CBD at the same concentration
is neurotoxic. Neurons exposed to ∆9-THC and SC show abnormal functioning of
voltage-gated calcium channels when stimulated by extracellular potassium. In sum, all
studied substances have a profound impact on the developing neurons, highlighting the
importance of thorough research on the impact of prenatal exposure to natural and SC.

Keywords: phytocannabinoids, synthetic cannabinoids, hiPSC, neuronal differentiation, ∆9-THC, CBD, EG-018,
THJ-018
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INTRODUCTION

Phytocannabinoids, such as ∆9-THC, are substances found in
cannabis that can bind to the endocannabinoid (eCB) system
receptors, which regulate a variety of physiological processes
in the human body, such as synaptic activity in the central
nervous system (CNS), and analgesic and metabolic effects in
the peripheric nervous system, PNS (Pertwee, 2008; Wu et al.,
2011; Metz and Stickrath, 2015). Cannabinoid receptors 1 (CB1)
and 2 (CB2), are expressed in the developing brain and there
is growing evidence supporting the role of these receptors in
neural progenitor proliferation and modulation of neuronal
maturation and specification (Galve-Roperh et al., 2013). The
expression of these receptors in the fetal and adult human
brain was also reported (reviewed in Galve-Roperh et al., 2009).
Prenatal exposure to cannabinoids acting as agonists of CB1 and
CB2 receptors can produce long-lasting effects on eCB signaling
affecting motor activity, verbal development, nociception,
drug-seeking behavior and other processes (reviewed in Broyd
et al., 2016; Richardson et al., 2016; Grant et al., 2018). Due to
their lipophilic nature, phytocannabinoids can easily permeate
cellular membranes passing from drug-consuming mothers’
bloodstream into foetal tissues (Grotenhermen, 2003). Prenatal
exposure to cannabis has been associated with lower weight
at birth and a higher risk of newborn morbidity (Hurd et al.,
2005; Metz and Stickrath, 2015). In two extended cohort studies,
altered rate of mental development and significant changes in
nervous system functioning were consistently found (Fried, 2002;
Smith et al., 2004; Gray et al., 2005). However, the cellular
mechanisms underlying cannabinoid effects on human neural
development are still poorly known. Thus, there is an urgent need
for a better understanding of the impact of these substances on
human brain development, especially due to the contemporary
trend of increasing cannabis use.

Besides this trend, a new problem has emerged in the form
of synthetic analogs of ∆9-tetrahydrocannabinol (∆9-THC).
Synthetic cannabinoids (SCs) are a group of Novel Psychoactive
Substances with similar properties to ∆9-THC that appeared on
the drug market usually sold as herbal blends (United Nations
Office on Drugs and Crime, The Challenge of New Psychoactive
Substances; 2013). The SCs usually show a higher affinity to
the CB1 receptor and elicit a stronger and long-lasting effect
on brain cells when compared to ∆9-THC. Also, many of these
substances are easily available on the internet and thus escape the
control of authorities. SCs use is associated with more severe side
effects and intoxications, with both neurologic symptoms and
acute organ toxicity observed (Schoeder et al., 2018). Two SCs
used in this study are derivatives of JWH-018, the first indole-
based potent CB1, and CB2 receptor agonist (Atwood et al., 2010)
with a toxicity profile diverging from that of Phyto-CBs (Grant
et al., 2018). THJ-018 is a 2nd generation SC, with CB1 binding
affinity of 5.84 nM and a CB2 binding affinity of 4.57 nM (Hess
et al., 2016). EG-018 is a 3rd generation SC, which replaced THJ-
018, with an affinity to CB1 of 7.17 nM and CB2 of 2.22 nM
(Schoeder et al., 2018). This study aims to address the impact
of SCs with higher affinity than ∆9-THC for CB1 and/or CB2
on developing human brain cells using neural differentiation of

human-induced pluripotent stem cells (hiPSCs). The effect of
the non-psychotropic component of cannabis, CBD, that binds
the CB2 receptor and was shown to act as a negative allosteric
modulator of CB1 (Laprairie et al., 2015) was also evaluated.
Controlled aggregation of hiPSCs in neural-inducing medium
allows recapitulating the initial steps of the self-organizing neural
tube and subsequent progenitor proliferation and production of
neurons of forebrain identity (Shi et al., 2012; Miranda et al.,
2015). This system represents a simple and reproducible in vitro
model that allows assessing the effect of continuous exposure
to cannabinoid on the development of human brain cells at
molecular, cellular, and functional levels. Two hiPSC lines were
induced into neural differentiation and treated with CBD, ∆9-
THC and two synthetic∆9-THC analogues, THJ-018 and EG-18.
Our results indicate that all four substances have profound
impact on the differentiation, maturation and functioning of
developing CNS neurons, providing a new evidence for the
importance of thorough research of the impact of prenatal
exposure to cannabis and its synthetic analogues.

MATERIALS AND METHODS

Maintenance of Human iPSCs
Human-induced pluripotent stem cells (hiPSCs), Gibcor

Human Episomal iPSC line derived from CD34+ cord
blood (iPSC6.2, Burridge et al., 2011) and F002.1A.13
(TCLab—Tecnologias Celulares para Aplicação Médica,
Unipessoal, Lda.) were routinely cultured on MatrigelTM (1:100,
Corning)-coated plates using mTeSRTM1 medium (StemCell
Technologies). Cells were passaged 1:5 using EDTA every 5 days
(Beers et al., 2012).

Neural Commitment and Differentiation
hiPSCs were induced towards neural commitment as 3D
aggregates using a modified dual SMAD inhibition protocol
(Miranda et al., 2015) and allowed to achieve functional
differentiation using the recently described BrainPhys medium
(Bardy et al., 2015). Briefly, cells were incubated with
10 µM ROCK inhibitor (ROCKi, Y-27632, StemGent) for
1 h at 37◦C and then treated with accutase for 5 min at
37◦C. Cells were seeded in microwell plates (AggreWellTM,
StemCell Technologies) at a density of 1.0 × 106 cells/ml to
generate aggregates averaging a diameter of 150 µm using
mTeSRTM1 supplemented with 10 µM ROCKi for 24 h. After
24 h of culture inside microwells, mTeSR1 medium was replaced
by 1:1 N2 and B27 medium, as previously described (Shi et al.,
2012). The medium was replaced daily and supplemented with
10 µM SB431542 (SB, Sigma) and 100 nM LDN193189 (LDN,
StemGent) for 9 days, followed by a 3-day period without
SB431542 and LDN19318.

On day 12 aggregates were recovered from the microwells,
gently dissociated with EDTA, and plated onto poly-L-ornithine
(15 µg/ml, Sigma) and Laminin (20 µg/ml, Sigma)-coated
plates at a density of 200,000 cells/cm2 in N2B27 medium.
Twenty-four hours after replating, the medium was replaced by
N2B27 supplemented with 20 ng/ml bFGF from day 13 to day

Frontiers in Molecular Neuroscience | www.frontiersin.org 2 July 2020 | Volume 13 | Article 11974

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


Miranda et al. Modeling Prenatal Exposure to Cannabinoids

15 of differentiation. From day 15 onwards, the medium was
changed every other day without bFGF supplementation.

Exposure to Cannabinoids and Neuronal
Maturation
On day 19 of the differentiation protocol, cells were gently
detached from the plates and re-plated with 1:3 splitting in
the same conditions, for neuronal differentiation and drug
treatment. From day 19 to day 30 of differentiation CBD,
∆9-THC and two different SCs, EG-018 and THJ-018 were
added to the medium at every medium change at a concentration
of 10 µM in ethanol, except CBD, which was added at a
1–10 µM concentration. Untreated and vehicle (0.01% ethanol)-
treated cultures were used as a control. At day 30 gentle
replating was performed once again and the cultures were
allowed to mature in complete BrainPhysTM Neuronal Medium
(StemCell Technologies)—supplemented with NeuroCultTM

SM1 Neuronal Supplement (StemCell Technologies), N2
Supplement-A (StemCell Technologies), Recombinant Human
Brain-Derived Neurotrophic Factor (BDNF, PeproTech,
20 ng/ml), Recombinant Human Glial-Derived Neurotrophic
Factor (GDNF, PeproTech, 20 ng/ml), dibutyryl cAMP (1 mM,
Sigma), and ascorbic acid (200 nM, Sigma). One-third of the
medium volume was changed every 3 days.

Immunostaining
Cells were fixed with 4% (v/v) paraformaldehyde (PFA; Sigma)
and stained according to a previously described protocol
(Miranda et al., 2015). MAP2 (Sigma, 1:500), glial fibrillary
acidic protein (GFAP, Abcam, 1:200), Synaptophysin (SYN;
Abcam, 1:200), ZO-1 (Novex, 1:100), SOX2 (R&D, 1:200), PAX6
(Covance, 1:400), NESTIN (R&D, 1:400), Ki-67 (Abcam, 1:100),
HuC/D (Thermo Fischer Scientific, 1:100), activated CASPASE3
(pCASP3, Cell Signaling, 1:400), were used as primary antibodies
whereas goat anti-mouse IgG Alexa Fluor–488 or 546 (1:500,
Invitrogen), goat anti-rabbit IgG Alexa Fluor–488 or 546 (1:500,
Invitrogen) were used as secondary antibodies. Fluorescence
images were acquired with Zeiss LSM 710 Confocal Laser
Point-Scanning Microscope using 20× and 63× objectives and
integrated density were calculated for each channel using ImageJ
software. The ratio between integrated density for the marker of
interest and nuclear counterstaining with DAPI was calculated
for each image. For each staining, the same acquisition settings
were applied for all images.

Real-Time (RT)-PCR
For quantitative analysis, total RNA was extracted at different
time-points of differentiation and treatments using the High
Pure RNA Isolation Kit (Roche), according to the manufacturer’s
instructions. Total RNA was converted into complementary
cDNA with Transcriptor High Fidelity cDNA Synthesis Kit
(Roche) using 500 ng of RNA. Relative gene expression was
evaluated using 10 ng of cDNA and 250 µM of each primer.

Expression levels were analyzed using SYBRr green
chemistry, with primers for GAPDH, PAX6, MAP2, NESTIN,
GFAP, GAD67, and VGLUT1 from Silva et al. (2020). Primers
for CNR1 and CNR2 were from Stanslowsky et al. (2017).

All PCR reactions were done in triplicate, using the ViiATM

7 RT-PCR Systems (Applied BioSystems). Fold change was
calculated using the 2−∆Ct method, using GAPDH as the
reference gene. Log2 normalized expression values of the average
fold-change were used for ClustVis analysis of pluripotency and
neural genes (Metsalu and Vilo, 2015).

Single-Cell Calcium Imaging
To analyze the intracellular variations of Ca2+ by single-cell
calcium imaging (SCCI), cells were re-plated on Glass Bottom
Cell Culture Dish (Nest) previously coated with poly-L-ornithine
(15 µg/ml, Sigma) and Laminin (20 µg/ml, Sigma). Calcium
indicator Fura-2, a fluorescent dye that switches its excitation
peak from 340 to 380 nm when bound to calcium, allows the
concentration of intracellular calcium to be determined based
on the ratio of fluorescence emission after sequential excitation
at 340 and 380 nm (Grienberger and Konnerth, 2012). Cells
were preloaded with 5 µM Fura-2 AM (Invitrogen) in Krebs
solution (132 mM NaCl, 4 mM KCl, 1.4 mM MgCl2, 2.5 mM
CaCl2, 6 mM glucose, 10 mM HEPES, pH 7.4) for 45 min at
37◦C in an incubator with 5% CO2 and 95% atmospheric air.
Dishes were washed in Krebs solution and then mounted on
an inverted microscope with epifluorescence optics (Axiovert
135TV, Zeiss). Cells were continuously perfused with Krebs
solution and stimulated by applying high-potassium Krebs
solution (containing 10–100 mM KCl, isosmotic substitution
with NaCl), or 100 µM histamine. Ratio images were obtained
from image pairs acquired every 200 ms by exciting the cells
at 340 nm and 380 nm. Excitation wavelengths were changed
through a high-speed switcher (Lambda DG4, Sutter Instrument,
Novato, CA, United States). The emission fluorescence was
recorded at 510 nm by a cooled CDD camera (Photometrics
CoolSNAP fx). Images were processed and analyzed using the
software MetaFluor (Universal Imaging, West Chester, PA,
USA). Regions of interest were defined manually.

Heatmaps
For hierarchical clustering, ClustVis analysis software1 was used
with the rows clustered using correlation distance and average
linkage (Metsalu and Vilo, 2015).

Statistical Analysis
Statistical analysis was done in Graphpad. Error bars represent
the standard error of the mean (SEM). When appropriate,
statistical analysis was done using a two-tailed t-student test
for independent samples, and a p-value of less than 0.05 was
considered statistically significant.

RESULTS

Efficient Neural Commitment of hiPSCs
and Exposure to Cannabinoids
Neural differentiation of hiPSCs was achieved by controlled
aggregation in serum-free medium N2B27 in the presence of
SB431542, an inhibitor of TGFβ signaling, and LDN193189, an

1http://biit.cs.ut.ee/clustvis

Frontiers in Molecular Neuroscience | www.frontiersin.org 3 July 2020 | Volume 13 | Article 11975

http://biit.cs.ut.ee/clustvis
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Miranda et al. Modeling Prenatal Exposure to Cannabinoids

inhibitor of BMP signaling, both necessary for the acquisition
of neuroepithelial identity (Chambers et al., 2009). Aggregates
were cultured in non-adherent conditions until day 12 and then
re-plated on laminin-coated plates to allow for the proliferation
of neuroepithelial progenitors, further supported by the addition
of bFGF between days 13 and 15, as depicted on the scheme of the
experiment (Supplementary Figure S1). More than 1,000-fold
increase in the expression of neural progenitor gene PAX6 was
consistently registered from day 12 on (Figure 1B). On day 16,
an efficient neural commitment was evidenced by the presence
of numerous neural rosettes (Figure 1Ci), typical morphology
of neural precursors growing in 2D conditions (Abranches
et al., 2009). By day 19 these cultures reached confluency
and were gently replated, without dissociation of individual
rosettes. Further neuronal differentiation led to the expression
of neuronal-specific gene MAP2 from day 19 on (Figure 1B)
and to the appearance of glutamatergic VGLUT1 andGABAergic
GAD67 markers on day 56 (Supplementary Figures S2A,B).
On day 30 cultures contained numerous SOX2+/PAX6+ neural
rosettes (Figures 1Cii,iii). that were still present at day
56 surrounded by MAP2+ neurons and very rare occasional
GFAP+ glial cells (Figures 1Civ–vii).

After replating on day 19, and to mimic continuous prenatal
exposure of developing CNS cells to cannabinoids, solutions of
CBD, ∆9-THC, EG-018, and THJ-018 in EtOH were added to
culture media at every medium change, to a final concentration
of 10 µM, except CBD, which was added to a final concentration
of 1 and 10 µM. The culture medium containing these
substances was changed every other day between days 19 and
30. Cannabinoids were added to the cultures at every medium
change until day 56, and at this point, all cultures were processed
for analyses. EtOH-treated cultures (0.01%, vehicle control,
Figures 1Ciii,v,vii, 1Dii,viii) showed some increase in neuronal
marker MAP2 staining as compared with the untreated cells
(Figures 1Cii,iv,vi,Di,vii) although this increase, also detected
by qRT-PCR, was not significant and was not accompanied by
changes in progenitor parker PAX6 (Figure 1B).

Neurotoxicity of CBD at 10 µM
Concentration
In two independent experiments, the addition of CBD at
10 µM concentration showed massive cell death upon second
medium change, between days 21–22 in culture. In all further
experiments, 1 µM of CBD was used. At this concentration,
CBD-treated cultures did not differ from the controls by cell
morphology and the presence of neural progenitor and neuronal
markers (Figure 1D) although the density of CBD-treated
cultures was systematically lower than in other conditions
indicating a possible negative effect on proliferation and/or
survival of neuronal progenitors and differentiated neurons.

Exposure to ∆9-THC and SCs Promotes
Neuronal Differentiation
By day 30 all six conditions showed expression of progenitor
parker PAX6 and neuron-specific microtubule-associated
protein 2 (MAP2; Figure 1D). ∆9-THC, EG-018, and THJ-018
-treated cultures showed decreased staining for the PAX6 neural

rosette marker that was not reflected at the transcriptional
level (Supplementary Figure S2C) suggesting a possible
decrease of progenitor pool and exit for differentiation.
However, transcript levels for neuron-specific gene MAP2
showed a significant increase by day 30 only in THJ-018
condition (Supplementary Figure S2D) and immunostaining
for this marker even decreased in EG-018-treated cultures
(Supplementary Figure S3). To quantify better this effect, we
performed immunostaining for HuC/D protein marker that is
expressed earlier in differentiating CNS neurons (Figure 2A;
Okano and Darnell, 1997; Abranches et al., 2009) and counted
the percentage of cells expressing this antigen. Our data
show that the decrease in the PAX6 staining (Figure 2Ci)
is accompanied by the trend for an increased percentage
of HuC/D+ cells upon exposure to all cannabinoids, with
statistical significance in the case of THJ-018 (p-value < 0.0275;
Figure 2Cii). In parallel, all CB-treated cultures exhibited
elevated levels of apoptosis marker cleaved CASPASE3
(Figure 2Ciii), while there were no significant differences
in the number of Ki-67+ proliferative cells (data not shown).
Together, these results indicate that both ∆9-THC and two
SCs lead to premature differentiation of rosette progenitors
that seems to be more pronounced in the case of THJ-018,
possibly due to lower neuronal survival upon exposure to
∆9-THC and EG-018. One of the reasons for lower neuronal
survival could be a functional impairment or inability to achieve
functional maturation.

Exposure to Cannabinoids Leads to the
Formation of Functionally Impaired
Neurons
After detecting an increase in the number of differentiating
neurons upon continuous exposure to cannabinoids we next
questioned if these neurons were able to achieve functional
maturation. For this goal, all cultures were maintained in
BrainPhysTM neuronal maturation medium for 16 days, with
1/3 medium volume change three times per week and continuous
exposure to cannabinoids. Immunofluorescent staining for
mature synaptic protein SYN of ∆9-THC and EG-018-
treated day 56 cultures revealed decreased staining intensity
(Figures 2B,Di) suggesting a lower density of mature synaptic
puncta. Additionally, an increase in glial acidic fibrillary protein
(GFAP) staining was visible in both conditions (Figure 2E),
indicating premature glial differentiation, which is detectable in
untreated cultures only around day 80 (not shown) and was
found to be increased in ∆9-THC and SCs-exposed cultures
(Figure 2Dii). To further evaluate both the neuron-glia ratio and
the functionality of these cultures we performed SCCI. Control
and CB-treated cultured cells were sequentially stimulated
by exposure to KCl and histamine. Differentiated functional
neurons are expected to open voltage-sensitive calcium channels
in response to KCl, resulting in a massive influx of calcium
to the cytoplasm (Ambrósio et al., 2000; Macías et al., 2001).
Immature neurons, neural progenitors and glial cells express
functional histamine receptors, which stimulation also increases
intracellular calcium concentration. Indeed, histamine/KCl
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FIGURE 1 | Efficient neural differentiation of hiPSCs and the effect of cannabinoid exposure. (A) qRT-PCR analysis of neural progenitor (PAX6) and neuronal (MAP2)
mRNA expression levels relative to GAPDH at indicated timepoints. Data were analyzed by unpaired t-test, ∗p < 0.05, ∗∗p < 0.01; error bars represent standard
error of the mean (SEM). (B) qRT-PCR analysis of PAX6 and MAP2 mRNA levels in untreated vs. vehicle-treated (0.01% EtOH) cultures showing no significant
differences by unpaired t-test. Data in panels (A,B) were obtained from four independent experiments using iPSC6.2 cells. (C) Immunofluorescence for neural
progenitor, neural and glial markers at different timepoints showing efficient neural commitment and differentiation of hiPSCs. Scale bars in panels (i,i’), 100 µm.
Scale bars in panels (ii–vii), 50 µm. (D) Immunofluorescence at day 30 for neural progenitor marker PAX6 and neuron-specific microtubule-associated protein
MAP2 in untreated (i, vii), vehicle-treated (ii, viii), and exposed to cannabinoids from day 19 to day 30 cultures (iii–vi, ix–xii), in two different iPSC lines, iPCS6.2 (male
donor) and F002.1A.13 (female donor). Scale bars: 50 µm.

ratios can be used to evaluate the proportion ofmature/immature
neurons in these cultures (Agasse et al., 2008; Rodrigues et al.,
2017).

Upon KCl stimulation, a sharp increase in cytosolic calcium
concentration was observed in both controls and CBD-treated
cultures (Figures 3A,D), with an average fold change of

fluorescence intensity around two in all three conditions
(Figure 3B, Supplementary Figure S2I). In contrast, very few
cells responded to histamine in these cultures, and the few
responding cells exhibited fold change below 1.5 (Figure 3B,
Supplementary Figures S2J,K), indicating that most of the cells
in these cultures are excitable neurons, with a small proportion
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FIGURE 2 | Effect of cannabinoid exposure on day 30 and 56 of neural differentiation. (A) Immunofluorescence for newborn neuronal marker HuC/D and apoptosis
marker pCASPASE3 (pCASP3) at day 30 showing an increase in HuC/D staining and apoptotic cells in s cannabinoid-treated cultures. Scale bars: 15 µm. (B)
Immunofluorescence for neuronal (MAP2) and synaptic protein synaptophysin (SYN) in cultures continuously exposed to cannabinoids from day 19 to day 56. Scale
bars: 15 µm. (C) Quantification of PAX6+ (i), HuC/D+ (ii) and pCASP3+ (iii) cells at day 30, relative to DAPI. Results for three independent experiments. (D)
Quantification of the ratio of fluorescence intensity of SYN and MAP2 in day 56 cultures (i), and of integrated fluorescence density for GFAP (ii). Data from three
independent experiments, 3–10 images per condition. Data in (C) and (D) analyzed by unpaired t-test; ∗p < 0.05, ∗∗p < 0.01; error bars represent SEM. Tukey’s
range test was applied to determine outlier data points (open circles). (E) Immunofluorescence for glial (GFAP) marker and MAP2 in cultures continuously exposed to
cannabinoids from day 19 to day 56. Scale bars: 15 µm.

of neural progenitors/glia. These results agree with very rare
occasional GFAP staining detected in both control cultures at this
stage, contrasting with numerous GFAP+ cells in ∆9-THC and
SC-treated cultures.

Exposure to CBD has a small but statistically significant
effect on the functionality of differentiating neuronal cells, with

a lower amplitude of response to KCl stimulation compared
with the controls (Figure 3A, Supplementary Figure S2I).
In sheer contrast to this, the exposure to both ∆9-THC and
SCs severely impaired the ability to differentiate neurons to
respond to both KCl and histamine stimulation (Figures 3A,B).
∆9-THC-treated cells showed delayed (85 s vs. 28–35 s in control
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FIGURE 3 | Functional assessment of cannabinoid-treated cultures on day 56. (A) Single-cell calcium imaging (SCCI) analysis of day 56 cultures showing abnormal
response to KCl and histamine stimuli by ∆9-THC, EG-018, and THJ-018-treated neuronal cells. (B) Summary of SCCI analyses presented as percentage of
responding and non-responding cells for KCl and histamine stimulation. The timepoint of response corresponds to the peak seen in the graph in panel (A), and the
ratio of fluorescence value for this timepoint over baseline level >1 was considered as a response. For EG-018 and THJ-018 conditions, the last time point before
washing was used to calculate the response to histamine stimulation. (C) Hierarchical clustering illustrates relative expression levels of different genes at day 30 and
56 of neural differentiation. PAX6, MAP2, GAD67, VGLUT1, CNR1, and CNR2 were analyzed by qRT-PCR. Rows are centered; unit variance scaling is applied to
rows. Rows are clustered using correlation distance and average linkage. Corresponding qRT-PCR data are presented in Supplementary Figure S2. (D) Single-cell
calcium imaging. Representative ratio images for different culture conditions on day 56. Images were taken immediately after cells received the indicated stimulus
(KCl or histamine).

conditions) response to KCl, with 56.3% of non-responding
cells contrasting with the absence of non-responding cells in
both controls (Supplementary Figure S2K). As the majority
of KCl-responding cells either responded too late or were
unable to return to baseline intracellular calcium levels upon

KCl stimulation, it is impossible to determine the exact
proportion of cells that responded to histamine. Therefore,
the higher proportion of histamine-responding cells (87.5% vs.
6.9% in untreated control and 0% in EtOH-treated cultures,
Supplementary Figure S2K) most probably corresponds to
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a mixture of functionally impaired neuronal cells showing
abnormal response to KCl stimulation with some glia-like
GFAP+ cells that are also more abundant in this condition.

In comparison to ∆9-THC, THJ-018 has a slightly less
severe effect on the functionality of neuronal cells, with less
pronounced delay in response to KCl, 51 s vs. 28–35 s in
control conditions. The percentage of KCl-responding cells
is similar to the controls, 97.2%, however, the majority of
responses, 76.9%, are below 1.5x fold increase (Supplementary
Figure S2). Moreover, only 8.7% of cells exhibit a well-defined
peak of response to KCl while 88.5% of cells show continuously
increasing Ca2+ levels, being unable to return to baseline levels
after washout of KCl-containing medium. The percentage of
histamine-responding cells in this condition is even higher than
that of ∆9-THC, reaching 100% of all assayed cells (Figure 3A,
Supplementary Figure S2K), however, it is not supported by
the increase in GFAP+ cells and includes almost all cells that
already responded to KCl. Therefore, this response to histamine
most probably represents that of functionally impaired neurons
with very slow kinetics of KCl response, rather than that
of neural progenitors or immature neurons expressing both
voltage-gated calcium channels and histamine receptors (in the
latter case, the well-defined peak of histamine response should
also be present).

EG-018-treated cells represent the most severely affected
condition (Figures 3A,B), with no discernible peak of KCl
response and the highest percentage of cells with weak
(<1.5x) or no response to KCl (78.8% and 18.2%, respectively,
Supplementary Figure S2K). Like the THJ-018-treated cells,
100% of EG-018-treated cells seemingly responded to histamine,
however, instead of a well-defined peak of the response, a
continuous increase in intracellular Ca2+ was also observed
in this case (Figure 3A). These data might indicate that
exposure to EG-018 leads to an even greater delay in the
cellular response to KCl stimulation. This conclusion is further
supported by the absence of a well-defined peak of histamine
response despite the abundance of GFAP+ cells in this condition
(Figures 2Dii,E).

RT-PCR Analysis of the Expression of
Cannabinoid Receptors 1 and 2 and Neural
Markers
qRT-PCR expression data for all four cannabinoids
were normalized to EtOH condition (Supplementary
Figures S2C–H) and analyzed by hierarchical clustering
(Figure 3C). The most pronounced fold changes of expression
levels were detected for the genes encoding cannabinoid
receptors 1 and 2, CNR1, and 2. Exposure to CBD, ∆9-THC,
EG-018, and a less extent, THJ-018 led to a significant increase
in the expression levels of CNR2 (Figure 3C). Interestingly,
levels of CNR1 were slightly increased after exposure to ∆9-THC
and two SCs by day 30 and decreased by day 56 (Figure 3C,
Supplementary Figure S2G) probably reflecting the long-term
downregulation of CB1 levels, similarly to what was reported to
occur at both protein and mRNA level in a response to chronic
exposure to ∆9-THC (Oviedo et al., 1993; Romero et al., 1997;

Villares, 2007). However, both SCs and THJ-018 in particular
were able to elicit a stronger effect than ∆9-THC.

Curiously, THJ-018 and CBD, which were found to cause less
functional impairment on neuronal cells according to SCCI data,
led to more pronounced changes in gene expression levels in
both neural markers and CB receptor genes. Thus, the effect of
exposure to these two substances requires further examination
by different techniques than those used in this study, to uncover
the nature of the cellular response to these substances.

DISCUSSION

The recreational use of cannabis is being legalized in an
increasing roll of countries and as many as 57% of adults in
the USA favor this tendency (Harris and Okorie, 2017). Not
surprisingly, the rates of cannabis use show a consistent increase
over past years, inclusively in pregnant and non-pregnant women
(Brown et al., 2017; Harris and Okorie, 2017). Alarmingly, in a
recent study, 19% of 18–24-year aged pregnant women screened
positive for marihuana, showing a trend to increase in the last
decade (Young-Wolff et al., 2017). The outcome of prenatal
exposure to cannabinoids on human neurodevelopment can be
evaluated only retrogradely, after several years or even decades,
through the assessment of cognitive, motor, and behavioral
scores. A plethora of other intervening factors introduces huge
variations of the outcome, making it difficult to conclude which
are the direct consequences of prenatal exposure to cannabis
(reviewed in Wu et al., 2011; Scheyer et al., 2019). In this
work, we propose a simplified system that reproduces the initial
steps of neural differentiation from human pluripotent cells,
where we expose neural cells to cannabinoids in a continuous
way, mimicking the regular, three-times per week usage. The
concentration of 10 µM used for ∆9-THC, THJ-018, and EG-
018, corresponds to 314, 342, and 391 ng/ml, respectively. As
an example, smoking a joint with 3, 55% of ∆9-THC leads
to a plasma peak concentration of 150 ng/ml after 10 min
(Huestis, 2007). However, the ∆9-THC concentration of current
marijuana can reach 20% which can lead to a plasma peak
concentration of ∆9-THC higher than 800 ng/ml. Thus, the
concentration of ∆9-THC used in this work is similar to
smoking a joint with 7% of ∆9-THC, corresponding to the
CB1 saturation level of 70–80%. In our system, the addition
of 10 µM CBD was neurotoxic, while 1 µM concentration
consistently yielded low culture densities possibly also due to
neurotoxicity. However, exposure to 1 µM CBD led to an
increase in GABAergic and decrease in glutamatergic markers
expression levels (Figure 3C, Supplementary Figures S2E,F)
hinting at a possible disbalance between the number of excitatory
and inhibitory neurons that needs to be further investigated.
CBD concentrations between 1 µM and 14 µM were found
not to be cytotoxic to HUVEC cells (Solinas et al., 2012), while
10 µM CBD showed no toxicity for human breast carcinoma
(Namdar et al., 2019). The same concentration of CBD was
neurotoxic in our model. The neurotoxicity of CBD is of
particular concern given that CBD content can reach 25% in
several legally available cannabis preparations with reported
blood concentration reaching 82.6 ng/ml (0.263 µM) after
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chronic use (Meier et al., 2018), which is a just a small fraction
of the total CBD concentration in the body of these users.
The ratio between the concentration of a lipophilic drug in
the fat tissue and plasma at a steady-state can reach a value
of 3–4 digits undermining the measured drug concentration
found by blood analysis. ∆9-THC is a partial agonist of CB1
and many of its effects on CNS were shown to be mediated
by CB1 (Pertwee, 2008). CB1 antagonist SR1411716 was shown
to increase neuronal differentiation (Rueda et al., 2002), while
CB1 KO decreased progenitor proliferation (Aguado et al.,
2005). In our study, chronic exposure to ∆9-THC promoted
neuronal (Figures 1D, 2C, Supplementary Figure S2) and glial
(Figures 2Dii,E) differentiation, resembling the effect of CB1
antagonist. However, the mRNA levels of CNR1 decreased only
slightly in this condition (Supplementary Figure S2G), while
those of CNR2 increased (Supplementary Figure S2H). The
interplay of CB1 and CB2 was implicated in the modulation of
postnatal neurogenesis in rodents (Rodrigues et al., 2017). In our
study, exposure to ∆9-THC and SCs differentially impacted the
expression levels of CNR1 and CNR2 also supporting the view
that both receptors might be involved in the neurogenesis. In
a recent study, RNA transcriptomic analyses of hiPSC-derived
neurons exposed both acutely and chronically (for 7 days) to 1
µM ∆9-THC revealed significant changes in genes associated
with intellectual disability, autism and psychiatric disorders
(Guennewig et al., 2018). Interestingly, they showed that chronic
∆9-THC exposure resulted in the downregulation of several
histone-binding genes includingMECP2, Rett syndrome causing
genes. The lack of this gene results in precocious neuronal
and glial differentiation in a forebrain organoid model of the
disease, similarly to our results of chronic exposure to ∆9-THC.
A different study employed continuous exposure to eCB AEA
and ∆9-THC in dopaminergic neuronal differentiation from
hiPSCs (Stanslowsky et al., 2017). These authors show that 10µM
concentrations of both cannabinoids impaired neuronal function
by reducing voltage-gated sodium and potassium currents,
action potential amplitudes and spontaneous synaptic activity.
Our data further support functional impairment induced by
exposure to ∆9-THC, EG-018 and THJ-018, by demonstrating
the inability of CB-treated neurons to increase their intracellular
Ca2+ levels in response to KCl stimulus. SCs used in this study
are Novel Psychoactive substances with properties similar to
∆9-THC exhibiting considerably higher binding affinities to CB
receptors (Hess et al., 2016; Schoeder et al., 2018). THJ-018 is
2nd generation SC behaving as a slightly better than ∆9-THC
partial agonist of both CB1 and CB2 in cAMP accumulation
essay (Hess et al., 2016). In contrast, EG-018 was shown to
activate CB1 more than full agonist CP55, 940, having much less
activity on CB2 (Schoeder et al., 2018). This differential receptor
activation capacity of the two SCs might explain some of the
differences observed in this study. Generally stronger effect of
EG-018 exposure might be due to its higher capacity to activate
CB1. However, experiments using selective receptor agonists and
antagonists should be conducted to unveil the mechanisms of
EG-018 action.

The observed functional impairment induced by chronic
exposure to ∆9-THC, EG-018, and THJ-018 during neuronal

differentiation and formation of functional neuronal circuitry
might help to explain the observed link between prenatal
exposure to cannabis and psychiatric disorders. ∆9-THC-treated
neurons displayed synaptic and glutamate signaling alterations
resembling those observed in schizophrenia patient iPSC-derived
neurons (Guennewig et al., 2018). Another interesting avenue to
explore in future studies is the observed difference in CB-induced
phenotype severity between two iPSC lines, with male cell line
iPSC6.2 being more affected by ∆9-THC and SCs than the
female F002.1A.13 (Figure 1D). Sex-dependent susceptibility
to ∆9-THC has been reported before and in a recent study
using a mouse model of prenatal exposure male offspring
was particularly affected showing pronounced hippocampal
interneuronopathy (de Salas-Quiroga et al., 2020).

In conclusion, our data show that continuous exposure to
both ∆9-THC and SCs can induce functional impairment to
newborn neurons during the formation of the human CNS,
which is able to produce a deep and lasting impact on the overall
brain structure and functioning. By showing this impairment,
our data contribute to support the observations of long-lasting
alterations in neural activity in adolescents subjected to prenatal
marihuana exposure (Smith et al., 2004; Wu et al., 2011; Grant
et al., 2018).
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FIGURE S1 | A scheme representing culture procedure to induce neural
differentiation of hiPSCs showing culture media and supplements used as well as
cell morphologies observed at different time points. Individual experiments, cell
lines, and substances used are depicted below the scheme. Solid green boxes
represent total medium change every other day, while striped green boxes show
the 1/3 medium change three times a week.

FIGURE S2 | (A,B) qRT-PCR analysis of GAPDH-normalized expression levels
of GABAergic neuronal marker GAD67 (A) and glutamatergic marker GLUT1 (B)
along with the differentiation in untreated cultures. (C–H) qRT-PCR analysis of

relative expression levels of neural progenitor (PAX6, C), neuronal (MAP2, D),
GABAergic (GAD67, E) and glutamatergic (GLUT1, F), and CB receptors CNR1
(G) and CNR2 (H). GAPDH-normalized expression levels were further normalized
against EtOH (vehicle) condition. All qRT-PCR data analyzed by unpaired t-test;
*p < 0.05, **p < 0.01; error bars represent SEM. (I–J) Quantification of the SCCI
data regarding the strength of the response to KCl (I) and histamine (J). The
value of the response was considered at the time point corresponding to the peak
seen in the graph in Figure 3A, and the ratio of fluorescence value for this
timepoint over baseline level was calculated for each responding cell. For EG-018
and THJ-018 conditions, the last time point before washing was used to calculate
the response to histamine stimulation. Data analyzed by unpaired t-test;
*p < 0.05, **p < 0.01; error bars represent SEM. (K) Values used for building the
graphs in Figure 3B. Percentages calculated as described in the legend
for Figure 3.

FIGURE S3 | Quantification of MAP2+ cells at day 30, relative to DAPI. Results
from three independent experiments. Tukey’s range test was applied to determine
outlier data points (open circles). Data analyzed by unpaired t-test; *p < 0.05,
**p < 0.01; error bars represent SEM.
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Corticosteroids exert a dual role in eukaryotic cells through their action via (1) intracellular
receptors (slow genomic responses), or (2) membrane-bound receptors (fast non-
genomic responses). Highly vulnerable regions of the brain, like the hippocampus,
express high amounts of corticosteroid receptors, yet their actions on ionic currents
and neurotransmitters release are still undefined. Here, we investigated the effect of
methylprednisolone (MP) on GABA and glutamate (Glu) release from isolated nerve
terminals of the rat hippocampus. MP favored both spontaneous and depolarization-
evoked [14C]Glu release from rat hippocampal nerve terminals, without affecting
[3H]GABA outflow. Facilitation of [14C]Glu release by MP is mediated by a Na+-
dependent Ca2+-independent non-genomic mechanism relying on the activation of
membrane-bound glucocorticoid (GR) and mineralocorticoid (MR) receptors sensitive to
their antagonists mifepristone and spironolactone, respectively. The involvement of Na+-
dependent high-affinity EAAT transport reversal was inferred by blockage of MP-induced
[14C]Glu release by DL-TBOA. Depolarization-evoked [3H]GABA release in the presence
of MP was partially attenuated by the selective P2X7 receptor antagonist A-438079, but
this compound did not affect the release of [14C]Glu. Data indicate that MP differentially
affects GABA and glutamate release from rat hippocampal nerve terminals via fast
non-genomic mechanisms putatively involving the activation of membrane-bound
corticosteroid receptors. Facilitation of Glu release strengthen previous assumptions
that MP may act as a cognitive enhancer in rats, while crosstalk with ATP-sensitive
P2X7 receptors may promote a therapeutically desirable GABAergic inhibitory control
during paroxysmal epileptic crisis that might be particularly relevant when extracellular
Ca2+ levels decrease below the threshold required for transmitter release.

Keywords: methylprednisolone, glucocorticoid receptors, mineralocorticoid receptors, synchronous GABA and
glutamate release, hippocampal nerve terminals
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HIGHLIGHTS

- Methylprednisolone (MP) favors the spontaneous and
depolarization-evoked release of Glu from rat hippocampal
nerve terminals, without affecting GABA outflow;

- Facilitation of Glu release by MP is mediated by a Na+-
dependent Ca2+-independent fast non-genomic mechanism
altering high-affinity Glu transport through the plasma
membrane;

- Depolarization-evoked GABA release in the presence of MP
depends on activation of ATP-sensitive P2X7 receptors.

INTRODUCTION

Glucocorticoids (GRs) are steroid hormones that are responsible
for countless important regulatory functions in the human
body (Joëls and Ronald de Kloet, 1994; Zhang et al., 2007;
Groeneweg et al., 2012). Among the lifesaving corticosteroid
drugs widely prescribed, methylprednisolone (MP) is used
since 1955 and is listed as an Essential Medicine by the
World Health Organization for the treatment of chronic
inflammatory conditions, autoimmune diseases and allergic
reactions, including several neurological disorders (Gumy et al.,
2008; Kajiyama et al., 2010; Nicolaides et al., 2010). The usual
daily dosing regimens indicated for MP vary significantly (from
15 to 20 mg to 120 mg) depending on the underlying disease
condition. Higher dosing regimens of MP (e.g., 30 mg/kg
IV, followed by repeated injections or continuous perfusions
during 24 to 48 h) have been advocated in life-threatening
edematous conditions, acute spinal cord injuries, and auto-
immune rheumatic diseases. Although MP safety margin is high
and side effects relatively rare (Bast et al., 2014; Tauheed et al.,
2014), it may be detrimental for certain neurological conditions
(reviewed in Parissis et al., 2017).

The hippocampus is a major structure of the human brain,
which has been implicated in a variety of different functions,
including declarative memory consolidation and formation of
spatial memories. Like other limbic structures, the hippocampus
is highly enriched in corticosteroid receptors, both GR and
mineralocorticoid (MR) receptors (Joëls et al., 2012). This brain
region is affected in several types of dementia and it is highly
sensitive to pathological insults (e.g., hypoxia/ischemia, epileptic
crisis, post-traumatic stress). Regarding the effects of GRs in
the hippocampus, decreases in the number of interneurons in
hippocampal CA3 and dentate gyrus have been observed after
MP use for brain injury (Zhang et al., 2011). High doses of GRs
are known to affect the induction of hippocampal long-term

Abbreviations: A-438079, 3-[[5-(2,3-dichlorophenyl)-1H-tetrazol-1-yl]
methyl]pyridine hydrochloride; BzATP, 2′(3′)-O-(4-benzoylbenzoyl)adenosine 5′-
triphosphate triethylammonium salt; CNS, central nervous system; CPMs, counts
per minute; DL-TBOA, DL-threo-β-benzyloxyaspartic acid; DPMs, disintegrations
per minute; EAATs, excitatory amino-acid transporters; EGTA, ethylene glycol-
bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid; GABA, γ-aminobutyric acid;
Glu, glutamate (glutamic acid); HEPES, 2-[4-(2-hydroxyethyl)piperazin-
1-yl]ethanesulfonic acid; NMDG, N-methyl-D-glucamine; SKF-89976A,
1-(4,4-diphenyl-3-butenyl)-3-piperidinecarboxylic acid hydrochloride; VT,
veratridine.

potentiation (LTP; Krugers et al., 2005; Maggio and Segal, 2007)
and block synaptic strength and the formation of new synapses
between CA3 and CA1 regions (Saito et al., 2016). Contrariwise,
low to moderate doses of corticosterone may enhance LTP
(Diamond et al., 1992). Recently, our group proposed MP (5–
30 mg/kg, i.p., for 10 days) as a cognitive enhancer in vivo because
it favored aversive memory persistence in adult rats, without any
effect on exploring behavior, locomotor activity, anxiety levels
and pain perception (de Vargas et al., 2017).

Despite the high number of studies in the literature aiming at
exploring the effects of corticosteroids in the brain, their role is
still controversial (Bartholome et al., 2004; Song and Buttgereit,
2006; Zhang et al., 2007; Rickard and Young, 2009; Groeneweg
et al., 2012; Oliveira et al., 2015; Russo et al., 2016). The reason for
this disparity may be attributed to insufficient knowledge about
the exact molecular mechanism(s) of action of corticosteroids in
the nervous tissue. Corticosteroids exert a dual role in eukaryotic
cells acting via activation of (i) cytosolic receptors mediating
slow genomic responses, and/or (ii) plasma membrane-bound
receptors, resulting in fast changes in neuronal signaling,
ion channel conductance and neurotransmitters release (non-
genomic mechanisms). In a recent publication, we demonstrated
that amplification of the neuromuscular transmission by MP
(300 µM) involves activation of pre-synaptic facilitatory A2A
receptors by endogenous adenosine generated from ATP
released by motor nerve terminals under resting conditions,
leading to subsequent synaptic vesicles redistribution that
favors acetylcholine exocytosis during high-frequency neuronal
activation (Oliveira et al., 2015). In the hippocampus, data
suggest that corticosteroids rapidly increase the mobility of post-
synaptic membrane-bound glutamate receptors and facilitate the
glutamate release probability from pre-synaptic neurons, thus
strengthening the glutamatergic neurotransmission (Karst et al.,
2005; Groc et al., 2008; Olijslagers et al., 2008; Wang and Wang,
2009; Zheng, 2009; Groeneweg et al., 2012). These findings are,
however, far from being consensual, along with the fact that
experimental studies addressing the effects of corticosteroids
on inhibitory GABAergic neurotransmission are surprisingly
lacking in literature.

Thus, this study was designed to investigate in parallel
and under the same experimental conditions the mechanisms
underlying the effect MP on resting and depolarization-evoked
[3H]GABA and [14C]Glu release from isolated nerve terminals of
the hippocampus of adult rats.

EXPERIMENTAL PROCEDURES

Drugs and Solutions
2′(3′)-O-(4-Benzoylbenzoyl)adenosine 5′-triphosphate
triethylammonium salt (BzATP), dexamethasone, GABA
(γ-aminobutyric acid), mifepristone, spironolactone,
NMDG (N-methyl-D-glucamine), EGTA (ethylene glycol-
bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid) and
aminooxyacetic acid were obtained from Sigma-Aldrich
(St. Louis, MO, United States). L-Glutamic acid, A-438079
(3-[[5-(2,3-dichlorophenyl)-1H-tetrazol-1-yl] methyl]pyridine
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hydrochloride), DL-TBOA (DL-threo-β-benzyloxyaspartic
acid), and VT were obtained from Tocris Bioscience
(Bristol, United Kingdom). 1-(4,4-Diphenyl-3-butenyl)-3-
piperidinecarboxylic acid hydrochloride (SKF-89976A) was
obtained from Abcam (Cambridge, United Kingdom). MP
was obtained from Pfizer (Puurs, Belgium). [14C]Glu and
[3H]GABA were from American Radiolabeled Chemicals, Inc.
(St. Louis, MO, United States). Stock solutions were stored as
frozen aliquots. Dilutions of stock solutions were made daily
and appropriate solvent controls were done. No statistically
significant differences were observed in control experiments
made with solvents at maximal concentrations compared to the
physiological buffer.

Animals
Hippocampi were obtained from Wistar Han rats of both genders
(2–5 months old, Charles RiverTM, Barcelona, Spain). Animal
care and experimental procedures were performed in consonance
with the United Kingdom Animals (Scientific Procedures) Act
1986 and followed the European Communities Council Directive
of 24 November 1986 (86/609/EEC) and the National Institutes
of Health Guide for Care and Use of Laboratory animals (NIH
Publications No. 80-23) revised 1996. All studies involving
animals are reported in accordance with the ARRIVE guidelines
for reporting experiments involving animals. The study was
approved by the Ethics Committee and the Animal Welfare
Responsible Organism of ICBAS-UP (Decision no 224/2017).
Wistar rats were kept at a constant temperature (21◦C) and a
regular light (06.30–19.30 h)–dark (19.30–06.30 h) cycle, with
food and water ad libitum. All efforts were made to minimize
animal suffering and to reduce the number of animals used.

Isolation of Nerve Terminals From the
Rat Hippocampus
Nerve terminals were isolated as previously described (Helme-
Guizon et al., 1998; modified in Bancila et al., 2009; Barros-
Barbosa et al., 2015). Briefly, brain hemispheres were separated
and hippocampi were dissected out and gently homogenized
in cold oxygenated (95% O2 and 5% CO2) Krebs solution (in
mM: glucose 5.5, NaCl 136, KCl 3, MgCl2 1.2, Na2HPO4 1.2,
NaHCO3 16.2, CaCl2 0.5, pH 7.40). Homogenates were filtered
through a nylon filter (mesh size 100 µm). The filtrate was left
to sit during 30–45 min until formation of a pellet, which was
re-suspended into Krebs solution and left at room temperature.
Protein concentration determined by the bicinchoninic acid
method (PierceTM bicinchoninic acid protein assay, Thermo
Scientific, Rockford, IL, United States) was adjusted to 6.25 mg
protein mL−1.

Re-sealed nerve terminal membranes isolated from the rat
hippocampus using this methodology allows processing larger
amounts of tissue compared to synaptosomal preparations, while
taking up and release [3H]GABA and [14C]glutamate via Na+-
dependent high-affinity transporters with a similar kinetics. This
method is relevant in order to take full advantage of scarce human
brain tissue (from cadaveric samples and surgical resections of

epileptic foci) often tested in parallel by our group (see Barros-
Barbosa et al., 2015, 2016, 2018).

[3H]GABA and [14C]Glu Release
Experiments
Isolated nerve terminals were incubated with [3H]GABA
(0.25 µCi mL−1; 70 Ci mmol−1; 0.5 µM) and [14C]Glu
(0.25 µCi mL−1; 0.270 Ci mmol−1; 10 µM), for 10 min at
37◦C, and their release was measured simultaneously. Aliquots
of nerve terminals suspension were layered onto glass fiber
filters (Merck Millipore, Cork, Ireland), which were mounted in
365 µL chambers of a semi-automated 12-sample superfusion
system (SF-12 Suprafusion 1000, Brandel, Gaithersburg, MD,
United States). The filters containing the sample were superfused
at a flow rate of 0.5 mL min−1, at 37◦C, with a physiological
solution containing (in mM): NaCl 128, MgCl2 1.2, KCl 3, glucose
10, HEPES–Na 10 (pH = 7.4), CaCl2 2.2, and aminooxyacetic acid
0.01, an inhibitor of tissue GABA breakdown by 4-aminobutyrate
aminotransferase (GABA-T). After a 26 min equilibration period,
2-min fractions were automatically collected, using the SF-
12 suprafusion system. Eight (S1) and twenty-six (S2) min
after starting samples collection, isolated nerve terminals were
depolarized with a solution containing high KCl (15 mM) or VT
(5 µM, a Na+ channel activator) during 2 min; this was done
by changing the inlet tube from one flask to another containing
the depolarizer agent. High KCl and VT are the most common
strategies to depolarize the plasma membrane of isolated nerve
terminals as they allow to differentiate between pre-synaptic
Na+ channel-mediated responses (Adam-Vizi and Ligeti, 1986;
Costa et al., 2006). VT acts as a neurotoxin through binding
to site 2 of voltage-gated sodium channels resulting in their
persistent activation.

Methylprednisolone was added 15 min before S2. Solutions
without Ca2+ or Na+ and containing drug modifiers (e.g.,
transport inhibitors, receptor antagonists) were applied from
the beginning of samples collection, so that they were present
throughout the testing period including S1 and S2; under such
conditions, the normalized [3H]GABA and [14C]Glu release in
S2 compared to S1 was not different (P > 0.05) from that
obtained in control conditions (with no drugs added). The
radioactive content of collected fractions and that remaining
in the filters at the end of the protocol was measured by
liquid scintillation spectrometry (TriCarb2900TR, Perkin Elmer,
Boston, MA, United States).

SDS–PAGE and Western Blot Analysis
Total membrane lysates and nerve terminals isolated from
the rat hippocampus were homogenized in Radio Immuno
Precipitation Assay (RIPA) buffer containing: Tris–HCl (pH
7.6) 25 mM, NaCl 150 mM, sodium deoxycholate 1%, triton-
X-100 1%, SDS 0.1%, EDTA 5 mM and a protease inhibitor
cocktail (Sigma-Aldrich, St. Louis, MO, United States). The
protein content of the samples was evaluated using the BCA
method. Samples were solubilized at 70◦C in SDS reducing
buffer [Tris–HCl (pH 6.8) 125 mM, SDS 4%, bromophenol blue
0.005%, glycerol 20%, and 2-mercaptoethanol 5%] for 10 min,
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subjected to electrophoresis in 12.5% SDS–polyacrylamide
gels and electrotransferred onto PVDF membranes (Merck
MilliPore, Temecula, CA, United States). Membranes were
blocked for 1 h in Tris-buffered saline [TBS; in mM: Tris–
HCl 10 (pH 7.6), NaCl 150] containing Tween 20 0.05%
and BSA 5% and, subsequently, incubated overnight, at 4◦C,
with primary antibodies: mouse anti-synaptophysin (1:1000,
Chemicon, Temecula, CA, United States) and mouse anti-GFAP
(1:500, Chemicon, Temecula, CA, United States). Membranes
were washed three times for 10 min in 0.05% Tween 20
in TBS and then incubated with horseradish anti-rabbit
or anti-mouse peroxidase-conjugated secondary antibodies
for 120 min, at room temperature. The antigen–antibody
complexes were visualized by chemiluminescence with the
Immun-Star WesternC Kit (Bio-Rad Laboratories, Hercules, CA,
United States) using the ChemiDoc MP imaging system (Bio-
Rad Laboratories, Hercules, CA, United States). Gel band image
densities were quantified with ImageJ (National Institute of
Health, United States).

Immunofluorescence Confocal
Microscopy
Immunofluorescent staining and confocal microscopy analysis
was performed as previously described (Barros-Barbosa et al.,
2015, 2016). Brain samples were fixed in 4% paraformaldehyde
in phosphate-buffered saline (PBS; in mM: NaCl 137, KCl 2.6,
Na2HPO4 4.3, KH2PO4 1.5; pH = 7.4) for about 48 h (4◦C),
cryopreserved in 30% sucrose in PBS and stored in a tissue
freezing medium at −80◦C. Free-floating 30-µm brain slices
were incubated for 1 h, at room temperature, with blocking
buffer I (fetal bovine serum 10%, BSA 1%, triton X-100 0.5%,
NaN3 0.05%) and subsequently incubated overnight, at 4◦C,
with the following primary antibodies: rabbit anti-P2X7 receptor
(1:50, #APR004, Alomone, Jerusalem, Israel), mouse anti-GFAP
(1:350, Chemicon, Temecula, CA, United States), goat anti-
VAMP-1 (1:20, R&D Systems, Minneapolis, MN, United States)
diluted in blocking buffer II (fetal bovine serum 5%, BSA
0.5%, triton X-100 0.5%, NaN3 0.05% in PBS). Sections were
rinsed in PBS supplemented with triton X-100 0.5% (three
cycles of 10 min) and incubated for 120 min with species-
specific secondary antibodies conjugated with fluorescent dyes
(donkey anti-rabbit IgG Alexa Fluor 488, donkey anti-mouse
IgG Alexa Fluor 568; donkey anti-goat Alexa 633) diluted
in blocking buffer II, at room temperature. After rinsing in
PBS, slices were mounted on optical-quality glass slides using
VectaShield (Vector Labs, Peterborough, United Kingdom) as
mounting media. Observations were performed with a laser
scanning confocal microscopy (Olympus FV1000, Tokyo, Japan).
Controls were performed by following the same procedure but
replacing the primary antibodies with the same volume of
blocking buffer II. Images were analyzed using the Olympus
Fluoview 4.2 Software (Olympus FV1000, Tokyo, Japan). Co-
localization was assessed by calculating the staining overlap
and the Pearson’s coefficient (ρ) for each confocal micrograph
stained with two fluorescent dyes. Overlap between two
stainings gives a value between +1 and 0 inclusive, where

1 is total overlap and 0 is no overlap. ρ is a measure
of the linear correlation between two variables (stainings),
giving a value between +1 and −1 inclusive, where 1 is
total positive correlation, 0 is no correlation, and −1 is total
negative correlation.

Data Presentation and Statistical
Analysis
[14C]Glu and [3H]GABA release by isolated nerve terminals was
obtained as CPMs in function of time (min) obtained by the
digital conversion of the intensity of radiation emitted by β

particles detected by the liquid scintillation analyzer in channels
1 and 2, which correspond to the specific range of β energies
(counting windows) for [14C] and [3H], respectively. Correction
for efficiency and background are needed to convert CPMs into
DPMs, the number of decay events that actually occurred; this
was done using the expressions 1 and 2 presented below.

C =
N1 − N2(h1/h2)

c1 − c2(h1/h2)
(1)

H =
N2 − N1(c2/c1)

h2 − h1(c2/c1)
(2)

C = carbon DPMs in sample
H = tritium DPMs in sample
c1 = carbon-14 efficiency in channel 1
c2 = carbon-14 efficiency in channel 2
h1 = tritium efficiency in channel 1
h2 = tritium efficiency in channel 2
N1 = CPMs in channel 1
N2 = CPMs in channel 2

The area of the peak corresponding to the release of
[3H]GABA and [14C]Glu was calculated as the sum of the
differences between the total radioactivity present in 2–3 samples
collected after stimulus (e.g., KCl, VT) application and the basal
leakage of the corresponding isotope. Baseline values during
stimulus influence were inferred by linear regression of the
radioactivity decay immediately before stimulus and after its
return to baseline. Thus, the action of test drugs on evoked
[3H]GABA and [14C]Glu release during S2 was normalized by
the effect of the depolarizing conditions alone obtained in S1 of
the same experiment (S2/S1 ratios).

The results are expressed as mean ± SEM, with n (showed
in graphs) indicating the number of animals. Statistical analysis
of data was carried out using GraphPad Prism 7.05 software (La
Jolla, CA, United States). One-way ANOVA (uncorrected Fisher’s
Least Significant Difference or Tukey’s multiple comparison test,
with single pooled variance) or two-way ANOVA (followed
by the Dunnett’s multicomparison test) were used when
appropriate. Unpaired Student’s t-test was used to compare
the ratios between GFAP and synaptophysin protein densities
(immunoblots) in total cell lysates and isolated nerve terminals
obtained from the same hippocampus in three different animals.
P < 0.05 (two tailed) values were considered to show significant
differences between means.

Frontiers in Molecular Neuroscience | www.frontiersin.org 4 August 2020 | Volume 13 | Article 14687

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


fnmol-13-00146 August 3, 2020 Time: 12:32 # 5

Neiva et al. Methylprednisolone Differentially Affects GABA/Glu Release

RESULTS

Nerve Terminals Isolated From Rat
Hippocampal Homogenates Are Highly
Enriched in the Presynaptic Marker,
Synaptophysin, With No Contamination
by Glial Subcellular Particles
The method used for nerve terminals isolation described by
Helme-Guizon et al. (1998; modified in Bancila et al., 2009;
Barros-Barbosa et al., 2015) yields greater amounts of nerve
terminals from rat hippocampal homogenates with very little (if
at all) contamination by glial subcellular particles (gliosomes).
This was demonstrated by the high density of synaptophysin (a
typical nerve terminal marker) compared to the astrocytic glial
fibrillary acidic protein (GFAP) content detected in the nerve
terminals fraction vis a vis that found in total hippocampal cell
lysates by Western blot analysis (Figure 1).

Methylprednisolone Increases the
Resting and Depolarization-Evoked
Release of Glu From Hippocampal Nerve
Terminals via Fast Non-genomic
Mechanisms, Without Affecting the
GABA Outflow
Figures 2A, 3A show the time course of synchronous [3H]GABA
and [14C]Glu outflow from rat hippocampal nerve terminals
depolarized with high KCl (15 mM) or VT (5 µM), respectively.
The depolarizing agents were applied twice (S1 and S2) during
2 min either in the absence or in the presence of MP (300 µM),
which contacted with rat hippocampal isolated nerve terminals
for at least 15 min before S2. Immediately after application,
MP (300 µM) progressively increased the basal release of
[14C]Glu, without affecting [3H]GABA outflow (Figures 2A,
3A; see Figure 2D for more detail). MP (300 µM) could
still further increase depolarization-evoked [14C]Glu release
by about three-fold compared to control conditions, but the
same was not observed regarding the release of [3H]GABA
(Figures 2B, 3B). The facilitatory effect of MP on KCl-induced
[14C]Glu release was concentration-dependent (10–300 µM; with
effects ranging from 16 to 336%, n = 5–6) and mimicked by
the long-acting corticosteroid, dexamethasone, applied at an
approximate equivalent concentration (60 µM, n = 5), but it
was independent of the depolarizing agent, either high KCl
(Figure 2B) or VT (Figure 3B).

The hippocampus expresses high amounts of corticosteroid
receptors (de Vargas et al., 2017), but so far no attempt has
been made to discriminate the effect of GR (low affinity) and
MR (high affinity) receptors on transmitters release in this brain
region. Pre-treatment of hippocampal nerve terminals either with
mifepristone (500 nM) or with spironolactone (500 nM) to block
GR and MR, respectively, prevented the facilitatory effect of
MP (300 µM) on evoked [14C]Glu release independently of the
depolarizing agent being used, either high KCl (Figure 2Bii)
or VT (Figure 3Bii). Mifepristone (500 nM) blocked more

efficiently than spironolactone (500 nM) the enhancing effect of
MP (300 µM) on the resting [14C]Glu outflow (Figure 2Di), thus
suggesting that GRs may have a predominant effect over the MR
in the resting release of [14C]Glu. Unexpectedly, MP (300 µM)
decreased KCl-induced [3H]GABA release in the presence of
mifepristone (500 nM), and even more when spironolactone
(500 nM) was used (Figure 2Bi), but no such effect was
observed when VT was used to depolarize hippocampal nerve
terminals (Figure 3Bi).

It is worth noting that, on their own, mifepristone
(500 nM) and spironolactone (500 nM) did not significantly
(P > 0.05) affect [3H]GABA and [14C]Glu outflow from rat
hippocampal nerve terminals, both during resting conditions
and following plasma membrane depolarization with high KCl
(Figure 2B) or VT (Figure 3B). The S2/S1 ratio of KCl-induced
[3H]GABA release in the presence of mifepristone (500 nM)
and spironolactone (500 nM) applied 15 min before S2 was
0.63 ± 0.14 (n = 6) and 0.58 ± 0.03 (n = 5) vs. 0.60 ± 0.06 in
control conditions (P > 0.05); likewise, these drugs also did not
significantly modify (P > 0.05) the S2/S1 ratio regarding the
release of [14C]Glu measured in the same samples (0.85 ± 0.16,
n = 6 and 0.73 ± 0.09, n = 5, respectively), compared to the
control situation when no drugs were added to the incubation
fluid (0.78± 0.13, n = 7).

Influence of External Ca2+ on
Methylprednisolone-Induced Changes in
Glu and GABA Outflow From
Hippocampal Nerve Terminals
Performing experiments in Ca2+-free solutions (plus the Ca2+

chelator, EGTA 0.1 mM) restrain vesicular transmitter exocytosis
and aim at mimicking conditions of paroxysmal neuronal activity
verified during and after physiological and pathological brain
events (such as epileptic seizures) where extracellular Ca2+ may
fall up to 90% of the initial levels (Engelborghs K. et al., 2000;
Engelborghs S. et al., 2000).

In Ca2+-free media (plus EGTA 0.1 mM), MP (300 µM)
could still progressively increase the release of [14C]Glu from
resting hippocampal nerve terminals (Figures 4Aiii,D), without
affecting the basal [3H]GABA outflow. Removal of Ca2+ from
the incubation solution (plus EGTA 0.1 mM) also failed to
affect MP (300 µM)-induced facilitation of [14C]Glu release
evoked by high KCl (15 mM) depolarization (Figures 4Aiii,vi),
but it significantly diminished the facilitatory effect of the
corticosteroid when VT (5 µM) was used as depolarizing
agent (Figure 4Bii). In Ca2+-free conditions (plus EGTA
0.1 mM), MP (300 µM) facilitated the release of [3H]GABA
from hippocampal nerve terminals depolarized with high KCl
(15 mM) [Figures 4Ai,v], but not when VT (5 µM) was used
instead (Figure 4Bi).

The facilitatory effect of MP (300 µM) on high KCl-induced
[3H]GABA and [14C]Glu release in Ca2+-free media (plus EGTA
0.1 mM) was abrogated by the GR antagonist, mifepristone
(500 nM) (Figures 2Ci,ii, respectively), while pre-treatment
with spironolactone (500 nM) only significantly (P < 0.05)
decreased MP (300 µM)-induced facilitation of [14C]Glu release
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FIGURE 1 | Western blot analysis of synaptophysin and glial fibrillary acidic protein (GFAP) contents in total cell lysates and isolated nerve terminals of the rat
hippocampus by the method of Helme-Guizon et al. (1998; method modified in Bancila et al., 2009). Panel (A) shows representative immunoblots of three distinct
animals loaded with different protein amounts (10, 20, and 30 µg). In panel (B) shown are floating bars (min to max, line at median) representing the ratios between
GFAP and synaptophysin protein densities obtained in total cell lysates and isolated nerve terminals of three distinct animals. P < 0.05 (unpaired Student’s t-test)
represents a significant difference compared to total cell lysates. Please note that under the present experimental conditions synaptophysin-immunoreactivity
indicates that rat hippocampal cell fractions are highly enriched in nerve terminals, whereas the lack of GFAP immunoreactivity denotes very little (if at all)
contamination by glial subcellular particles (gliosomes).

(Figure 2Cii) with a minor effect on [3H]GABA outflow
(Figure 2Ci). Like that observed in normal Ca2+ conditions
(Figure 2Di), mifepristone (500 nM) blocked more efficiently
than spironolactone (500 nM) the basal [14C]Glu outflow
promoted by MP (300 µM) in Ca2+-free media (Figure 2Dii).

Dissipation of the Na+ Gradient Across
the Plasma Membrane Prevents
Facilitation of KCl-Evoked Glu Release
by Methylprednisolone, Without
Affecting the GABA Outflow
The transmembrane Na+ gradient is required to take up GABA
and Glu from the extracellular milieu by high-affinity amino-
acid transporters (GAT1 and EAATs). Substitution of Na+
with NMDG (128 mM) in the incubation medium transiently
increased [3H]GABA and [14C]Glu outflow by rat cortical
synaptosomes (see e.g., Wu et al., 2006). Previously, we showed
that disruption of the transmembrane Na+ gradient leading to
a reversal of amino-acid transporters to operate in the releasing
mode can affect differentially the outflow of [3H]GABA and
[14C]Glu (Barros-Barbosa et al., 2018).

Replacement of extracellular Na+ with NMDG (128 mM)
failed to affect KCl-induced [3H]GABA release in the presence
of MP (300 µM) (Figures 4Aii,v), but it fully prevented the
facilitatory effect of the corticosteroid on [14C]Glu outflow,
both under resting conditions (Figures 4Aiv,D) and during
depolarization of hippocampal nerve terminals with high KCl
(15 mM) (Figures 4Aiv,vi). Taking this into account, we

questioned whether blockage of high-affinity EAAT transporters
working in the reverse mode with DL-TBOA (100 µM) could also
prevent MP (300 µM)-induced facilitation of [14C]Glu release
from rat hippocampal nerve terminals. As a matter of fact,
DL-TBOA (100 µM) significantly (P < 0.05) attenuated the
facilitatory effect of MP (300 µM) on [14C]Glu release, both
under resting conditions (Figure 4D) and during depolarization
of rat hippocampal nerve terminals with high KCl (15 mM)
(Figure 4Cii), a situation that mimicked the effect observed
by replacing Na+ with NMDG (128 mM) in the incubation
medium (Figure 4Avi). No changes in the coincidental release
of [3H]GABA were observed under the latter experimental
conditions (Figures 4Av,Ci).

Blockade of the ATP-Sensitive P2X7
Receptor Decreases
Depolarization-Evoked [3H]GABA
Release From Hippocampal Nerve
Terminals in the Presence of
Methylprednisolone, Without Affecting
the Release of [14C]Glu
Previously, our group demonstrated that MP (300 µM)
favors the release of ATP from resting motor nerve terminals
(Oliveira et al., 2015) and the nucleotide acting via ionotropic
P2X7 receptors can differentially affect GABA and Glu
release (and uptake) from isolated nerve terminals of
the rat cerebral cortex (Barros-Barbosa et al., 2015, 2018).
Confocal micrographs depicted in Figure 5 show that the fairly
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FIGURE 2 | Continued
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FIGURE 2 | Methylprednisolone (MP) increases the resting and high KCl-evoked release of [14C]Glu from isolated nerve terminals of the rat hippocampus, without
affecting the [3H]GABA outflow. Panel (A) shows [3H]GABA (Ai) and [14C]glutamate (Aii) outflow from rat hippocampal nerve terminals over time; nerve terminals
were depolarized twice (S1 and S2) with high KCl (15 mM) applied for 2 min (dotted vertical lines). In panels (B,C), ordinates represent the normalized [3H]GABA
(Bi,Ci) and [14C]Glu (Bii,Cii) release (S2/S1 ratios) from hippocampal nerve terminals depolarized with high KCl (15 mM) in normal Ca2+ (2.2 mM, B) and in Ca2+-
free (plus EGTA, 1 mM, C) conditions. MP (300 µM) was applied to the superfusion fluid 15 min before S2 (red horizontal line) either in the absence or in the
presence of mifepristone (Mifep, 500 nM) and spironolactone (Spiron, 500 nM); corticosteroid receptor antagonists were present throughout the assay, including S1
and S2. Panel (D) illustrates the outflow of [14C]Glu above baseline over time caused by MP (300 µM) in the absence and in the presence of mifepristone (Mifep,
500 nM) or spironolactone (Spiron, 500 nM) in normal Ca2+ (2.2 mM, Di) and in Ca2+- free (plus EGTA, 1 mM, Dii) conditions. The results are expressed as
mean ± SEM; the n, number of individual experiments per condition is shown below each bar. In panels (B,C), *P < 0.05 and #P < 0.05 (one-way ANOVA,
uncorrected Fisher’s LSD with single pooled variance) represent significant differences compared to control conditions (i.e., drugs in S1 and S2) and to the effect of
MP alone, respectively; ns, non-significant; the computed F ratios were 5.40 (Bi), 4.05 (Bii), 13.19 (Ci) and 6.59 (Cii). In panel (D), *P < 0.05 (two-way ANOVA,
followed by the Dunnett’s multicomparison test) represent significant differences as compared to the effect of MP alone; the computed F ratios for rows (baseline
variation) and columns (test groups) were 2.72 and 11.72 for (Di) and 26.24 and 12.66 for (Dii), respectively.

FIGURE 3 | Methylprednisolone (MP) increases VT-evoked release of [14C]Glu from isolated nerve terminals of the rat hippocampus, without affecting the [3H]GABA
outflow. Panel (A) shows [3H]GABA (Ai) and [14C]glutamate (Aii) outflow from rat hippocampal nerve terminals over time; nerve terminals were depolarized twice (S1
and S2) with VT (5 µM) applied for 2 min (dotted vertical lines). In panel (B), ordinates represent the normalized [3H]GABA (Bi) and [14C]Glu (Bii) release (S2/S1 ratio)
from hippocampal nerve terminals depolarized with VT (5 µM). MP (300 µM) was applied to the superfusion fluid 15 min before S2 (red horizontal line) either in the
absence or in the presence of mifepristone (Mifep, 500 nM) and spironolactone (Spiron, 500 nM); corticosteroid receptor antagonists were present throughout the
assay, including S1 and S2. The results are expressed as mean ± SEM; the n, number of individual experiments per condition is shown below each bar. In panel (B),
*P < 0.05 and #P < 0.05 (one-way ANOVA, uncorrected Fisher’s LSD with single pooled variance) represent significant differences compared to control conditions
(i.e., drugs in S1 and S2) and to the effect of MP alone, respectively; ns, non-significant; the computed F ratios were 0.44 (Bi) and 10.51 (Bii).

specific antibody against the C-terminal of the rat P2X7 receptor
(#APR-004) co-localizes extensively with the synaptic nerve
terminal marker, VAMP-1, but no color merge was detected in

GFAP-positive astrocytic cells of the rat hippocampus. The co-
localization scores assessed by calculating the staining overlap
and the Pearson’s coefficient (ρ) for each confocal micrograph are
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FIGURE 4 | Continued
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FIGURE 4 | Influence of Ca2+ and Na+ withdrawal from the incubation fluid on the facilitatory effect of methylprednisolone (MP) on [3H]GABA and [14C]Glu release
from resting and depolarized nerve terminals of the rat hippocampus. In panels (A–C), ordinates represent the normalized [3H]GABA (i) and [14C]Glu (ii) release
(S2/S1 ratio) from hippocampal nerve terminals depolarized with high KCl (15 mM, A,C) or VT (5 µM, B). MP (300 µM) was applied to the superfusion fluid 15 min
before S2; solutions without Ca2+ (plus EGTA, 1 mM) or Na+ (which was replaced by NMDG, 128 mM) and containing DL-TBOA (100 µM) were applied from the
beginning of sample collection, so that they were present throughout the assay, including S1 and S2. Panel (D) illustrates the outflow of [14C]Glu above baseline over
time caused by MP (300 µM) in the absence and in the presence of superfusion solutions containing no added Ca2+ (plus EGTA, 1 mM), no added Na+ (replaced
by NMDG, 128 mM) and DL-TBOA (100 µM). The results are expressed as mean ± SEM; the n, number of individual experiments per condition is shown below
each bar. In panels (A–C), *P < 0.05 and #P < 0.05 (one-way ANOVA, uncorrected Fisher’s LSD with single pooled variance) represent significant differences
compared to control conditions (i.e., Ca2+-/Na+-free conditions or DL-TBOA in S1 and S2) and to the effect of MP alone, respectively; ns, non-significant; the
computed F ratios were 1.01 (Av), 4.36 (Avi), 0.36 (Bi), 12.67 (Bii), 1.22 (Ci) and 3.25 (Cii). In panel (D), *P < 0.05 (two-way ANOVA, followed by the Dunnett’s
multicomparison test) represent significant differences as compared to the effect of MP in control conditions; the computed F ratios for rows (baseline variation) and
columns (test groups) were 3.51 and 26.14, respectively.

in agreement with our findings in the rat cerebral cortex (Barros-
Barbosa et al., 2015), thus confirming that the P2X7 receptor
is present on nerve terminals of the various sub-regions of the
rat hippocampus, namely CA1, CA2, CA3 and dentate gyrus
(Figure 5). This prompted us to test the effect of MP (300 µM) on
[3H]GABA and [14C]Glu release measured synchronously from
isolated nerve terminals of the rat hippocampus in the presence
of a selective P2X7 receptor antagonist, A-438079.

On its own, A-438079 (3 µM) was unable to modify (P > 0.05)
the release of [3H]GABA and [14C]Glu from isolated nerve
terminals depolarized with VT (5 µM) (Figure 6A) and high KCl
(15 mM) (Figure 6B); the S2/S1 ratio of KCl-induced [3H]GABA
and [14C]Glu release when A-438079 (3 µM) was applied 15 min
before S2 was 0.52 ± 0.05 (vs. a control of 0.59 ± 0.08, n = 6;
P > 0.05) and 0.78 ± 0.15 (vs. a control of 0.72 ± 0.15, n = 6;
P > 0.05), respectively. Blockage of the P2X7 receptor with A-
438079 (3 µM) attenuated (P < 0.05) VT- and high KCl-induced
[3H]GABA release from hippocampal nerve terminals challenged
with MP (300 µM), without affecting the coincidental release
of [14C]Glu (Figures 6A,B, respectively). More interestingly,
pre-treatment with A-438079 (3 µM) abolished MP (300 µM)-
induced facilitation of [3H]GABA release from KCl-depolarized
nerve terminals in Ca2+-free conditions (Figure 6Ci), without
affecting the facilitatory effect of the corticoid on [14C]Glu
release, both under resting conditions (Figure 6D) and during
depolarization of rat hippocampal nerve terminals with high KCl
(15 mM) (Figure 6Cii).

The P2X7 receptor agonist, 2′(3′)-O-(4-benzoylbenzoyl)ATP
(BzATP, 300 µM), increased from 0.86 ± 0.07 to 1.16 ± 0.08
(n = 6, P < 0.05) the release of [3H]GABA from hippocampal
nerve terminals depolarized with high KCl in normal external
Ca2+ conditions, but this effect was not observed regarding
the release of [14C]Glu (data not shown). The facilitatory effect
of BzATP (300 µM) on KCl-induced [3H]GABA release was
prevented by A-438079 (3 µM, 0.78 ± 0.08, n = 6), thus
confirming the involvement of ATP-sensitive P2X7 receptors.

In a previous study, we demonstrated (1) that the facilitatory
action of the ionotropic P2X7 receptor is enhanced after
removal of Ca2+ from incubation media (like that observed
here with MP; see Figures 2Ci, 4Av), and (2) that under
Ca2+-free conditions the release of [3H]GABA results mainly
from the collapse of the transmembrane Na+ gradient and,
subsequent, reversal of the GAT-1-mediated transport (Barros-
Barbosa et al., 2018). Figure 7 shows that inhibition of GAT-1

with SKF 89976A (40 µM) significantly (P < 0.05) attenuated
BzATP (300 µM)-induced facilitation of [3H]GABA release
from KCl-depolarized hippocampal nerve terminals in Ca2+-
free conditions (Figures 7Ai,Bi), without affecting facilitation
of [14C]Glu release by the nucleotide (Figures 7Aii,Bii). SKF
89976A (40 µM) mimicked the inhibitory effect of the P2X7
receptor antagonist, A-438079 (3 µM), on MP (300 µM)-induced
facilitation of [3H]GABA release under similar experimental
conditions (Figures 7Ai,Bi).

DISCUSSION

Data show here for the first time that MP favors the release
of [14C]Glu both from resting as well as from depolarized
nerve terminals of the adult rat hippocampus, with no effect
on the coincidental release of [3H]GABA under physiological
conditions. The mechanism underlying facilitation of [14C]Glu
release by MP has several important features. First, it involves the
putative activation of membrane-bound corticosteroid receptors
sensitive to mifepristone and spironolactone. Second, MP causes
a progressive increase in [14C]Glu outflow starting immediately
(within a few minutes) after application of the corticosteroid,
which is compatible with a fast non-genomic effect. Third,
facilitation of evoked [14C]Glu release is relatively independent
of the depolarizing agent, either high KCl or VT. Fourth, MP-
induced [14C]Glu release is abrogated by dissipation of the Na+
gradient across the plasma membrane, but is little affected by
changes in extracellular Ca2+, suggesting that it results from
non-vesicular release operated by Na+-sensitive high-affinity
EAAT transporters working in the reverse mode. The molecular
mechanism responsible for this new working hypothesis has no
parallel in the literature and certainly deserve to be explored
in future studies. Regarding depolarization-evoked [3H]GABA
release in the presence of MP, data indicate that it may involve a
yet unraveled (direct or indirect) interplay between low affinity
GR and P2X7 receptors activation taking into consideration
the inhibitory effects obtained with mifepristone and A-438079,
respectively, and the fact that it is relatively sensitive to removal
of Ca2+, but not Na+, from the incubation medium.

Corticosteroid alterations of neuronal excitability throughout
the brain have been mostly attributed to fast non-genomic
effects (Di et al., 2003, 2005, 2009; Karst et al., 2005; Groc
et al., 2008; Groeneweg et al., 2012). This theory is supported
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FIGURE 5 | The P2X7 receptor is present predominantly on nerve terminals of the rat hippocampus. Panel (A) shows the immunolocalization of the P2X7 receptor in
confocal micrographs of the CA3 region of rat hippocampal slices (scale bar = 150 µm); right hand-side panels show higher magnification images zoomed from the
indicated regions (scale bar = 50 µm). Synaptic nerve terminals are stained with the vesicle-associated membrane protein 1 (VAMP-1 or synaptobrevin 1) and
astrocytes are labeled with the glial fibrillary acidic protein (GFAP). Data show that the P2X7 receptor (green) localizes predominantly in VAMP-1-positive synaptic
nerve terminals (upper panels), but not in cells positively staining with GFAP (lower panels); yellow staining denotes co-localization of P2X7 receptors (green) and
type-specific cell markers (red). In panel (B), fluorescence intensity scatter plots were used to estimate staining co-localization by calculating the Pearson’s
Coefficient (ρ, Bi) and the staining overlap (Bii) scores; represented are “box-and-whiskers” graphs plotting data from three to four individuals performed in triplicate.
These parameters were automatically calculated per image and were used to quantify the colocalization of the P2X7 receptor either with VAMP-1 or with GFAP
(yellow staining) in different hippocampal subregions, namely CA1, CA2, CA3 and dentate gyrus (DG).

by our data considering (1) the (min) timescale required to
observe changes in [14C]Glu release and (2) the fact that we have
used synaptophysin-enriched isolated nerve terminals remaining
after rejecting the nucleated neuronal cell bodies and GFAP-
positive glial cells of the rat hippocampus, which otherwise can

confound data interpretation in whole cell preparations. The
involvement of plasma membrane-bound GR and MR is highly
likely because these receptors can be blocked by mifepristone and
spironolactone, respectively, and both receptors were previously
identified by electron microscopy in synaptosomal extracts and
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FIGURE 6 | Continued
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FIGURE 6 | Blockage of the ATP-sensitive P2X7 receptor decreases depolarization-evoked [3H]GABA release from hippocampal nerve terminals in the presence of
methylprednisolone (MP), without affecting the release of [14C]Glu. In panels (A–C), ordinates represent the normalized [3H]GABA (i) and [14C]Glu (ii) release (S2/S1
ratio) from hippocampal nerve terminals depolarized with VT (5 µM, A) and high KCl (15 mM) applied in normal Ca2+ (2.2 mM, B) conditions and after removing
Ca2+ (plus EGTA, 1 mM, C) from the incubation medium. MP (300 µM) was applied to the superfusion fluid 15 min before S2; the P2X7 receptor antagonist,
A-438079 (3 µM), was present throughout the assay, including S1 and S2. Panel (D) illustrates the outflow of [14C]Glu above baseline over time caused by MP
(300 µM) in the absence and in the presence of A-438079 (3 µM) in Ca2+-free (plus EGTA, 1 mM) conditions. The results are expressed as mean ± SEM; the n
number of individual experiments per condition is shown below each bar. In panels (A–C), *P < 0.05 and #P < 0.05 (one-way ANOVA, uncorrected Fisher’s LSD
with single pooled variance) represent significant differences compared to control conditions (i.e., drugs in S1 and S2) and to the effect of MP alone, respectively; ns,
non-significant; the computed F ratios were 2.35 (Ai), 3.35 (Aii), 2.27 (Bi), 12.39 (Bii), 4.26 (Ci), and 8.94 (Cii). In panel (D), *P < 0.05 (unpaired Student’s t-test,
corrected for multiple comparisons using the Holm–Sidak method) represent significant differences as compared to the effect of MP alone.

FIGURE 7 | Activation of the P2X7 receptor with BzATP increases KCl-evoked [3H]GABA and [14C]Glu release from hippocampal nerve terminals in Ca2+-free
conditions. Panel (A) shows [3H]GABA (Ai) and [14C]Glu (Aii) outflow from rat hippocampal nerve terminals over time in Ca2+-free (plus EGTA, 1 mM) conditions;
nerve terminals were depolarized twice (S1 and S2) with high KCl (15 mM) applied for 2 min (dotted vertical lines). BzATP (300 µM) was applied to the superfusion
fluid 15 min before S2 (red horizontal line) either in the absence or in the presence of the GAT-1 transport inhibitor, SKF 89976A (40 µM), or the P2X7 receptor
antagonist, A-438079 (3 µM), which were present throughout the assay, including S1 and S2. In panel (B), ordinates represent the normalized [3H]GABA (Bi) and
[14C]Glu (Bii) release (S2/S1 ratio) from depolarized hippocampal nerve terminals in Ca2+-free conditions (plus EGTA, 1 mM). The results are expressed as
mean ± SEM; the n, number of individual experiments per condition is shown below each bar. *P < 0.05 and #P < 0.05 (one-way ANOVA, uncorrected Fisher’s LSD
with single pooled variance) represent significant differences compared to control conditions (i.e., drugs in S1 and S2) and to the effect of BzATP alone, respectively;
ns, non-significant; the computed F ratios were 7.19 (Bi) and 3.94 (Bii).

neuronal membranes of several brain regions (Johnson et al.,
2005; Groeneweg et al., 2012), including the rat hippocampus
(Wang and Wang, 2009). In keeping with our assumption,

others have found that the facilitatory effect of corticosterone
(and its cell impermeable conjugate with bovine serum albumin)
on depolarization-induced [14C]Glu release in the hippocampus
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was also blocked by mifepristone (Karst et al., 2005; Wang
and Wang, 2009), as well as by spironolactone (Groc et al.,
2008). Notwithstanding these facts, the presence of functional
GR receptors in the plasma membrane have been questioned
mostly because these receptors have not yet been cloned and their
downstream signaling pathways are still unknown.

In our hands, MP-induced increase in basal [14C]Glu release
was mimicked by the five-fold more potent GR agonist,
dexamethasone, and it was more sensitive to blockage with
mifepristone than with spironolactone, suggesting a predominant
role of low affinity GRs on adult rat hippocampal nerve
terminals acting to facilitate glutamate release (see also e.g.,
Wang and Wang, 2009). Prevention of MP-induced facilitation
of [14C]Glu release from depolarized nerve terminals by
both corticosteroid antagonists raises questions about the
selectivity of spironolactone (500 nM) for high affinity MR
and whether it can also perturb the action of coexisting low
affinity GR that more likely facilitate hippocampal glutamate
transmission (Groc et al., 2008). The way GRs activation might
cause reversal of DL-TBOA-sensitive Na+-dependent EAAT
transporters in order to release [14C]Glu from pre-synaptic nerve
terminals is still unknown, but it certainly deserves attention
in future studies.

To the best of our knowledge, this is the first study reporting
effects of corticosteroids, namely MP, on [3H]GABA release from
hippocampal nerve terminals measured in parallel and under
the same experimental conditions as those used to quantify
the release of [14C]Glu. However, in contrast to the more
straightforward excitatory effect of MP on [14C]Glu outflow,
MP-induced facilitation of [3H]GABA release was only evident
when rat hippocampal nerve terminals were depolarized with
high KCl (but not VT) in external Ca2+-free conditions (see
Figures 2C, 4Av), a situation that is very similar to that verified
after paroxysmal neuronal activity (e.g., epileptic crises) where
the extracellular concentration of Ca2+ falls by more than 90%
(Engelborghs K. et al., 2000; Engelborghs S. et al., 2000). Although
under normal Ca2+ conditions MP failed to affect GABA
outflow, unexpectedly the amount of [3H]GABA released during
depolarization of hippocampal nerve terminals in the presence
of MP was significantly reduced upon blocking either MRs with
spironolactone or ATP-sensitive ionotropic P2X7 receptors with
A-438079. We have so far no reasonable explanation to these
experimental findings, but somehow blockage of MR and P2X7
receptors may unbalance depolarization-induced [3H]GABA
release in the presence of the corticoid decreasing the transmitter
release probability when external Ca2+ is available, but not
in stressful (low Ca2+) conditions. One may hypothesize that
MP might favor opening of the ATP-sensitive P2X7 receptor
pore by a yet unknown mechanism leading to Na+ influx into
hippocampal nerve terminals and, subsequent, disruption of
the transmembrane Na+ gradient differentially affecting GABA
and Glu release, as previously demonstrated (Barros-Barbosa
et al., 2018). The preferring effect of the P2X7 receptor on
[3H]GABA release was confirmed using the ATP analog, BzATP,
and might involve reversal of the neuronal GAT1 transporter
sensitive to SKF 89976A (see e.g., Sperlágh et al., 2002), a situation
that is much more likely to occur in the absence of external

Ca2+ (Barros-Barbosa et al., 2018). The higher sensitivity for
GABA than for Glu release under low Ca2+ conditions is
probably because the GAT1 reversal potential is close to the
resting potential of the neuronal membrane (Zerangue and
Kavanaugh, 1996; Richerson and Wu, 2003; Allen et al., 2004;
Wu et al., 2006).

Although it is generally assumed that low extracellular Ca2+

reduces vesicular exocytosis of neurotransmitters, an inverse
correlation between Ca2+ concentration in the extracellular
fluid and depolarization-evoked amino-acid transmitters release
may be observed (see e.g., Levi et al., 1980; Cunningham and
Neal, 1981; Minc-Golomb et al., 1988; Santos and Rodriguez,
1992; Rassner et al., 2016; Barros-Barbosa et al., 2018). While
[3H]GABA release may be operated by a Ca2+-dependent
pathway when extracellular Ca2+ is available, this mechanism
may shift toward the reversal of the GAT1 transporter in low
Ca2+ conditions (Barros-Barbosa et al., 2018; see also Figure 7)
and, thus, became potentiated by GRs activation with MP.
A different scenario is verified regarding the release of [14C]Glu,
since the facilitatory effect of MP was consistently verified
both in the absence and in the presence of external Ca2+,
except when hippocampal nerve terminals were depolarized by
the Na+ channel activator, VT, which keeps the channel pore
persistently opened.

This new vision regarding the molecular mechanisms
underlying the differential role of corticosteroids, namely
MP, on amino-acid transmitters release, together with the
fact that hippocampal neurons abundantly express both
MRs and GRs (Karst et al., 2005; Joëls et al., 2012), may
impact on the rationale for designing new strategies for
better treatment of pathological conditions affecting the
hippocampus, specifically drug-refractory epilepsy, post-
traumatic stress, memory deficits and neurodegenerative
diseases. In a recent study from our group, it was proposed
that low doses of MP given for a short period of time
favored in vivo aversive memory persistence and this was
correlated with significant gains in in vitro hippocampal
LTP (de Vargas et al., 2017). Hippocampal LTP is highly
dependent on neuronal plasticity phenomena that are
commonly associated with glutamatergic neurotransmission
strengthening. We demonstrate here that MP significantly
increases the neuronal release of [14C]Glu, both during resting
and upon depolarization of hippocampal nerve terminals,
without significantly affecting the release of the inhibitory
neurotransmitter. Fast (non-genomic) onset enhancement of
glutamatergic neurotransmission has also been observed in the
CA1 hippocampal area (Karst et al., 2005). Strengthening of
glutamatergic synaptic potentiation by reversibly increasing
AMPA receptor-mediated miniature excitatory postsynaptic
current (mEPSC) frequency was also verified by other authors
upon application of corticosterone (and its membrane-
impermeable conjugate with bovine serum albumin) to
CA1 pyramidal neurons (Groc et al., 2008; see also Karst
et al., 2005). Likewise, low nanomolar concentrations of
corticosterone rapidly increased GluR2-AMPAR surface
diffusion at the post-synaptic region also favoring glutamatergic
synaptic potentiation.
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Data from the present study clearly indicate that MP increased
the release of [14C]Glu both under resting conditions and
during depolarization of hippocampal nerve terminals from adult
rats. The closest mention we could found about spontaneous
glutamate release induced by steroid hormones was in few
reports showing that pregnenolone sulfate (PREGS; a neuroactive
steroid hormone) dose-dependently increased the frequency of
mEPSCs in immature neurons of the hippocampus (Meyer et al.,
2002; Chen and Sokabe, 2005; Mameli et al., 2005), yet no
direct assessment to glutamate release has been reported in the
hippocampus of adult animals. Evidence that resting [14C]Glu
release induced by MP is Na+-dependent, yet Ca2+-independent,
is in favor of the participation of DL-TBOA-sensitive Na+-
dependent high-affinity EAAT membrane transporters operating
in the reverse mode, which is a novelty provided by our study.

Our group demonstrated that at the cholinergic
neuromuscular synapse MP facilitates acetylcholine release
indirectly by increasing ATP release and, subsequent, adenosine
formation resulting in increased activation of facilitatory A2A
receptors (Oliveira et al., 2015). On its own, steroids may induce
rapid (non-genomic) gating of several ionotropic receptors,
including ATP-sensitive P2X receptors (Codocedo et al., 2009).
Interestingly, synthetic testosterone derivatives have been shown
to positively modulate the activity of P2X2 and P2X4, but not
P2X7, receptors in heterologous systems (see e.g., Sivcev et al.,
2019). It remains, however, to be elucidated whether (1) MP
can allosteric modulate ATP-induced P2X7 receptor gating, and
if (2) the putative allosteric binding site for MP at the P2X7
receptor pore is specifically inhibited by GR antagonists. We
are also aware that steroids may activate plasma membrane
receptors coupled to G proteins (Mizota et al., 2005; Schiess
and Partridge, 2005), which may directly or indirectly modify
ATP-gated P2X receptor currents via downstream intracellular
signaling pathways. Notwithstanding the fact that we did not
prove that MP induced the release of ATP, which by acting via
low affinity ionotropic P2X7 receptors may favor transmitters
outflow from rat hippocampal nerve terminals, the P2X7 receptor
antagonist, A-438079, significantly attenuated depolarization-
evoked [3H]GABA, but not [14C]Glu, release in the presence of
MP. This result is in keeping with previous findings in nerve
terminals of the rat cerebral cortex showing that the P2X7
receptor activation unbalances GABAergic vs. glutamatergic
neurotransmission by differentially affecting high affinity
[3H]GABA and [14C]Glu uptake (Barros-Barbosa et al., 2015)
and release (Barros-Barbosa et al., 2018) in an extracellular Ca2+-
sensitive manner. Under the present experimental conditions,
isolated nerve terminals of the rat hippocampus are the only
possible source of endogenous ATP required to activate P2X7
receptors in the presence of MP.

Despite activation of hippocampal P2X7 receptor has been
implicated in physiological processes, such as learning and
memory, it may gain a different meaning under pathological
conditions, such as meso-temporal lobe epilepsy, where the
expression of this receptor is upregulated (Jimenez-Pacheco
et al., 2013; Barros-Barbosa et al., 2016). Thus, strengthening the

inhibitory GABAergic neurotransmission, without significantly
affecting Glu release, by P2X7 receptor activation triggered
by corticosteroid receptors may become apparent during
paroxysmal neuronal firing where extracellular Ca2+ is low
(Engelborghs K. et al., 2000; Engelborghs S. et al., 2000). We
foresee that these previously unpredicted differential roles of
corticosteroids on GABA and glutamate release may change
our therapeutic approach to improve cognition and to avoid
detrimental neuroexcitotoxicity in drug-refractory epilepsy and
other neurological conditions. Thus, facilitation of Glu release
strengthen previous assumptions that MP may act as a cognitive
enhancer, while crosstalk with overexpressed ATP-sensitive P2X7
receptors may provide therapeutic benefits by increasing the
GABAergic inhibitory drive during paroxysmal epileptic crisis
and/or neuroinflammatory insults of the adult brain.
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Dopamine replacement therapy with L-3,4-dihydroxyphenylalanine (L-DOPA) is the only
temporary therapy for Parkinson’s disease (PD), but it triggers dyskinesia over time.
Since dyskinesia is associated with increased neuronal firing that bolsters purinergic
signaling, we now tested whether the selective and blood-brain barrier-permeable
P2X7 receptor antagonist Brilliant Blue-G (BBG, 22.5–45 mg/kg ip) attenuated
behavioral, neurochemical and biochemical alterations in rats turned hemiparkinsonian
upon unilateral striatal injection of 6-hydroxydopamine (6-OHDA) and treated daily with
L-DOPA (30 mg/kg by gavage) for 22 days. The blockade of P2X7 receptors decreased
L-DOPA-induced dyskinesia and motor incoordination in hemiparkinsonian rats. In
parallel, BBG treatment rebalanced the altered dopamine D1 and D2 receptor density
and signaling as well as some neuroinflammation-associated parameters in the striatum
and substantia nigra. These findings herald a hitherto unrecognized role for purinergic
signaling in the etiopathology of dyskinesia and prompt P2X7 receptor antagonists as
novel candidate anti-dyskinesia drugs.

Keywords: Parkinson’s disease, dyskinesia, P2X7 receptor, neuroinflammation, dopamine D1 receptor, striatum,
microglia, astrocyte

HIGHLIGHTS

- A P2X7 receptor (P2X7R) antagonist prevents L-DOPA-induced dyskinesia (LID)
- P2X7R blockade prevents LID-induced striatal D1 receptor upregulation
- P2X7R blockade dampens LID-induced DARPP-32 overactivation in striatum and nigra
- P2X7R blockade lowers LID-induced microgliosis and inflammation in striatum
and nigra

Abbreviations: AIMs, abnormal involuntary movements; BBG, Brilliant Blue-G; CD11b, cluster of differentiation
11b; COX-2, cyclooxygenase-2; DARPP-32, dopamine- and cAMP-regulated neuronal phosphoprotein; DAT, dopamine
transporters; GFAP, glial fibrillary acidic protein; IL1β, interleukin-1β; L-DOPA, L-3,4-dihydroxyphenylalanine; LID,
L-DOPA-induced dyskinesia; 6-OHDA, 6-hydroxydopamine; P2X7R, P2X7 receptor; PD, Parkinson’s disease; p-DARPP32,
DARPP32 phosphorylated in residue threonine-34; TH, tyrosine hydroxylase.

Frontiers in Molecular Neuroscience | www.frontiersin.org 1 August 2020 | Volume 13 | Article 111101

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://doi.org/10.3389/fnmol.2020.00111
http://crossmark.crossref.org/dialog/?doi=10.3389/fnmol.2020.00111&domain=pdf&date_stamp=2020-08-07
https://creativecommons.org/licenses/by/4.0/
mailto:gmatos@ufc.br
https://doi.org/10.3389/fnmol.2020.00111
https://www.frontiersin.org/articles/10.3389/fnmol.2020.00111/full
https://www.frontiersin.org/articles/10.3389/fnmol.2020.00111/full
https://loop.frontiersin.org/people/878106/overview
https://loop.frontiersin.org/people/878110/overview
https://loop.frontiersin.org/people/29983/overview
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Fonteles et al. P2X7 Receptors and Dyskinesia

INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative disease
mainly characterized by bradykinesia resulting from dopamine
deficits in the striatum and loss of dopamine neurons
in the substantia nigra. Dopamine replacement therapy
with L-3,4-dihydroxyphenylalanine (L-DOPA) temporarily
alleviates PD motor symptoms, although it is accompanied
by evolving adverse side effects, namely the development of
abnormal involuntary movements known as L-DOPA-induced
dyskinesia (LID), occurring in up to 80% of patients within
5 years of treatment (Bastide et al., 2015). LID involves
maladaptive changes of dopamine receptors typified by
upregulation of dopamine D1 receptor signaling in the
striatum (Heumann et al., 2014), altered patterns of synaptic
plasticity at corticostriatal synapses (Wang and Zhang, 2016),
together with glia deregulation and a heightened profile
of neuroinflammation in nigra and striatum (Carta et al.,
2017). Thus, dyskinesia resulting from L-DOPA treatment
in Parkinsonian rodents triggers an increased firing rate and
synaptic potentiation in D1 receptor-containing medium
spiny neurons, accompanied by a decreased excitability of
D2 receptor-containing medium spiny neurons in the striatum
(e.g., Thiele et al., 2014; Suarez et al., 2016), coupled with
disrupted excitability and synchronization in both intra- and
inter-basal ganglia nuclei and the cerebral cortex. Indeed, the
average firing rate of striatal medium spiny neurons increases
as axial dyskinesia develops with increased delta power in
the striatum (Alberico et al., 2017), hyperexcitability in the
subthalamic nucleus (Aristieta et al., 2016), enhanced firing rate
in the substantia nigra pars reticulata (Meissner et al., 2006) and
overactivation of premotor and motor cortical areas (reviewed
in Donzuso et al., 2020).

Notably, increased neuronal firing (Wieraszko et al., 1989;
Cunha et al., 1996), as well as increased inflammation (Gourine
et al., 2007) andmicroglia-mediated neuroinflammation (George
et al., 2015) are associated with an augmented release of ATP,
which acts as a danger signal in the brain (Rodrigues et al.,
2015). Accordingly, in different animal models of PD, the
blockade of ATP-activated P2X7 receptor (P2X7R) attenuates
motor dysfunction (Marcellino et al., 2010; Carmo et al., 2014;
Ferrazoli et al., 2017; Wang et al., 2017). This likely involves
an ability of P2X7R blockade to attenuate neuroinflammation
(reviewed in Volonté et al., 2012; Bartlett et al., 2014; Jimenez-
Mateos et al., 2019) and neurodegeneration (e.g., Zhang et al.,
2005; Arbeloa et al., 2012; Nishida et al., 2012; Gandelman
et al., 2013), in particular, dopaminergic dysfunction (Jun
et al., 2007; Carmo et al., 2014; Kumar et al., 2017). The
combined evidence that P2X7R controls neuroinflammation
and abnormal dopaminergic signaling, and the implication
of these two mechanisms to generate LID led us to post
the new hypothesis that P2X7R may be involved in LID
pathophysiology. The relevance of this aim is best heralded
by the current inexistence of therapeutic strategies to manage
LID. Thus, based on the previous observations that the blood-
brain barrier permeable and selective P2X7R antagonist, brilliant
blue G (BBG), attenuated motor incoordination in a model

of Huntington’s disease (Díaz-Hernández et al., 2009), we
now evaluated if this P2X7R antagonist alleviates LID in a
rat model.

MATERIALS AND METHODS

Animals and Drug Treatments
Male Wistar rats weighing 250–300 g (n = 64) were obtained
from the Animal House of the Physiology and Pharmacology
Department of Federal University of Ceará. All procedures
followed the ARRIVE guidelines (McGrath et al., 2010) and were
approved by the ethics committee of the Federal University of
Ceará (107/14). Animals were housed four per cage under a 12 h
light/dark cycle and behavioral tests were performed between
9:00 AM and 5:00 PM.

The analysis of rotational behavior was carried out using
16 animals, eight for each group. Another pool of 48 animals
was used to assess the pattern of AIMs and was divided into
six groups: (i) sham-operated rats receiving ascorbate (0.01%
in saline; Sigma) intra-striatally; (ii) BBG-treated sham-operated
rats (sham+BBG45) receiving ascorbate (0.01% in saline;
Sigma) intra-striatally and BBG (45 mg/kg, ip; Sigma); (iii)
hemiparkinsonian (6-OHDA) rats receiving an intra-striatal
unilateral injection of 6-hydroxydopamine (6-OHDA, 18 µg/3
µl; Sigma), as previously described (Carmo et al., 2014);
(iv) dyskinetic (6-OHDA+L-DOPA) rats receiving 6-OHDA as
above and L-DOPA (30 mg/kg; Hoffman-Laroche) by gavage
daily for 22 days; (v) BBG-treated (6-OHDA+L-DOPA+BBG
22.5) rats receiving 6-OHDA, L-DOPA and BBG 22.5 mg/kg
ip; and (vi) BBG-treated (6-OHDA+L-DOPA+BBG 45) rats
receiving 6-OHDA, L-DOPA and BBG 45 mg/kg ip for 22 days.
After completing an AIMs analysis, four animals of each of
these six groups (24 in total) were subjected to the rotarod
test, and their brains were dissected and used for western
blot analysis; additionally, four animals of each of the six
groups (24 in total) were used for immunohistochemical
analysis, as depicted in Figure 1. Note that the animals
subjected to L-DOPA and/or BBG treatment were previously
subjected to apomorphine tests because only animals with
recognized striatal lesions caused by 6-OHDA could be used
in the following protocols (all except three animals reached
this criterium).

The dose range of BBG used in the present study has
previously been shown to yield a brain concentration of
200–220 nM (Díaz-Hernández et al., 2012), which is within
the effective and selective range of BBG towards central P2X7R
(Donnelly-Roberts and Jarvis, 2007). Accordingly, this dose
range of BBG has previously been shown to afford robust
neuroprotection in different animal models of brain disease (Ryu
and McLarnon, 2008; Díaz-Hernández et al., 2009; Arbeloa et al.,
2012; Kimbler et al., 2012; Carmo et al., 2014).

Behavioral Analysis
Rotational behavior was tested with apomorphine (1.0 mg/kg)
14 days after 6-OHDA injection, as previously described (Carmo
et al., 2014). Abnormal involuntary movements (AIMs) were
quantified as ALO AIMs (summing axial AIMs, limb AIMs, and
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FIGURE 1 | The P2X7R antagonist, brilliant blue G (BBG), prevented L-DOPA-induced dyskinesia and motor incoordination in 6-OHDA-induced hemiparkinsonian
rats. (A) Schematic overview of the experimental schedule. (B) Fourteen days after intra-striatal unilateral injections of 6-OHDA (18 µg/3 µl), rats displayed a sharp
increase of apomorphine (1 mg/kg, IP)-induced contralateral rotations counted for 60 min; values are mean ± SEM; *p < 0.05 vs. sham-operated, analysis of
variance (ANOVA) followed by a Tukey test (n = 8). (C) BBG (22.5 or 45 mg/kg, IP) prevents the decreased performance in the rotarod with constant speed (20 rpm)
after 22 days of L-DOPA-treatment of hemiparkinsonian rats; the test is specifically designed to evaluate the impact of L-DOPA since the performance is scored as
the relative time in the rod 1 h after L-DOPA (30 mg/kg, vo) or saline administration compared to a pre-test done 1 h before L-DOPA (or saline). With all animals
trained daily during the 3 days preceding the test in an accelerated version of the rotarod (16–38 rpm during 300 s); the dashed line is the median performance of
sham-operated rats; values are medians and spreading intervals; *p < 0.05 vs. 6-OHDA and **p < 0.05 vs. 6-OHDA + L-DOPA, Mann–Whitney test (n = 4).
(D,E) BBG (22.5 or 45 mg/kg, ip) prevents the development of both axial, limb and orolingual (ALO) abnormal involuntary movements (AIMs; D) and locomotor AIMs
(E) after 21 days of daily treatment with L-DOPA of 6-OHDA-induced hemiparkinsonian rats; ALO AIMs (rating as a contralateral side of the lesion; limb AIMs:
repetitive, rhythmic jerky movements or dystonic posturing of the forelimb on the contralateral side of the lesion; orolingual AIMs: tongue protusion without the
presence of food or other objects) and locomotor AIMs (rating locomotion to the contralateral side of the lesion) were scored as (0), absent; (1), present for less than
half of the observation time; (2), present for more than half of the observation time; (3), continuous but interrupted by strong sensory stimuli; (4), continuous, not
interrupted by strong sensory stimuli; AIMs were scored as the sum of AIMs observed during 2 min every 20 min, starting 20 min after L-DOPA administration for a
total time of 2 h. (F–H) Time courses of onset and evolution of total AIMs (sum of locomotor AIMs and ALO AIMs) after the administration of the last L-DOPA dose at
7 days (F), 14 days (G) and 21 days of treatment (H). *p < 0.05 vs. 6-OHDA and **p < 0.05 vs. 6-OHDA + L-DOPA using a Kruskal–Wallis test followed by a Dunn’s
test (n = 8).

orolingual AIMs) that are distinguished from locomotor AIMs,
and were scored (Lundblad et al., 2002) for 2 min every 20 min
during 2 h periods on the 21st, 28th and 36th days after 6-OHDA
injection, i.e., 1–3 weeks after the apomorphine test, and during
the treatment with L-DOPA without or with BBG. ALO AIMs
(rating axial AIMs: contralateral torsions of the neck and body;
limb AIMs: repetitive, rhythmic jerky movements or dystonic
posturing of the forelimb on the contralateral side of the lesion;
orolingual AIMs: tongue protrusion without the presence of food
or other objects) and locomotor AIMs (rating locomotion to the
contralateral side of the lesion) were scored as: (0), absent; (1),
present for less than half of the observation time; (2), present
for more than half of the observation time; (3), continuous but

interrupted by strong sensory stimuli; and (4), continuous, not
interrupted by strong sensory stimuli.

Motor coordination and balance were tested using an
accelerated rotarod (Gonçalves et al., 2017), on the 37th day
after 6-OHDA injection. Animals were pre-trained two sections
a day, 3 days before the test in an accelerated version of the
rotarod (16–38 rpm during 300 s). Twenty days after L-DOPA-
treatment, each animal was tested 1 and 2 h after L-DOPA
(30 mg/kg, v.o.) or saline administration with constant speed
(20 rpm) and two consecutive latencies were recorded for each
animal up to a maximum of 300 s. Performance was scored as the
percentage of the average latency time spent on the rod, 1 and
2 h after L-DOPA, in relation to the average latency time spent in
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the pre-test performed 30 min before L-DOPA administration.
Thus, this protocol is specifically designed to estimate L-
DOPA-induced motor incoordination in Parkinsonian models
(Padovan-Neto et al., 2009) rather than the impact of 6-OHDA
on motor incoordination.

Histochemical Analysis
After behavioral analysis, four rats from each group were
processed as previously described (see Carmo et al., 2014) for
tyrosine hydroxylase (TH; 1:800, Sigma) immunohistochemistry
and FluoroJade-C staining to evaluate neuronal damage,
as well as astrogliosis (GFAP immunoreactivity; 1:1,000,
Sigma), microgliosis (CD11b immunoreactivity; 1:200, Serotec),
and immunoreactivity for cyclooxygenase-2 (COX-2; 1:200,
Santa Cruz Biotechnology, Dallas, TX, USA) and dopamine
transporters (DAT; 1:500, Santa Cruz Biotechnology, Dallas,
TX, USA). Coronal brain sections (50 µm thick) were collected
in three series with an inter-series interval of 300 µm from
the beginning to the end of the striatum (approximately
0.96 mm to −0.92 mm from bregma; Paxinos and Watson,
2005) and from the beginning to the end of the substantia nigra
(approximately −4.44 mm to −6.19 mm from bregma; Paxinos
and Watson, 2005). The stainings were carried out in triplicate
using one-in-six free-floating sections. The stained sections were
visualized using confocal microscopy (LSM510, Zeiss) and two
photographs were collected per section, with care to maintain
the conditions of acquisition as constant and without any digital
manipulation of the acquired data. After a freehand selection
of a 50 × 50 µm region of interest in the striata or nigra
(ipsilateral and contralateral), we measured total fluorescence
(for TH, GFAP, CD11b or FluoroJade-C) or counted the number
of positively-stained elements (for COX-2) using a densitometric
analysis based on the ImageJ software (Carmo et al., 2014).

Western Blot Analysis
After behavioral analysis, four rats from each group were
processed forWestern blot analysis (Shen et al., 2013), tomeasure
dopamine D1 receptors (1:500, Abcam), dopamine D2 receptors
(1:800, Abcam) or interleukin-1β (IL1β, 1:500, Santa Cruz
Biotechnology, Dallas, TX, USA), followed by re-probing with
α-tubulin (1:500, Santa Cruz Biotechnology, Dallas, TX, USA),
and phospho-threonine-34 DARPP-32 (p-DARPP-32, 1:1,500,
Santa Cruz Biotechnology, Dallas, TX, USA) followed by total
DARPP-32 (1:1,500, Cell Signaling) re-probing (Shen et al.,
2013).

Statistical Analysis
All statistical comparisons were performed using Graphpad
Prism 6.0 software, with a significance level of 95%. Rotational
test performance, D1 and D2 receptors, DARPP-32 and IL-
1β Western-blot analysis, and COX-2 immunohistochemical
analysis are represented as mean ± SEM and statistical
differences were estimated using one-way analysis of variance
(ANOVA), followed by a Tukey’s test. The analysis of AIMs
and of rotarod performance, as well as TH, DAT, GFAP and
CD11b immunohistochemical results are presented as median
(interquartile range) and were analyzed with Kruskal-Wallis tests
followed by Mann–Whitney U-tests to compare pairs of groups.

RESULTS

Intra-striatal 6-OHDA injection triggered dopamine depletion
and super-sensitization, as heralded by the sharp increase
of apomorphine-induced contralateral rotations 14 days
after 6-OHDA (F(2,25) = 10.99, p < 0.0001; Figure 1B).
Chronic L-DOPA (30 mg/kg) treatment of 6-OHDA-lesioned
rats significantly increased axial, limb and orolingual AIMs
(F(4,39) = 20.61, p = 0.0005; Figure 1D) as well as locomotor
AIMs (F(5,38) = 17.63, p = 0.0020; Figure 1E). No AIMs were
observed in sham-operated animals after receiving chronic
L-DOPA treatment or vehicle (Figures 1D,E).

Blockade of P2X7R Attenuated
L-DOPA-Induced Dyskinesia
Chronic treatment with the selective P2X7R antagonist,
BBG (45 mg/kg) diminished AIMs’ scores 21 days after
L-DOPA treatment of hemiparkinsonian rats (Figures 1D,E;
F(4,14) = 19.51; p = 0.0006 and F(4,17) = 19.56; p = 0.0004,
respectively), as also occurred 7–14 days after L-DOPA
treatment (Figures 1F,G). BBG (45 mg/kg) decreased AIMs’
scores within 80 min after L-DOPA injection on day 7, within
40 min on day 14, and within 20 min on day 21 (Figures 1F–H).
A lower dose of BBG (22.5 mg/kg) also attenuated AIMs’ scores
(Figures 1D,E; F(4,14) = 18.02; p = 0.0007 and F(4,12) = 17.07;
p = 0.0048, respectively). We have previously reported that the
tested doses of BBG are devoid of motor effects in control rats
(Carmo et al., 2014).

Blockade of P2X7R Attenuated
LID-Induced Motor Incoordination
Chronic L-DOPA treatment decreased motor coordination of
hemiparkinsonian rats on the rota-rod test (F(4,16) = 5.249;
p = 0.0068), which was prevented by BBG (45 mg/kg;
F(4,16) = 6.477; p = 0.025; Figure 1C). No alterations
were observed in sham-operated animals chronically treated
with L-DOPA or vehicle (not shown) and the impact
of BBG on 6-OHDA-treated rats was previously described
(Carmo et al., 2014).

Blockade of P2X7R Dampened Dopamine
Aberrant Signaling Associated With LID
Rats with 6-OHDA lesions exhibited a greater than 70%
reduction (p = 0.0286) of the immunodensity of the dopamine
markers tyrosine hydroxylase (TH; Figures 2A,B) and of
dopamine transporters (DAT; p = 0.0009; Figures 2C,D) only
in the ipsilateral striatum (Figures 2A,C) and contralateral
substantia nigra (Figures 2B,D; p = 0.0286 and p = 0.0286,
respectively) compared to the sham-operated group; this
was not affected by chronic treatment with L-DOPA
and/or BBG (Figure 2). As expected when beginning BBG
treatment after establishing dopamine neuronal lesions,
there was no change of FluoroJade-C staining (degenerating
neurons) in the striatum or nigra between the different
groups (data not shown).

Western blot analysis revealed a selective increase of
dopamine D1 receptor density in the striatum (Figure 3A,
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FIGURE 2 | The P2X7R antagonist, brilliant blue G (BBG), applied after L-DOPA-induced dyskinesia, did not recover the 6-OHDA-induced dopaminergic lesion in
the striatum and nigra. Rats were either sham-operated or challenged with 6-OHDA (unilateral striatal injection of 18 µg/3 µl) and later treated either with saline
(PARK) or L-DOPA (30 mg/kg, v.o. daily) or L-DOPA plus BBG (45 mg/kg, IP daily, 30 min before L-DOPA), before being sacrificed for preparation of coronal brain
sections (30 µm) to be immunohistochemically stained with the dopaminergic markers tyrosine hydroxylase (TH) or dopamine transporter (DAT). The treatment
during 21 days of L-DOPA and/or BBG does not affect the 6-OHDA-induced dopaminergic lesion in the ipsilateral striatum (A,C) and in the contralateral substantia
nigra (B,D), assessed by immunohistochemical analysis of either TH (A,B) or dopamine transporters (DAT; C,D); the photographs in each panel are representative
stainings ordered as the columns and the inserts are photographs from the other hemisphere (as internal controls); the values in the bar graphs are mean ± SEM of
four rats per group; *p < 0.05 vs. sham-operated using a Mann–Whitney test. **p < 0.05 vs. 6-OHDA + L-DOPA using a Mann-Whitney test.

p= 0.0159) with no alteration in the nigra (Figure 3B, p= 0.2119),
whereas dopamine D2 receptor density decreased in the nigra
(Figure 3D, p = 0.0085), but not in the striatum (Figure 3C,
p = 0.9982) of LID rats (i.e., treated with 6-OHDA and then
with L-DOPA) compared to PD rats (i.e., treated only with 6-
OHDA). This resulted in an abnormally increased dopaminergic
signaling in both the striatum (Figure 3E, p = 0.0102) and
nigra (Figure 3F, p = 0.0106), as testified by an increased ratio
of threonine-34-phosphorylated/total DARPP-32 in LID vs. PD
rats. Notably, BBG (45 mg/kg) prevented these changes in striatal
D1 (Figure 3A, p = 0.0304) and nigra D2 receptors (Figure 3D,
p = 0.0159), normalizing dopamine signaling throughDARPP-32
in both the striatum (p = 0.0297) and nigra (p = 0.0596) of LID
rats (Figures 3E,F).

Blockade of P2X7R Prevented Some
Glia-Associated Neuroinflammation
Markers Upon LID
GFAP (astrocytic marker) and CD11b (microglia/macrophage
marker) immunoreactivities were increased in the striatum
(Figures 4C,E) and nigra (Figures 4D,F) of 6-OHDA-treated

rats and further increased upon LID; this suggests the presence
upon LID of astrogliosis and microgliosis, as concluded from
the quantification of the total immunoreactivities of GFAP and
CD11b (scatter plots in Figure 4), as well as the alteration of the
morphology of the elements stained with either GFAP or CD11b
(insert photos in Figure 4). These alterations were prevented by
BBG (45 mg/kg), more evidently in the nigra than in the striatum
(Figure 4). Accordingly, LID increased COX-2 immunoreactivity
(Figures 5A,B; Bortolanza et al., 2015b) and interleukin-1β levels
in the striatum and nigra (Figures 5C,D), which was prevented
by BBGmore evidently in the striatum (Figures 5A,C) than in the
nigra (Figures 5B,D). Altogether, these findings are indicative
of the ability of P2X7R to control neuroinflammation, although
BBG displays a different ability to control glial cell markers and
neurochemical features of neuroinflammation in the striatum
and in the nigra. This might be due to the greater density of
microglia in the nigra than elsewhere in the brain (Lawson et al.,
1990; Sharaf et al., 2013), the different contribution of different
players to mount a neuroinflammatory response in the striatum
and in the nigra (Walker et al., 2016) or to the scar caused by the
injection of 6-OHDA in the striatum.

Frontiers in Molecular Neuroscience | www.frontiersin.org 5 August 2020 | Volume 13 | Article 111105

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


Fonteles et al. P2X7 Receptors and Dyskinesia

FIGURE 3 | The P2X7R antagonist, brilliant blue G (BBG), prevents the alterations of the dopaminergic signaling associated with the altered density of dopamine
D1 and D2 receptors in the striatum and substantia nigra of hemiparkinsonian rats suffering from L-DOPA-induced dyskinesia. Rats were challenged with 6-OHDA
(unilateral striatal injection of 18 µg/3 µl) and either saline (6-OHDA) or L-DOPA (30 mg/kg, v.o. daily, +L-DOPA) or L-DOPA plus BBG (45 mg/kg, IP daily, 30 min
before L-DOPA; +BBG), and were sacrificed for preparation of extracts from the striatum or substantia nigra for Western blot analysis. (A,B) D1 receptor
immunodensity in the striatum (A) and nigra (B). (C,D) D2 receptor immunodensity in the striatum (C) and nigra (D). (E,F) Threonine-34-phosphorylated DARPP-32
immunodensity in the striatum (E) and nigra (F). All data are mean ± SEM of four rats per group; *p < 0.05 vs. sham-operated, **p < 0.05 vs. PARK+L-DOPA, using
an ANOVA followed by a Tukey’s test.
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FIGURE 4 | The P2X7R antagonist, brilliant blue G (BBG), prevented astrocytic and microglial alterations in the striatum (A) and substantia nigra (B) of
hemiparkinsonian rats suffering from L-DOPA-induced dyskinesia. Rats were either sham-operated or challenged with 6-OHDA (unilateral striatal injection of 18 µg/3
µl) and later treated either with saline or L-DOPA (30 mg/kg, v.o. daily) or L-DOPA plus BBG (45 mg/kg, IP daily, 30 min before L-DOPA), before being sacrificed for
preparation of either coronal brain sections (50 µm thick) or extracts from the striatum or substantia nigra for Western blot analysis. (A) Representation from the rat
brain Atlas of Paxinos and Watson (2005) at 0.48 mm from bregma, illustrating the site of a collection of striatal sections (50 µm thick) in three series of six sections
around the three 6-OHDA injection sites and (B) representation at −4.92 mm from bregma, illustrating the site of a collection of nigral sections (50 µm thick) in three
series of six sections; the insert photograph shows an example of a striatal (A) and nigral regions (B) stained for CD11b from a 6-OHDA + L-DOPA treated rat. (C,D)
Representative photographs (ordered as indicated in the bar graph showing the average staining values) of the immunohistochemical detection of the astrocyte
marker, GFAP in the striatum (C) and nigra (D), where the inserts are the amplification of individually stained elements; bar values are medians and spreading
intervals; *p < 0.05 vs. sham-operated, **p < 0.05 vs. 6-OHDA and ***p < 0.05 vs. 6-OHDA + L-DOPA, Mann–Whitney test (n = 4). (E,F) Representative
photographs (ordered as indicated in the bar graph showing the average staining values) of the immunohistochemical detection of the microglia marker, CD11b in
the striatum (E) and nigra (F), where the inserts are the amplification of individually stained elements; bar values are medians and spreading intervals; *p < 0.05 vs.
sham-operated, **p < 0.05 vs. 6-OHDA and ***p < 0.05 vs. 6-OHDA + L-DOPA, Mann–Whitney test (n = 4). Scale bar: 100 µm.
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FIGURE 5 | The P2X7R antagonist, brilliant blue G (BBG), prevented alterations associated with neuroinflammation in the striatum and substantia nigra of
hemiparkinsonian rats suffering from L-DOPA-induced dyskinesia. Rats were either sham-operated or challenged with 6-OHDA (unilateral striatal injection of 18 µg/3
µl) and later treated either with saline or L-DOPA (30 mg/kg, v.o. daily) or L-DOPA plus BBG (45 mg/kg, IP daily, 30 min before L-DOPA), before being sacrificed for
preparation of either coronal brain sections (50 µm thick) or extracts from the striatum or substantia nigra for Western blot analysis. (A,B) The average
immunohistochemical density of cyclooxygenase-2 (COX-2) in the striatum (A) and nigra (B); bar values are mean ± SEM of four rats per group; *p < 0.05 vs.
6-OHDA, **p < 0.05 vs. 6-OHDA + L-DOPA, using an ANOVA followed by a Tukey’s test. (C,D) Immunodensity of interleukin-1β determined by Western blot analysis
in the striatum (C) and nigra (D); bar values are mean ± SEM of four rats per group; *p < 0.05 vs. 6-OHDA, **p < 0.05 vs. 6-OHDA + L-DOPA, using an ANOVA
followed by a Tukey’s test. Scale bar: 100 µm.

DISCUSSION

Dopamine replacement therapy with L-DOPA is the main
temporary therapy for PD but it triggers dyskinesia (LID) over
time. We used a commercially available, brain permeable and
selective P2X7R antagonist, Brillant Blue G (BBG), to show
its ability to prevent LID in a rat model. We confirmed that
a unilateral 6-OHDA injection caused a loss of dopamine
neurons (TH, DAT staining) in the striatum and nigra,
impairing motor responses (apomorphine-induced rotations)
consistent with a hemiparkinsonian condition. Chronic L-DOPA
administration triggered locomotor, postural, and orofacial
dyskinetic movements together with motor incoordination,
without altering 6-OHDA-induced dopaminergic degeneration,
thus confirming the face validity of the model (Bastide et al.,
2015). BBG prevented the development of the critical behavior
alterations of LID, namely dyskinesia and motor incoordination.
Since the two tested doses of BBG selectively target P2X7R
(Donnelly-Roberts and Jarvis, 2007; Díaz-Hernández et al.,
2012), having effects similar to other selective P2X7R antagonists
and P2X7R knockout in different models of brain diseases

(Melani et al., 2006; Díaz-Hernández et al., 2009, 2012; Kimbler
et al., 2012; Carmo et al., 2014; Jimenez-Pacheco et al., 2016), the
effects of BBG imply the likely involvement of P2X7R.

The pathophysiological changes underlying LID remain
poorly understood. One defined neurochemical basis of LID
is the imbalance of the nigrostriatal dopaminergic system due
to the loss of pulsatile dopamine signaling replaced by a
continuous L-DOPA-derived dopamine generation (Heumann
et al., 2014). Accordingly, our LID model revealed an increased
D1 receptor density, without alteration of the D2 receptor
density in the striatum, together with a decreased D2 receptor
density without alteration of the D1 receptor density in the
nigra. This resulted in abnormal dopaminergic signaling in
both structures, as indicated by the increase of DARPP-32
phosphorylation in threonine-34, which is associated with
dopaminergic signaling (Svenningsson et al., 2004). BBG
prevented all these LID-associated dopaminergic alterations,
which might eventually result from direct effects of P2X7R
located in dopamine cells (Heine et al., 2007) and striatal
dopamine terminals (Carmo et al., 2014). However, although
the presence of P2X7R mRNA and protein in the striatum and
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substantia nigra is established (Amadio et al., 2007; Kaczmarek-
Hajek et al., 2018; Crabbé et al., 2019; Gentile et al., 2019)
and there is evidence for an increased P2X7R density in the
striatum upon decreasing dopaminergic innervation (Ferrazoli
et al., 2017; Crabbé et al., 2019), the cellular localization of P2X7R
is essentially unknown, and there is no data currently available to
ascribe the presence of P2X7R to different neuronal populations
(e.g., D1R or D2R) in nigrostriatal pathways.

A concurrent mechanism of action of P2X7R to dampen LID
results from the ability of BBG to prevent the alterations of
astrocytes and microglia and the putative neuroinflammation
suggested by the increased COX-2 and interleukin-1β levels in
the striatum and nigra of LID mice. Indeed, neuroinflammation
involving microglia and astrocytes critically controls LID
(Bortolanza et al., 2015a; Mulas et al., 2016; Carta et al., 2017)
and P2X7R are well-established to control neuroinflammation
(Rodrigues et al., 2015; Illes et al., 2017), being most
abundant in microglia (Melani et al., 2006; Bhattacharya and
Biber, 2016; Kaczmarek-Hajek et al., 2018) and astrocytes
(Oliveira et al., 2011). We observed that BBG displayed a
different efficiency to prevent neuroinflammation-associated
neurochemical alterations rather than alterations of glial
cells in the striatum and neuroinflammation-associated glial
cell alterations rather than neurochemical alterations in the
nigra, probably due to the contribution of different players
in mounting neuroinflammatory responses in the nigra and
striatum (Walker et al., 2016) or as a consequence of the
striatal scar caused by 6-OHDA administration. However,
some parameters associated with neuroinflammation were
attenuated by BBG in the striatum and nigra. Notably, several
studies have proposed that the P2X7R-mediated control of
neuroinflammation is actually responsible to control neuronal
function (Hu et al., 2015; Bernardino et al., 2008) and
recent studies identified P2X7R in microglia as paramount
to mediate behavioral alterations upon repeated stress (Iwata
et al., 2016; Yue et al., 2017). Further studies should
exploit this observed robust ability of P2X7R to control
dyskinesia as a new window of opportunity to disentangle
the relative importance of the control of neuroinflammation
and of the maladaptive dopaminergic alterations for the
development of LID.

Although we propose that P2X7R might mainly modulate
striatal and nigra dopaminergic function and neuroinflammation
to control dyskinesia, it is important to note that our results
do not allow a definition of the brain area (striatum, nigra or
cerebral cortex) where P2X7R might play the more prominent
role to control dyskinesia. The time course evaluation of the

effects of BBG on dyskinesia also prompted the suggestion that
the beneficial effects of BBG seem to increase with time, i.e., they
seem more robust after 14 and 21 days of treatment compared
to shorter periods of exposure to BBG (7 days). Future studies
will be required to explore the apparent time-dependent increase
of the efficiency of BBG and potential relation to an increased
released of ATP, an upregulation of P2X7R, and/or increased
efficiency of P2X7R action in altered cellular networks upon the
evolution of a dyskinetic phenotype.

In conclusion, the present study provides the first
demonstration for the involvement of the purinergic system
in the development of LID and prompts considering P2X7R
antagonists as novel candidate anti-dyskinesia drugs.
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Raphael Fabricio de Souza1,2,3,4* , Ricielle Lopes Augusto1,
Silvia Regina Arruda de Moraes5, Fabio Borges de Souza1,
Lílian Vanessa da Penha Gonçalves1, Danielle Dutra Pereira1,
Gisele Machado Magalhães Moreno1, Fernanda Maria Araujo de Souza6 and
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Ultra-endurance (UE) race has been associated with brain metabolic changes, but it is
still unknown which regions are vulnerable. This study investigated whether high-volume
training in rodents, even under moderate intensity, can induce cerebellar oxidative
and inflammatory status. Forty-five adult rats were divided into six groups according
to a training period, followed or not by an exhaustion test (ET) that simulated UE:
control (C), control + ET (C-ET), moderate-volume (MV) training and MV-ET, high-volume
training (HV) and HV-ET. The training period was 30 (MV) and 90 (HV) min/day, 5
times/week for 3 months as a continuous running on a treadmill at a maximum velocity
of 12 m/min. After 24 h, the ET was performed at 50% maximum velocities up to
the animals refused to run, and then serum lactate levels were evaluated. Serum and
cerebellar homogenates were obtained 24 h after ET. Serum creatine kinase (CK), lactate
dehydrogenase (LDH), and corticosterone levels were assessed. Lipid peroxidation
(LP), nitric oxide (NO), Interleukin 1β (IL-1β), and GFAP proteins, reduced and oxidized
glutathione (GSH and GSSG) levels, superoxide dismutase (SOD) and catalase (CAT)
activities were quantified in the cerebellum. Serum lactate concentrations were lower in
MV-ET (∼20%) and HV-ET (∼40%) compared to the C-ET group. CK and corticosterone
levels were increased more than ∼ twofold by HV training compared to control. ET
increased CK levels in MV-ET vs. MV group (P = 0.026). HV induced higher LP levels
(∼40%), but an additive effect of ET was only seen in the MV-ET group (P = 0.02). SOD
activity was higher in all trained groups vs. C and C-ET (P < 0.05). CAT activity, however,
was intensified only in the MV group (P < 0.02). The 50 kDa GFAP levels were enhanced
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in C-ET and MV-ET vs. respective controls, while 42 kDa (∼40%) and 39 kDa (∼26%)
isoform levels were reduced. In the HV-ET group, the 50 KDa isoform amount was
reduced ∼40–60% compared to the other groups and the 39 KDa isoform, increased
sevenfold. LDH levels, GSH/GSSG ratio, and NO production were not modified. ET
elevated IL-1β levels in the CT and MV groups. Data shows that cerebellar resilience to
oxidative damage may be maintained under moderate-volume training, but it is reduced
by UE running. High-volume training per se provoked systemic metabolic changes,
cerebellar lipid peroxidation, and unbalanced enzymatic antioxidant resource. UE after
high-volume training modified the GFAP isoform profile suggesting impaired astrocyte
reactivity in the cerebellum.

Keywords: oxidative stress, central nervous system, high-volume training, catalase, superoxide dismutase, lipid
peroxidation, glial fibrillary acidic protein

INTRODUCTION

In the last decades, a noticeable increase in the number of
athletes taking part in long-distance running and ultramarathons
has been reported (Agnew et al., 2018). In contrast to regular
volume training, some deleterious effects have been described
as a result of high volume, repetitive physical effort, and
exhaustive and complex competitions (Knechtle and Nikolaidis,
2018). Recent studies have identified physiological impairment
resulting from the ultra-endurance race (UE), encompassing
cardiac and major artery structural remodeling, indications of
pathological condition (O’Keefe et al., 2012; Bonsignore et al.,
2017), marked renal and muscle damage (Jastrzȩbski et al.,
2015), hepatic dysfunction (Rama et al., 2015), cartilage wear
(Franciozi et al., 2013), and oxidative damage to the peripheral
and central nervous systems (CNS) (Chalimoniuk et al., 2015a;
Muñoz et al., 2017).

The CNS is especially vulnerable to oxidative damage due
to its high O2-dependent mitochondrial activity, intensified by
aerobic exercise, increased oxygen uptake, and cerebral blood
flow (40–70%) to meet energy demands (Chalimoniuk et al.,
2015a). When subjected to an antioxidant enzymatic imbalance,
the CNS is an important target for reactive oxygen species (ROS)
and oxidative stress secondary byproducts. Physical exercise can
exert neuroprotective or harmful actions in the redox balance,
depending on the intensity, volume, duration, and specificity of
the brain region, independent of the involvement of this region
in the locomotor function (de Souza et al., 2018).

The cerebellum plays a relevant role in motor, cognitive, and
limbic activity (Hibi and Shimizu, 2011; Schmahmann, 2019)
and promotes movement control, motor learning (Celnik, 2015)
balance, muscle coordination, posture (Hibi and Shimizu, 2011;
Powell et al., 2015; Jirenhed et al., 2017) and visually guided
locomotion (Armstrong, 1996; Rabe et al., 2008; Schmahmann,
2019). Moderate aerobic exercise increased the dendritic density,
field area, and total branch length of Purkinje cells (Pysh
and Weiss, 1979; Huang et al., 2018) and favors cerebellar
angiogenesis (Black et al., 1990; Lee, 2007). Also, cerebellar
molecular changes induced by exercise promote plasticity in the
motor cortex (Mang et al., 2016), attenuate cerebellar deficiencies
(Tercero-Pérez et al., 2019), suppress Purkinje cell loss during

Parkinson’s disease (Lee et al., 2018), increase mitochondrial
biogenesis (Marques-Aleixo et al., 2015), and inhibit oxidative
stress, promoting apoptotic signaling (Marques-Aleixo et al.,
2016). Purkinje cells have also been shown to have high levels
of monocarboxylate transporters (MCTs), which are key proteins
in energy metabolism when stimulated, by treadmill running
(Hoshino et al., 2016).

Studies that evaluated training over 60 min per day have
examined the effects on the entire rodent brain (Radak et al.,
2001; Hagen et al., 2018), neglecting metabolic specificities
of different brain regions. Notwithstanding the importance of
the cerebellum for cognitive planning and execution functions
involved in movement control, limited experimental studies have
investigated the oxidative impact of high-volume training and
UE tests in this brain region. Another aspect that motivated
our study was its differential vulnerability and neurochemical
profile (Scorziello et al., 2001). To our knowledge, no study has
yet investigated whether UE could modify astrocyte function in
the cerebellum. Bergman glia is a specialized radial astrocyte
of the cerebellum and has a differential genesis, ensheaths, and
controls almost all synapses on the Purkinje neurons, conferring
to this region distinct plastic responses when compared to
the cerebral cortex, for example (Bernardinelli et al., 2014).
Moreover, functional modifications in the Bergman glia can
affect associative motor learning and/or motor performance
(De Zeeuw and Hoogland, 2015). Astrocytes are active players
in brain energy delivery, production, utilization, and storage
(Sonnay et al., 2017). Brain glycogen is chiefly located in these
glial cells and it decreases with extensive and prolonged exercise
(Matsui et al., 2012, 2017). However, it is still unknown whether
UE running induces altered glial activity as well as modifies
antioxidant defense mechanisms when associated with high-
volume running training (Jastrzȩbski et al., 2015; Rama et al.,
2015; Knechtle and Nikolaidis, 2018; Millet et al., 2018).

The current discussion on the negative effects of high-volume
and UE on runner health (Knechtle and Nikolaidis, 2018; Millet
et al., 2018), and the scarcity of knowledge about these effects
in locomotion-related brain regions has motivated the present
study. We hypothesized that rodent cerebellar resilience to
oxidative injuries may be reduced after high-volume training,
regardless of the exhaustion test simulating UE running.
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MATERIALS AND METHODS

Experimental Animal Groups
Forty-five adult male Wistar rats (60 days; 225.84 ± 24.33 g)
were obtained from the animal production unit of the Federal
University of Paraíba, João Pessoa, Brazil. The animals were kept
on a 12 h light/dark cycle under an inverse photoperiod (lights
on 6:00 p.m.), under a controlled environment with temperature
(22◦C± 2◦C) and had free access to food and water.

After the running training test, the animals were randomized
into six groups according to the moderate-intensity training
period, followed or not by the exhaustion test (ET): control (C:
n = 8, placed on the treadmill off), control + ET (C + ET:
n = 7), moderate-volume training (MV: n = 8) moderate-volume
training + ET (MV + ET: n = 7), high-volume training (HV:
n = 8), and high-volume training + ET (HV + ET: n = 7). All the
experimental procedures animals followed the guidelines for the
Care and Use of Laboratory Animals previously approved by
the Animal Use Ethics Committee of the Federal University of
Pernambuco, Brazil (# 0035-2017).

Physical Training Protocol
For running training, a motorized treadmill (AVS products R©)
with individual tracks and equipped with rear shock (2.0 mA) was
used. One week before the beginning of the training, the animals
were adapted to a speed of 5 m/min for 10 min, 5 times per week.
Subsequently, the animals were submitted to a maximum velocity
test (Vmax) to determine the training threshold. Vmax consisted
of a graded threshold run and speed increments (5 m/min
every 3 min), starting at 5 m/min up to the maximum intensity
achieved by each animal (de Senna et al., 2011).

The treadmill trainability test was rated on a scale of 1 to
5 according to the following criteria: (1) refusing to run, (2)
below-average runner (sporadically running but stops running
constantly), (3) average runner (maintains a steady run but
falls or stops running sporadically), (4) above-average runner
(consistent runner, occasionally falls backward on the treadmill),
and (5) good runner (Dishman et al., 1988). Animals classified as
score ≥3 were randomized in the groups for physical training.
Only two animals scored <3, and these animals were put in
the control groups.

The training protocol was continuous for 12 weeks. Daily
exercise sessions 3 to 5 times/week with low to moderate intensity
(50–70% of maximum intensity achieved in Vmax tests) were
performed by the MV, MV-ET, HV, and HV-ET groups (see
Table 1). The training times of the MV and MV-ET or HV and
HV-ET groups were gradually increased from 10 to 30 min or
10 to 90 min per day, respectively, over 12 weeks (Tarini et al.,
2013). Each training session was preceded by 5 min of warm-up
at 30% of Vmax and the end of the run 5 min of recovery at 30%
of Vmax (de Senna et al., 2011). These times were included in
the total protocol period. The rear shock was used only in the
early steps of animal adaptation to the treadmill, 1 week before
the beginning of the training despite the score obtained in the
trainability test. It was not necessary to use rear shock for the
3 months training period.

Twenty-four hours after the training period, the C-ET, MV-
ET, and HV-ET groups were submitted to the exhaustion test.
This test was performed up to the maximum running distance
(low to moderate intensities) when the animals were considered
depleted and refused to run (touching the running box 10 times
for 1 min) (Tarini et al., 2013), after which tail blood was collected
for analysis of serum lactate levels. After 24 h, all animals
were weighed, anesthetized with 100% isoflurane, followed by
blood collection directly from the heart (left ventricle) before
decapitation for immediate removal of the cerebellum tissue (see
Figure 1).

Running Performance
For analysis of running performance, the running time (min),
distance traveled (meters), speed (meters/min), and horizontal
workload were evaluated in the groups submitted to the
exhaustion test.

Markers of Metabolic Changes in the
Serum
Total creatine kinase (CK) and lactate dehydrogenase (LDH)
concentrations in the serum were quantified as indicators of
potential damage to the tissues. The blood samples (∼4 mL) were
collected after euthanasia by cardiac puncture and put in dry
tubes for separating serum (InjeXvácuo) with a clot activator.
They were subsequently centrifuged for 10 min at 800 g and
4◦C, and then the serum was separated for analysis using specific
commercial kits (Katal Biotechnology, São Paulo, Brazil for LDH
and Labtest Diagnóstica S.A.; Minas Gerais, Brazil for CK)
according to the manufacturer’s instructions.

For quantification of lactate levels, the tail vein blood sample
collection was used; approximately 25 µl of the blood sample
was placed directly onto test strips (BM-Lactate) and immediately
analyzed with an Accutrend Lactate Accu-Check lactate meter
(Roche, Brazil) just after ET.

TABLE 1 | Training protocol.

Week Training
threshold (%–

m/min)

Time (Min) Frequency of
weekly

sessions

Recovery
training
(hours)MV HV

Adaptation 1◦ 5 m/min 10 min 10 min 3× 24

2◦ 50% 10 min 10 min 3× 24

1◦Phase 3◦ 50% 15 min 20 min 3× 24

4◦ 50% 20 min 30 min 3× 24

5◦ 50% 25 min 40 min 5× 24

6◦ 50% 30 min 50 min 5× 24

2◦Phase 7◦ 60% 30 min 60 min 5× 24

8◦ 60% 30 min 70 min 5× 24

9◦ 60% 30 min 80 min 5× 24

10◦ 70% 30 min 90 min 5× 24

3◦Phase 11◦ 70% 30 min 90 min 5× 24

12◦ 70% 30 min 90 min 5× 24

MV, moderate-volume training; HV, high-volume training.
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For the corticosterone assay, 50 µl of serum was used.
Analyses were made in duplicate per sample at a 1:1000 dilution.
The entire procedure was performed as recommended by the
Corticosterone ELISA kit (Cayman Chemical, No 501320).

Biochemical Analysis of Cerebellum
Oxidative Status
Cerebellum Tissue Preparation
The cerebellum dissection was made over a filter paper that was
put over an iced buffer, and the wet weight was obtained before
the immersion of cerebellum in the saline solution and kept in a
deep freezer at –80◦C. Then, this tissue was homogenized at 4◦C
in a lysis buffer containing 10 mM ethylenediaminetetraacetic
acid (EDTA), 2 mM phenylmethylsulfonyl fluoride (PMSF),
100 mM sodium fluoride, 10 mM sodium pyrophosphate
(Na4P2O7), 100 mM Tris (hydroxymethyl) aminomethane, pH
7.4, and a 1% cocktail of protease inhibitors (AEBSF- [4- (2-
Aminoethyl) benzenesulfonyl fluoride hydrochloride; Aprotinin,
Bestatin hydrochloride, E-64-[N-(trans-Epoxysuccinyl)-L-
leucine) 4-guanidino butylamine, leupeptin hemisulfate
pepstatin A; (Sigma-Aldrich, United States) (1:5 w/v). Thereafter
the homogenate was centrifuged for 10 min at 10,000 g at 4◦C
and the supernatants stored at−80◦C for further analyses.

Lipid Peroxidation Analysis
Lipoperoxidation (LP) was measured by estimating the
malondialdehyde (MDA) levels using the thiobarbituric
acid reactive substance (TBARS) assay, which measures the
MDA present in the sample, as well as MDA generated from
lipid hydroperoxides by the hydrolytic conditions of the reaction
(Ohkawa et al., 1979). The reaction was developed by sequential
addition of 80 µL 8.1% sodium dodecyl sulfate, 600 µL 20%
acetic acid, pH 3.5, and 600 µL 0.8% TBA solutions and 200 µL
of cerebellum supernatant, boiled in water for 60 min and then
cooled in an ice bath. Afterward, 600 µL of n-butanol was added,
the mixture was shaken and centrifuged at 2,500 g for 10 min,
and the upper phase was collected and analyzed at 532 nm
using a plate reader (Thermo Scientific, Varioskan flash spectral
scanning multimode reader).

Nitric Oxide Levels
Nitrite levels were estimated using Griess reagent as an indicator
of nitric oxide (NO) production (Green et al., 1982). Equal
volumes (100 µL) of supernatant and Griess reagent were placed
in a 96-well plate and reacted for 10 min at room temperature
(∼ 22◦C). The absorbance of the diazonium compound was
measured at a wavelength of 540 nm. Results were expressed as
nmol per mg protein regarding a standard curve constructed with
known concentrations of sodium nitrite.

Total Superoxide Dismutase and Catalase Activity
Evaluation of total superoxide dismutase (t-SOD) activity was
performed according to Misra and Fridovich (1972) at 25◦C.
Triplicates of cerebellum supernatants (60 µL) were previously
incubated in a water bath at 37◦C. Sodium carbonate (920 µL
of 0.05% buffer) was added. The reaction was developed by
adding 20 µl of 150 mM epinephrine in 0.05% acetic acid. The

decay kinetics of absorbance levels at 480 nm was evaluated
by measurements every 15 s over a total period of 2 min.
One unit of t-SOD was defined as the amount of enzyme that
causes 50% inhibition of epinephrine oxidation. The enzymatic
activity of t-SOD tissue was expressed in units per milligram of
protein (U/mg protein).

Catalase enzymatic activity (CAT) was measured according to
Aebi (1984). Triplicates of cerebellum supernatants (60 µL) were
added to 905 µL sodium phosphate buffer pH 7.0. The reaction
was developed by adding 35 µl of 300 mM hydrogen peroxide in
sodium phosphate buffer. The rate constant K decomposition of
H2O2 under our experimental conditions of temperature (22◦C),
and pH (7.0) was determined to be 2.3 to measure absorbance
changes for 10 s for 1.5 min at 240 nm. Enzyme activity was also
expressed as units per milligram of protein (U/mg protein).

Glutathione Levels
Glutathione (GSH) levels were analyzed according to Hissin and
Hilf (1976). Thus, 450 µL of 100 mM phosphate buffer with
EDTA (5 mM) (pH 8.0) was added to 50 µL of the supernatant;
50 µL of this mixture plus 140 µL of 100 mM phosphate
buffer plus 10 µL of o-phthaldialdehyde (OPA; Sigma Aldrich,
United States) solutions were placed in plates and incubated for
20 min at room temperature, protected from light. Absorbance
was recorded on a spectrofluorometer using a wavelength of
350 nm. Results were expressed in µmol per mg protein regarding
a curve pattern constructed with known concentrations of GSH.

Oxidized Glutathione Levels
Oxidized Glutathione (GSSG) levels were analyzed according
to Hissin and Hilf (1976). Thus, 50 µL of the supernatant
was incubated at room temperature with 20 µL of 0.04M
N-ethylmaleimide (NEM) for 30 min to interact with GSH
present in the tissue. To this mixture, 430 mL of 0.1 M sodium
hydroxide (NaOH) was added; 50 µL of this mixture plus 140 µL
of 0.1 M NaOH and 10 mL OPA were placed in the wells of a
96-well plate. This mixture was incubated for 15 min at room
temperature and protected from light. The reading was taken on
a spectrofluorometer using a wavelength of 350 nm for emission.
Results were expressed in µmol per mg protein regarding a
standard curve constructed with known concentrations of GSSG.

GFAP and IL-1β Protein Levels in the
Cerebellum
Glial fibrillary acidic protein (GFAP) and IL-1 protein levels
in the cerebellar tissue were analyzed by Western blotting.
Cerebellar homogenate samples were diluted in sample buffer
and boiled for 5 min. Forty micrograms of protein per lane were
electrophoretically separated in 15% sodium dodecyl sulfate
polyacrylamide gel containing 10% sodium dodecyl sulfate,
30% Acrylamide/Bis-Acrylamide Solution, 1.5 M Tris–HCl (pH
8.8), 10% APS, and TEMED at 100V, 0.15A, and 300W. After
separation, the proteins were transferred to a nitrocellulose
membrane (Maine Manufacturing, United States, 0.22 micron)
for 1.5 h at 250V, 0.35A, and 300W. The membranes were
blocked for 1 h in a Tris-Tween 20 (TBS-T) solution containing
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FIGURE 1 | Experimental protocol of aerobic exercise training under different volumes. Vmáx: Max speed test, ET, exhaustion test; TT, trainability test; La, lactate
analysis. C, control group; C-ET, control group + exhaustion test; MV, moderate-volume group; MV-ET, moderate-volume + exhaustion test group; HV, high-volume
group; HV-ET, high-volume + exhaustion test group.

5% BSA. They were then incubated with rabbit polyclonal anti-
GFAP primary antibody (Dako, Agilent Technologies, Germany,
1:1000) or rabbit polyclonal anti-IL-1β (Sino Biological Inc.,
Beijing, China, 1:2000), both diluted in TBS-T overnight at 4◦C.
After three washes in TBS-T, the membrane was treated with
goat anti-rabbit secondary antibody conjugated to Horseradish
peroxidase (Jackson ImmunoResearch, United States; 1:50,000),
diluted in TBS-T for 1 h. Subsequently, the membranes
were washed in TBS-T and stained with Luminata Western
HRP substrate (Millipore, United States) via enhanced
chemiluminescence using a ChemiDoc imaging system (Bio-
Rad, United States). Mouse monoclonal anti-beta-actin antibody
(Santa Cruz Biotechnology, CA 1:10,000) was used to normalize
the quantitative values. The data were analyzed using the Image
Lab 6.0.1 software (Bio-Rad, United States).

Statistical Analysis
The Shapiro-Wilk test was used to verify the normality of
the data. Comparisons among groups were made by two-way
ANOVA. One-way ANOVA was used for running distance,
running time, running velocity, horizontal workload, and
lactate variables. Post hoc combinations were performed using
Bonferroni’s or LSD multiple comparison tests. Non-parametric
results were compared using the Kruskal Wallis test. To find
the effect size, Cohen’s d-test (Nakagawa and Cuthill, 2007) was
applied by adopting the 0.02 to 0.15 points for a small effect, 0.16
to 0.35 medium effect, and greater than 0.35 as a large effect. The
software SPSS (version 20.0) was used, considering P ≤ 0.05 as a
significant value.

RESULTS

Body and Cerebellum Weights
Figure 2A illustrates the percentage of body weight gain during
the 3 months of training. No intergroup difference in the body

weight was detected at the beginning of training [F(5,44) = 1.99,
P = 0.101] and no difference in the percentage of body weight
gain was achieved after 3 months of this training (Figure 2A),
[F(5,43) = 0.908, P = 0.486]. The area under the curve of the
percentage of body weight gain [F(5,44) = 0.188, P = 0.965]
can be seen in Figure 2B. There was no difference in the
cerebellar weight [Figure 2C; F(5,44) = 1.053 P = 0.401] or in
cerebellum/body weight ratio among the groups [Figure 2D;
(F(5,44) = 1.791, P = 0.137].

Maximum Velocity Test
Table 2 describes the maximum velocity achieved by the animal
groups during the 3 months of training. The training under
moderate- or high-volume was able to progressively increase the
velocity achieved by the animals when compared to the control
condition [F(17,131) = 2.335, P = 0.004]. A significant increase
was found between Vmax 2 vs. Vmax1 in MV; HV and HV-ET
(P < 0.026). Vmax3 was also higher than Vmax1 in HV-ET and
HV (P < 0.010). Intergroup differences were detected for Vmax
2 between HV vs. C (P = 0.021) and for Vmax3, increase was
detected in HV-ET compared to C-ET (P = 0.016) and HV vs.
C (P = 0.011).

Traveled Distance, Duration, Running
Speed, and Horizontal Workload During
Exhaustion Test
As expected, moderate- and high-volume training promoted
a better running performance than the control condition
during the exhaustion test (Figures 2E–H), evaluated by the
running distance [F(2,20) = 129.019, P < 0.001], running
duration [F(2,20) = 115.743, P < 0.001], running velocity
[F(2,20) = 116.869, P < 0.001], and horizontal workload
[F(2,20) = 15.748, P < 0.001]. The HV-ET group achieved greater
running distance at the end of this test when compared to MV-ET
(↑ 280.92%; P < 0.001; Cohen’s d = 5.13) and C- ET [↑ 624.75%

Frontiers in Molecular Neuroscience | www.frontiersin.org 5 September 2020 | Volume 13 | Article 157116

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


fnmol-13-00157 August 31, 2020 Time: 14:29 # 6

de Souza et al. Ultra-Endurance Affects Cerebellum and Astrocytes

FIGURE 2 | Somatic parameters and Running performance. (A) Body weight gain during months of training. (B) Area under the curve of body weight gain.
(C) Cerebellum weight; (D) Body weight/cerebellum weight ratio. (E) Running distance of exhaustion test: MV-ET vs. C-ET; P = 0.002. HV-ET vs. MV-ET; C-ET;
P < 0.001; (F) Running time of exhaustion test: MV-ET vs. C-ET; P = 0.002. HV-ET vs. MV-ET; C-ET; P < 0.001. (G) Velocity of exhaustion test HV-ET vs. MV-ET;
C-ET; P < 0.001. (H) Horizontal Workload vs. running time during exhaustion test HV-ET vs. MV-ET (P = 0.002); C-ET; P < 0.001. C-ET, control + exhaustion test
group; MV, moderate-volume group; MV-ET, moderate-volume + exhaustion test group; HV, high-volume group; HV-ET, high-volume + exhaustion test group.
**P < 0.01; ***P < 0.001. Values represent mean ± S.D.

TABLE 2 | Maximum velocity test.

Groups n Vmax 1 (m/min) Vmax 2 (m/min) Vmax 3 (m/min)

C 8 23.8 ± 2.3 23.1 ± 2.5 21.3 ± 2.3

C-ET 7 20.8 ± 3.8 22.5 ± 5.2 21.4 ± 2.4

MV 8 20.8 ± 3.8 25.0 ± 4.0* 22.9 ± 2.7

MV-ET 7 23.1 ± 3.7 24.3 ± 3.2 24.4 ± 4.2

HV 8 22.9 ± 2.7 27.1 ± 2.6*‡ 25.7 ± 1.9‡

HV-ET 7 21.3 ± 3.5 25.6 ± 4.1* 25.6 ± 3.2§#

Vmax, maximum velocity test. C, control group; C-ET, control group + exhaustion
test; MV, moderate volume group; MV-ET, moderate volume group + exhaustion
test; HV, high group; HV-ET, high group + exhaustion test. P ≤ 0.05; intragroup (*
Vmax 2 vs. Vmax1, §Vmax 3 vs. Vmax1); intergroup (‡ HV or MV vs. C, # HV-ET or
MV-ET vs. C-ET).

(P < 0.001; Cohen’s d = 7.43]. The running distance traveled by
MV-ET was also greater than that achieved by the C-ET group (↑
222.39%; P = 0.002; Cohen’s d = 2.89) (Figure 2E). Similarly, the
running duration (Figure 2F) in HV-ET animals was higher than
in MV-ET (↑ 253.78%; P < 0.001 Cohen’s d = 4.79) and C-ET
groups (↑ 522.00%; P < 0.001; Cohen’s d = 9.47. Longer running
duration was achieved by MV-ET compared to C-ET (↑ 205.68%;
P = 0.002; Cohen’s d = 5.62). The running speed (Figure 2G)
and the horizontal workload (Figure 2H) in the MV-ET and HV-
ET groups were also proportionally increased according to the
training volume, when compared to the control condition (↑ 6.16
and ↑ 23,96%; P < 0.001; Cohen’s d = 0.74 and 2.60, respectively).

Lactate, CK, Lactate Dehydrogenase,
and Corticosterone Levels in the Serum
The ET provoked significant differences in the serum lactate
concentration among the groups F(2,20) = 15.188, P < 0.001).
Lower lactate levels were detected in the MV-ET (↓ 30.28%;

P = 0.015; Cohen’s d = 4.69) and HV-ET (↓ 53.85%; P < 0.001;
Cohen’s d = 2.48) groups when compared to C-TE (Figure 3A).
Increased serum CK concentration was induced by the training or
ET compared to the control condition [F(5,34) = 4.87, P = 0.002].
The MV-ET group presented higher values when compared to
C-ET (↑ 161.68% P = 0.026; Cohen’s d = 1.34) and MV (160.72%
P = 0.033; Cohen’s s d = 1.24) groups. In the HV group, CK values
were greater than in the C animals (↑ 223.63%; P = 0.03; Cohen’s
d = 1.31). No additional increase in the CK values was induced
by the exhaustion test in the C-ET or HV-ET groups compared to
their respective controls (C and HV) (Figure 3B). No statistical
difference in serum LDH concentrations was detected among the
groups [F(5,34) = 1.127, P = 0.368] (Figure 3C).

Figure 4 shows the results of serum corticosterone
levels. A significant difference was found among the groups
[F(5,27) = 4.008, P = 0.010]. The high-volume training per se
induced higher levels of corticosterone compared to the control
condition (↑ 44.44%; P = 0.038; Cohen’s d = 0.24). Values in HV
were also greater than in MV-ET group (↑ 90.06%; P = 0.003;
Cohen’s d = 0.01) and C-ET (↑ 75.17%; P = 0.022; Cohen’s
d = 1.33). No intergroup difference was detected between the
HV and HV-ET groups, but corticosterone values in the HV-ET
group were elevated compared to MV-ET (↑ 91.74%; P = 0.002;
Cohen’s d = 0.32) and C-ET (↑ 79.36%; P = 0.013; Cohen’s
d = 0.68).

Lipid Peroxidation in the Cerebellum
Lipid peroxidation levels were differentially affected by the
training or exhaustion test [F(5,27) = 3.396, P = 0.020].
Figure 5A illustrates increased levels of lipid peroxidation in
the cerebellum of HV versus MV (↑ 26.1%; P = 0.027, Cohen’s
d = 1.14) and C (↑ 27.9%; P = 0.036, Cohen’s d = 1.26);
MV-ET vs. MV (↑ 25.2%; P = 0.021; Cohen’s d = 1.19).
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FIGURE 3 | Serum levels of Lactate, Creatine Kinase and Lactate
dehydrogenase. (A) Lactate: MV-ET vs. C-ET (P = 0.015); HV-ET vs. C-ET
(P < 0.001). (B) CK: Creatine Kinase; C-ET (P = 0.026) and MV (P = 0.033)
vs. MV-ET. HV vs. C (P = 0.015). (C) LDH: Lactate dehydrogenase. C, control
group; C-ET, control + exhaustion test group; MV, moderate-volume group;
MV-ET, moderate-volume + exhaustion test group; HV, high-volume group;
HV-ET, high-volume + exhaustion test group. *P ≤ 0.05; **P < 0.01;
***P < 0.001. Values represent mean ± S.D. All the experiments were carried
out in triplicate.

No difference was found between C-ET and C or between
HV and HV-ET groups. Levels of malondialdehyde were also
higher in HV-ET group vs. C-ET (↑ 20.9%; P = 0.032; Cohen’s
d = 1.12) but did not differ when compared to values obtained
in MV-ET.

Total SOD and CAT Enzymatic Activity
Significant difference among the groups were detected for total
SOD activity [F(5,27) = 5.295, P = 0.003]. High-volume training
did not modify SOD activity when compared to moderate-
volume training. Nevertheless, both volumes of training,
increased SOD activity compared to the control condition:
44.02%; P = 0.01; Cohen’s d = 0.16 for MV vs. C and ↑ 41.81%;
P = 0.02; Cohen’s d = 0.11 for HV vs. C groups. Similarly,
MV-ET and HV-ET groups do not differ from each other but

FIGURE 4 | Corticosterone levels in the serum. HV vs. C (P = 0.038). HV-ET
vs. MV-ET (P = 0.002) and C-ET (P = 0.013). C, control group; C-ET,
control + exhaustion test group; MV, moderate-volume group; MV-ET,
moderate-volume + exhaustion test group; HV, high-volume group; HV-ET,
high-volume + exhaustion test group. *P ≤ 0.05; **P < 0.01. Values represent
mean ± S.D. All the experiments were carried out in triplicate.

presented higher SOD activities when compared to C-ET (↑
31.61%; P = 0.034; Cohen’s d = 0.15) (↑ 63.75%; P = 0.011;
Cohen’s d = 0.21), respectively (Figure 5C).

Difference for CAT activity was also detected in the
comparison among the groups [F(5,32) = 3.265, P = 0.02].
Higher activity was found in the MV group compared to MV-ET
(↑47.82%; P = 0.001; Cohen’s d = 0.23), HV (↑34.78%; P = 0.043;
Cohen’s d = 0.14), and C (↑41.44%; P = 0.006; Cohen’s d = 0.19)
groups (Figure 5D). The exhaustion test did not increase CAT
activity in none of the groups.

Nitric Oxide (NO), Glutathione (GSH) and
Oxidized Glutathione (GSSG) Levels
No intergroup difference was found for NO [F(5,35) = 1.123,
P = 0.370] (Figure 5B), GSH [F(5,28) = 2.108, P = 0.103]
(Figure 5E), or GSSG [F(5,28) = 0.265, P = 0.928] (Figure 5F)
levels nor for GSH\GSSG ratio [F(5,28) = 0.775, P = 0.577]
(Figure 5G) in the cerebellum.

Interleukin-1β Levels
A differential response among the groups was detected in
the serum levels of pro-IL-1β (33–34 kDa) [F(5,35) = 7.396,
P < 0.0001] and the active form of IL-1β (17 kDa) in the
cerebellum [F(5,35) = 5.828, P = 0.001]. These levels were not
modified by the training volume in both MV and HV groups
when compared to the control condition. Nevertheless, 24 h after
the ET, an increased concentration of pro-IL-1β was detected in
the CT-ET compared to the C (↑53.57%; P < 0.001; Cohen’s
d = 2.94). The amount of the active 17 kDa IL-1β was also
intensified by the ET in the C-ET (↑22.92%; P = 0.046; Cohen’s
d = 1.13) and MV-ET (↑33.15%; P = 0.006; Cohen’s d = 1.79)
groups, while no change was detected in the cerebellum of HV-ET
animals (Figure 6).

GFAP Protein Expression Profile
Four GFAP isoforms were detected in the cerebellum using the
Pan-GFAP antibody: the canonical GFAP protein with 50 kDa
and the other three proteins with 45, 42, and 39 kDa. Figure 7
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FIGURE 5 | Oxidative Markers in the cerebellum tissue. (A) TBARS: MV-ET vs. MV (P = 0.021). HV-ET vs. C-ET (P = 0.032). HV vs. C (P = 0.036) and MV
(P = 0.027). (B) NO: Nitric Oxide; (C) SOD: Superoxide dismutase; MV vs. C (P = 0.020); MV-ET and C-ET (P = 0.034); HV vs. C (0.048); HV-ET vs. C-ET
(P = 0.011). (D) CAT: Catalase; MV vs. MV-ET (P = 0.001), HV (P = 0.043) and C (P = 0.006). (E) GSH: Glutathione; (F) GSSG: Oxidized Glutathione; (G) GSH/GSSG
ratio. C, control group; C-ET, control + exhaustion test group; MV, moderate-volume group; MV-ET, moderate-volume + exhaustion test group; HV, high-volume
group; HV-ET, high-volume + exhaustion test group. *P ≤ 0.05; **P < 0.01. Values represent mean ± S.D. All the experiments were carried out in triplicate.

FIGURE 6 | Pro- IL-1B and active IL-1b protein levels assessed by Western blot in the cerebellar tissue. (A) Pro IL-1B: C-ET vs. C (P < 0.001). (B) IL-1B: C-ET vs. C
(P = c0.046); HV-ET (P < c0.001). MV-ET vs. MV (P = 0.006); HV-ET (P = 0.001). (C) Representative Western blotting membrane of groups without exhaustion test.
(D) Representative Western blotting membrane of groups with exhaustion test. C, control group; C-ET, control + exhaustion test group; MV, moderate-volume
group; MV-ET, moderate-volume + exhaustion test group; HV, high-volume group; HV-ET, high-volume + exhaustion test group. *P ≤ 0.05; **P < 0.01; ***P < 0.001.
Values represent mean ± S.D. N = 3 independent experiments per group. All the experiments were carried out in triplicate.
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FIGURE 7 | GFAP protein levels assessed by Western blot in the cerebellar tissue. (A) Representative Western blotting membrane of groups without and with
exhaustion test. (B) Quantification of total GFAP (sum of the four isoforms): HV-ET vs. MV-ET (P = 0.004); HV (P = 0.023). (C–F): The expression profile of each
GFAP isoform. (C) 50 kDa GFAP: HV-ET vs. C-ET; MV-ET; HV (P < 0.001). C-ET vs. C (P < 0.001) and MV-ET (P = 0.013). (D) 45 KDa GFAP: C-ET vs. HV-ET
(P < 0.001) (E) 42 kDa: C-ET vs. C (P = 0.001); HV-ET (P = 0.001). (F) 39 kDa GFAP: HV-ET vs. HV;C-ET;MV-ET (P < 0.001); C vs. C-ET (P < 0.001). MV vs. MV-ET
(P < 0.001) C, control; C-ET, control + exhaustion test group; MV, moderate-volume group; MV-ET, moderate-volume + exhaustion test group; HV, high-volume
group; HV-ET, high-volume + exhaustion test group. *P ≤ 0.05; **P < 0.01; ***P < 0.001. Values represent mean ± S.D. N = 3 independent experiments per group.
All the experiments were carried out in triplicate.

shows GFAP protein levels illustrated in two different ways. First,
we analyzed the total amount of all GFAP isoforms among the
groups [F(5,30) = 3.814, P = 0.011] and observed that the HV-ET
group had higher values when compared to MV-ET (↑ 53.80%;
P = 0.002; Cohen’s d = 4.31) but not to C-ET. This increase in
the total GFAP in the HV-ET was also found when compared
to the groups not submitted to exhaustion test: HV (↑ 46 71%;
P = 0.015; Cohen’s d = 3.12) and MV (↑ 44.88%; P = 0.024;
Cohen’s d = 1.79) groups.

In the separate analysis by isoform, no intergroup difference
among C, MV, and HV groups was found for any of the four
isoforms. On the other hand, the 50 kDa isoform increased in the
C-ET and MV-ET when compared to C (↑ 36.52%; P < 0.001;
Cohen’s d = 4.23 and ↑ 20.94%; P = 0.043; Cohen’s d = 2.30,
respectively), MV (↑ 34.26%; P < 0.001; Cohen’s d = 3.94), and
HV (↑ 36.50%; P < 0.001; Cohen’s d = 3.11). MV-ET and C-ET
also differ (19.70%; P < 0.001; Cohen’s d = 3.73). On the other
hand, in the HV-ET group, reduced levels of 50 kDa isoform were
detected when compared to the other groups submitted to the
exhaustion text: C-ET (↓ 65.56%; P < 0.001; Cohen’s d = 9.80),
MV-ET (↓ 42.88%; P < 0.001; Cohen’s d = 9.44).

Regarding 45 kDa GFAP isoform [F(5,35) = 7.018, P< 0.0001]
there was an increase in the C-ET when compared to HV-ET (↑
30.76%; P = 0.004; Cohen’s d = 2) groups. The levels of 42 kDa
GFAP did not differ among C, MV, and HV groups. However,
in the C-ET, the values were lower (↓ 61.33%; P = 0.001; Cohen’s
d = 6.07) than those found in the C (P = 0.001; Cohen’s d = 12.48),

MV (P = 0.001; Cohen’s d = 5.30); HV (P = 0.004; Cohen’s
d = 4.66) and HV-ET (P = 0.001; Cohen’s d = 5.31) groups.

The exhaustion test had a significant impact on 39 kDa
GFAP isoform [F(5,32) = 51.56, P < 0.0001]. Although these
levels did not change in the groups C, MV, and HV, they
were reduced in C-ET group compared to C (↓ 27.08%;
P < 0.001; Cohen’s d = 2.99) and in the MV-ET vs. MV
(↓30.18%; P < 0.001; Cohen’s d = 4.35) groups. On the
other hand, 39 kDa GFAP was abundant in the HV-ET group
compared to HV (↑74.76%; P < 0.001; Cohen’s d = 6.75);
MV-ET (↑87.29%; P < 0.001; Cohen’s d = 7,80), and C-ET
(↓89.75%; P < 0.001; Cohen’s d = 7.82). These values were
also elevated compared to the other group not submitted
to the exhaustion test: MV (↓57.87%; P < 0.001; Cohen’s
d = 0.47) groups.

DISCUSSION

The findings of the present study indicate that both the
moderate- and high-volume training of aerobic exercise on
a treadmill were able to reduce the rat body weight similarly
and modify the running performance during ET simulating
UE. Different responses of serum metabolic markers such
as CK and corticosterone levels, as well as in cerebellum
oxidative status, were observed in the animals trained under
the two distinct conditions of exercise volume. Three months
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of high-volume training at moderate intensity impaired the
cerebellum antioxidant defense system, resulting in lipid
peroxidation. Moreover, when high-volume training was
associated with ET, an altered GFAP isoform profile was detected
in this brain region.

Running Performance and Serum
Lactate Levels
To ascertain whether our exercise training volume did indeed
enhance muscular function and provoke adaptive responses,
we performed exercise-exhaustion tests on treadmills simulating
UE. Although there is no consensus on the definition of UE
in rodents, events completed at 4 (Millet et al., 2011) or 6 h
of running (Turner et al., 2014) are considered comparable
to UE in humans. Our results showed that trained animals
submitted to the ET maintained considerable aerobic resistance
for up to 4 h. In the animal groups submitted to moderate- or
high- training volume, a lower serum lactate concentration was
detected 24 h after ET compared to the control. In the control
condition, serum lactate concentration exceeded the anaerobic
threshold, which typically can be characterized by a lower
mitochondrial oxidative capacity, phosphocreatine depletion,
increased H+, and recurrent substrates for adenine nucleotide
catabolism (Sahlin et al., 1990; Lewis et al., 2010; Marcinek
et al., 2010). The lower lactate concentration observed in the
trained groups agreed with previous studies on rodents, that
long-term training under aerobic conditions can induce this
response, associated to physiological and muscular adaptations
such as high mitochondrial sensitivity in oxidizing the pyruvate
and muscle angiogenesis and a greater gluconeogenesis capacity
(Gaesser and Poole, 1988; Voltarelli et al., 2002; Brito Vieira et al.,
2014; Booth et al., 2015; Abreu et al., 2016). Modifications in
the liver metabolism accompanied by an increase in the liver
monocarboxylate transporter 2 protein levels have also been
found in mice submitted to moderate-intensity treadmill exercise
for 6 weeks (Lezi et al., 2013).

In long-distance competitions in humans, muscle metabolic
changes are accompanied by lactate elevation (Lewis et al., 2010)
mostly due to the maximum effort exerted during competition.
In our study, different from this, there was no intensity variation
during ET. Furthermore, the UE simulation was performed at
a lower intensity (50% of maximum speed) than during the
preceding protocol of training (70%). Therefore, the findings
observed in the MV and HV groups are in agreement with
previous evidence that rats submitted to running training
under aerobic threshold present lactic stability (Abreu et al.,
2016). Moreover, it has been well established that aerobic
endurance exercise increases fat consumption as an energy
source by decreasing glucose oxidation and pyruvate production
(Ferreira et al., 2016).

Creatine Kinase Levels
Ultra-endurance exercises also promote a catabolic state by
activating intracellular proteolytic enzyme activity, which can
promote muscle protein degradation and augmented cell
permeability, allowing the leaking of cell contents into the

circulation (Dohm et al., 1987; Baird et al., 2012). For this
reason, plasma CK is often used as a biomarker for myocardial
and skeletal muscle damage or changes in myocyte membrane
permeability after exercise (Yamashita and Yoshioka, 1991). An
increase of plasma CK has been also observed in rats after
running, even in the absence of histological damage (Kuipers,
1994). In the present study, a significant rise in the serum CK
levels was detected in the HV group, and this increase was
maintained without modification 24 h after ET. On the other
hand, the insult induced by ET was able to elevate CK levels in
the MV group. Two peaks in the serum CK levels have been
reported after a marathon run and intense exercise, associated
with early transient changes in the membrane permeability and a
late inflammatory response during 24–48 h of recovery (Clarkson
and Ebbeling, 1988). On the other hand, other studies in humans
have shown that plasma CK concentration after ultramarathon
runs (∼200 Km) declines to basal levels after 24 h of recovery
(Son et al., 2015).

The serum CK concentrations here detected in the MV-ET
and HV groups were higher than those observed after moderate-
intensity protocols in animal models (De Araujo et al., 2012)
even when submitted to the eccentric contraction exercise by
downhill running (Isanejad et al., 2015) or even when performed
at a high intensity (Choi et al., 2013; Rezaei et al., 2017). Wistar
rats, when subjected to progressively intense exercise, can reach
anaerobic thresholds at velocities exceeding 15 m/min and a
maximum CK concentration close to 350 U/L at 17.5 m/min
(Rezaei et al., 2017). In the MV-ET and HV groups, higher serum
CK concentrations were detected under the aerobic threshold, at
a velocity not exceeding 12 m/min and in the absence of increased
levels of LDH in the serum. Hepatic and renal function can
also become impaired after UE (Lipman et al., 2014; Jastrzȩbski
et al., 2015; Knechtle and Nikolaidis, 2018). Acute kidney injury
is relatively common in ultramarathon races (Hoffman et al.,
2013; Lipman et al., 2014) and post-race serum CK and creatinine
concentrations have been significantly correlated in humans
(Hoffman and Weiss, 2016; Hodgson et al., 2017). Exhaustive
swimming exercise has been shown to provoke kidney injury in
rats (Wu et al., 2012). Although we did not investigate the renal
function and histological markers in the muscle of MV-ET and
HV animals, we cannot discard the possibility that their increased
serum CK levels were related to different types of muscle or renal
insults inducing modifications in the clearance of CK (Hodgson
et al., 2017). It is possible that that the moderate intensity of the
aerobic exercise adopted in the present study could be at least
partially responsible for the lack of increased serum LDH levels.
Adopting the correlation reported by Rodrigues et al. (2007)
between VO2 max and the maximum velocity achieved by the
animals in our study, we estimated that the predicted VO2 max
was on average 70.5 ± 1.7(mL/Kg/min -1) between 10.78 and
12.9 m/min. Thus, our findings in rodents are in agreement with
previous evidence that when aerobic exercise is performed at a
value inferior to 80% VO2 max, the release of CK 24 h after the
running in the treadmill is not accompanied by increased serum
LDH levels, indicating the absence of cardiac stress (Callegari
et al., 2017). On the other hand, recent evidence from studies
in humans demonstrated that an ultra-endurance mountain
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race performed under low intensity and aerobic conditions
simultaneously increased CK and LDH levels in the athletes
(Ramos-Campo et al., 2016).

Serum Corticosterone Levels
Serum corticosterone levels were also elevated by the training
volume in the HV animals when compared to the control
or MV groups. However, similarly to what was detected for
CK, no additive effect was induced by the ET. Various aspects
must be considered in a discussion of these findings. It is
well established that exercise induces increased glucocorticoid
secretion by stimulation of the hypothalamus-pituitary-adrenal
(HPA) axis (Chennaoui et al., 2002). Karkoulias et al. (2008)
demonstrated that marathon running in humans causes plasma
cortisol elevation just after running and the recovery to basal
levels may take a week. According to these authors, the degree
of cortisol elevation is dependent on the duration of the
run. The importance of glucocorticoids in determining muscle
strength and endurance lies in their catabolic effects, especially
hyperglycemic effects, and facilitates the conversion of proteins
to glycogen, as well as providing amino acids for gluconeogenesis
(Chen et al., 2017). These effects are probably involved in the
relative resistance of the HV groups. Bernardi et al. (2013) also
reported increased corticosterone levels concomitant to reduced
serum lactate concentration in rats submitted to treadmill
exercise for 4 weeks (20 min/day, 5 days/week during 4 weeks).
In addition to acting on the glucose metabolism, increased
serum corticosteroid levels may participate in the maintenance
of homeostasis and the development of physical fitness as
an adaptive mechanism in trained subjects (Mastorakos and
Pavlatou, 2005). In the HV group, recovery of the corticosterone
to basal values did not occur 24 h after the training period, and the
exhaustion test did not modify these levels in the HV-ET animals.
It has also been shown that under the long-term exercise of
moderate intensity, adaptive mechanisms reducing the sensitivity
to glucocorticoids in target tissues including HPA axis can occur
both in rats (Chennaoui et al., 2002) and in human marathon
runners and triathletes (Duclos et al., 2003, 2007; Duclos and
Tabarin, 2016). These mechanisms can prevent deleterious effects
of corticosterone (in rodents) or cortisol (in humans) elevation,
decreasing additional muscle insult. It remains to be investigated
if this type of adaptive mechanism occurred in the HV-ET group.

Effects on the Antioxidant Resource of
the Cerebellum
The main hypothesis of the present study was that rodent
cerebellar resilience to oxidative injuries could be reduced after
high training volumes, regardless of the simulation of UE
running. Indeed, we found LP in the HV, MV-ET, and HV-ET
groups but not in the MV group. These data indicated that the
LP detected was especially due to unbalanced levels of enzymatic
antioxidant resources. An intensified CAT activity occurred only
in the MV group, concomitant with an increased SOD activity,
which was able to efficiently degrade the hydrogen peroxide
(H2O2) produced by this latter enzyme.

Usually, the exhaustion test on the treadmill can induce
systemic oxidative stress depending on the intensity or muscle
fatigue (Acikgoz et al., 2006). In the MV-ET group, most of the
animals displayed a relative resistance, reaching their point of
exhaustion after 2 h of running. The unbalanced levels of the
SOD/catalase ratio in the cerebellum associated to the increased
levels of systemic CK detected in this group indicated that the
previous moderate-volume training for 3 months was not able to
confer resistance to a UE simulation, neither by the peripheral
organs nor by neural regions involved in locomotion control.
Chalimoniuk et al. (2015b) reported increased levels of LP in the
cerebellum of rats after 6 weeks of moderate exercise performed
during 60 min/day. Nevertheless, no lipid damage was detected
in the cerebral cortex of the same animals where balanced levels
of SOD and CAT were found (Chalimoniuk et al., 2015b). Falone
et al. (2012) also reported increased antioxidant enzyme activity
in the cerebral cortex after 16 weeks of training (5 days/week
for only 20 min). Despite the differential vulnerability of these
brain regions to oxidative insults, the present data reinforce the
hypothesis that high-volume training per se can be deleterious to
the cerebellum even under moderate intensity. However, it is not
clear at this moment why the exhaustion test did not provoke an
additive effect on the HV group.

Unchanged levels of NO production were here detected in
the trained animals either under moderate or high volume
when compared to the control condition. Under physiological
conditions, NO has been implicated in cerebellar long-term
depression and long-term potentiation, which are forms of
synaptic plasticity involved in motor learning (Ogasawara et al.,
2007). NO also plays an important role in matching blood flow
to oxygen demand in the brain during exercise (Toda et al.,
2009). A 6-week exercise training protocol on the treadmill
(5 days/week), beginning with 40 min at 16 m/min and gradually
increased to 60 min/day at 28 m/min was able to enhance
nitrergic transmission in the cerebellum, striatum, and midbrain
but not in the cortex and hippocampus of adolescent and
adult rats (Chalimoniuk et al., 2015a,b). On the other hand, a
comparative study analyzing the effect of different modalities
of exercise reported different proportions of nitrergic activity in
the hippocampus, striatum, and cerebellum (Torres et al., 2006).
According to this latter study, only acrobatic exercises increased
NADPH-diaphorase activity in the cerebellar granular layer when
compared to sedentary and other exercise modalities including
the use of a treadmill for 30 min a day, at 12 m/s during 33 days.

The lack of changes in the NO levels inside the cerebellum
of MV, MV-ET, HV, and HV-ET groups in the present study
was accompanied by an unmodified GSH/GSSG ratio. Crosstalk
between NO and GSH has been described as an important
mechanism necessary for modulating the cell redox status
(Baldelli et al., 2019). Within the cells, besides its antioxidant
effect, GSH also has the function of buffering the flux of NO. It
has been demonstrated that reduced levels of GSH can trigger a
severe NO imbalance, causing neuronal death (Aquilano et al.,
2011a). Even a slight and non-toxic decrease of GSH in the brain
caused protein nitration which was reversed by inhibiting NO
production (Aquilano et al., 2011b). Some studies have analyzed
the impact of the exercise of moderate or elevated intensity. These
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have reported increased levels of GSH in the brain. Nevertheless,
in a systematic review of the effects of aerobic training on redox
status, Camiletti-Moirón et al. (2013) did not find a homogeneous
response of GSH, GSSG, and GPx, but a slight tendency to
a positive effect of aerobic exercise on these parameters. In a
recent meta-analysis, we also did not find any tendency for
decreased or increased GPx activity after moderate or elevated
exercise intensity or volume among several brain regions (de
Souza et al., 2018). Therefore, similar values of GSH/GSSG ratio
and NO levels between control and trained groups detected in
the present study suggest that even after high-volume training
and ET a physiological response can still be maintained for
keeping the redox balance, favoring modulatory effects of NO in
the cerebellum motor function. Future studies are necessary to
address this subject.

Inflammatory Markers and Astrocyte Reactivity
Profile
Long-term exercise at low-to-moderate intensity has been
documented as an important modulator of neuroinflammation
and glial activation, inducing adaptive responses (Mee-Inta et al.,
2019). The gene expression of IL-1β can be brought about
by several transcriptional elements such as cAMP-responsive
element, NF-κB, among others (Shirakawa et al., 1993) that can be
activated by hypoxia, oxidative stress, hyperosmolarity, thermal
injury, gamma radiation, and microbial stimuli (Haddad and
Harb, 2005). Translation depends on the activation of MAP
kinases producing pro-IL-1β, which must be cleaved by the
cysteine protease caspase-1 to adopt biological activity as IL-
1β (Hewett et al., 2012). In the healthy brain, the levels of the
pro-IL-1β and the active IL-1β are low, and this interleukin
can stimulate a variety of signaling pathways, including those
involved in synaptic plasticity (Hewett et al., 2012). On the other
hand, IL-1β levels in the brain can be increased by local damage
and/or peripheral inflammation (Pitossi et al., 1997; Laye et al.,
2000; Hewett et al., 2012).

In the present study, moderate and high training volumes did
not affect the pro-IL-1β or the active 17-kDa IL-1β levels in the
cerebellum. Thus, the lipid peroxidation detected in the group
HV was neither correlated with increased levels of IL-1b nor
associated with ET. Only in the MV-ET group higher levels of IL-
1b occur concomitant to increased lipid peroxidation levels. On
the other hand, in the CT-ET group, the amount of Pro-IL-1b and
the active IL-1b was elevated by the ET even in the absence of lipid
peroxidation. These findings suggest a higher sensitivity of the
cerebellum of untrained rats to transcriptional or translational
effects on IL-1b levels when submitted to UE simulation. It
has been shown that fatigue elicited by the exhaustive test
may involve disturbances in the immune system, which can be
hampered by long-term training (Chennaoui et al., 2002; Petersen
and Pedersen, 2005; Morgado et al., 2012). Our findings indicated
that only in the HV-ET animals was the previous training able
to prevent the activation of IL-1b induced by the ET, but the
mechanism involved in the finding is not clear.

Brain IL-1β is mainly produced by microglia, peri-vascular
infiltrating macrophages (Herx et al., 2000), and astrocytes
(Rappold and Tieu, 2010) but can be released from some

neurons (Silverman et al., 2005) under pathological conditions.
In the cerebellum, for example, Purkinje neurons in neonates
undergo apoptosis and excitotoxic death when IL-1β and TNF-
α levels are released by microglia after acute hypoxia (Kaur et al.,
2014). However, current literature also reports that low-intensity
exercise is sufficient to reduce the release of IL-1β in part due to
modifications in the microglia phenotype (Mee-Inta et al., 2019).

Furthermore, an imbalance in antioxidant and anti-
inflammatory neuroprotective mechanisms may also be
related to astrocyte reactivity (Liddell, 2017). The relationship
between running, pro-inflammatory cytokines, and glial cell
activation have been studied in some models of brain injury
(Ang et al., 2004). This fact motivated an analysis of the GFAP
expression profile in the cerebellum considering the importance
of Bergman glia for the homeostasis of this region, locomotor
performance, and antioxidant resource (Fernandez-Fernandez
et al., 2012). Astrocytes also play trophic, metabolic, and
neuronal support functions (Matsui et al., 2017). Besides, they
are actively involved in glutamate and GABA metabolism,
which contribute to ATP synthesis (Magi et al., 2013). These
beneficial actions of astrocytes characterize their neuroprotector
phenotype, also called A2 (Cunningham et al., 2019). On the
other hand, when overactivated, astrocytes can be neurotoxic
acquiring an A1 phenotype and are the main targets of IL-1β

released by microglia (Liddell, 2017). Under this condition,
astrocytes have a reciprocal interaction with IL-1β, leading
to the production of reactive oxygen species (Rappold and
Tieu, 2010), and IL-1β can modify the physiological state of
Bergman cells.

Exercise can induce astroglial proliferation depending on
the brain’s demand for energy (Li et al., 2005). The GFAP
gene can be alternatively spliced giving rise to at least nine
proteins that differ from the first described isoform, called GFAPα

with 50 kDa: GFAPβ, GFAPγ, GFAPδ/ε, GFAPk, GFAP1135,
GFAP1164, GFAP1exon6, GFAP1exon7, and GFAPζ (review
in Middeldorp and Hol, 2011). Usually, astrocyte reactivity is
accompanied by increased levels of GFAPα protein isoform,
which is phosphorylated and mainly expressed in mature and
proliferating stages. Augmented levels of this GFAP isoform have
also been related to inflammatory status under some pathological
conditions (Catts et al., 2014; Sullivan, 2014).

Analyzing the GFAP protein expression, we identified four
distinct isoforms in the cerebellum with 50, 45, 42, and 39 kDa,
respectively. We have found that neither moderate- nor high-
volume training modified the cerebellum GFAP expression
profile of these isoforms when compared to the control condition.
However, the exhaustion test provoked in the C-ET and MV-
ET increased levels of the 50 kDa GFAP isoform, while it
concomitantly reduced the 42 and 39 kDa isoforms. Higher
levels of the 50 kDa GFAP isoform found in the C-ET were
also simultaneous with a higher amount of Pro-IL-1b and the
active form of IL-1b. In the HV-ET group, an opposite effect was
found in the GFAP isoform profile, where the 50 kDa isoform
was about 40% of that found in the control animals and 50–60%
of the values in the cerebellum of C-ET, MV-ET, and HV groups.
On the other hand, augmented levels of 42 and 39 kDa GFAP
were found in HV-ET.
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Changes in the expression level of the GFAP isoforms
influence the intermediate filament network, which can modify
astrocyte mobility and structure (Sullivan, 2014; Sereika et al.,
2018). Usually, GFAP phosphorylation contributes to the
extensive remodeling of glial networks in mitosis and can also
affect its interactions with other intracellular proteins (Moeton
et al., 2014). In some neurodegenerative diseases as well as
in the astrocytoma of grade IV, GFAP isoforms with lower
molecular weight were better expressed when compared to the
control condition (Hol et al., 2003; Sereika et al., 2018). Reactive
gliosis associated with a drop in GFAP phosphorylation has been
reported, for example, in the neurodegenerative condition in
Parkinson’s disease (Clairembault et al., 2014). It is not clear at
this moment which mechanisms are involved in the changed
GFAP isoform profile detected here in the cerebellum of the
HV-ET group. A recent study using proton magnetic resonance
spectroscopy demonstrated that acute exhaustive endurance
exercise in rats previously trained on a treadmill increased
glutamate signals in the cerebellum. These findings suggested
astrocyte dysfunction causing disequilibrium in the glutamate-
glutamine cycle and a delay in the return of glutamine from
these glial cells to neurons (Swiątkiewicz et al., 2017). Therefore,
the modified GFAP profile found in the cerebellum of the HV-
ET group suggests impaired astrocyte reactivity. Nevertheless, it
remains to be investigated if this molecular change contributes to
the lack of response to oxidative and inflammatory insult induced
by the UE simulation.

CONCLUSION

In conclusion, the results corroborate the initial hypothesis,
indicating that rat cerebellar resilience to oxidative damage
is maintained during 3 months of moderate-volume training,
but high-volume training at moderate intensity impaired the
enzymatic antioxidant defense system of this brain region. Also,
we demonstrated for the first time that UE simulation after high-
volume training can alter the GFAP isoform profile, suggesting
impaired astrocyte reactivity in the cerebellum. The findings
also indicate that moderate-volume training, under the aerobic
condition for 3 months, does not confer resistance to UE
simulation in rats, either for systemic markers or the oxidative
and inflammatory status of the cerebellum. Altogether, the data

highlights the importance of further studies in other brain regions
involved in the movement control given the increase in the
number of participants in ultra-marathons nowadays.
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