
EDITED BY : Grzegorz Kreiner, Andrii Domanskyi and Małgorzata Kujawska

PUBLISHED IN : Frontiers in Cellular Neuroscience

COMMON PATHWAYS LINKING 
NEURODEGENERATIVE DISEASES – THE 
ROLE OF INFLAMMATION

https://www.frontiersin.org/research-topics/12670/common-pathways-linking-neurodegenerative-diseases---the-role-of-inflammation
https://www.frontiersin.org/research-topics/12670/common-pathways-linking-neurodegenerative-diseases---the-role-of-inflammation
https://www.frontiersin.org/research-topics/12670/common-pathways-linking-neurodegenerative-diseases---the-role-of-inflammation
https://www.frontiersin.org/research-topics/12670/common-pathways-linking-neurodegenerative-diseases---the-role-of-inflammation
https://www.frontiersin.org/journals/cellular-neuroscience


Frontiers in Cellular Neuroscience 1 October 2021 | Common Pathways in Neurodegenerative Diseases

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a 

pioneering approach to the world of academia, radically improving the way scholarly 

research is managed. The grand vision of Frontiers is a world where all people have 

an equal opportunity to seek, share and generate knowledge. Frontiers provides 

immediate and permanent online open access to all its publications, but this alone 

is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, 

online journals, promising a paradigm shift from the current review, selection and 

dissemination processes in academic publishing. All Frontiers journals are driven 

by researchers for researchers; therefore, they constitute a service to the scholarly 

community. At the same time, the Frontiers Journal Series operates on a revolutionary 

invention, the tiered publishing system, initially addressing specific communities of 

scholars, and gradually climbing up to broader public understanding, thus serving 

the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely 

collaborative interactions between authors and review editors, who include some 

of the world’s best academicians. Research must be certified by peers before entering 

a stream of knowledge that may eventually reach the public - and shape society; 

therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding 

research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting 

scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals 

Series: they are collections of at least ten articles, all centered on a particular subject. 

With their unique mix of varied contributions from Original Research to Review 

Articles, Frontiers Research Topics unify the most influential researchers, the latest 

key findings and historical advances in a hot research area! Find out more on how 

to host your own Frontiers Research Topic or contribute to one as an author by 

contacting the Frontiers Editorial Office: frontiersin.org/about/contact

Frontiers eBook Copyright Statement

The copyright in the text of 
individual articles in this eBook is the 

property of their respective authors 
or their respective institutions or 

funders. The copyright in graphics 
and images within each article may 

be subject to copyright of other 
parties. In both cases this is subject 

to a license granted to Frontiers.

The compilation of articles 
constituting this eBook is the 

property of Frontiers.

Each article within this eBook, and 
the eBook itself, are published under 

the most recent version of the 
Creative Commons CC-BY licence. 

The version current at the date of 
publication of this eBook is 

CC-BY 4.0. If the CC-BY licence is 
updated, the licence granted by 

Frontiers is automatically updated to 
the new version.

When exercising any right under the 
CC-BY licence, Frontiers must be 

attributed as the original publisher 
of the article or eBook, as 

applicable.

Authors have the responsibility of 
ensuring that any graphics or other 
materials which are the property of 

others may be included in the 
CC-BY licence, but this should be 

checked before relying on the 
CC-BY licence to reproduce those 

materials. Any copyright notices 
relating to those materials must be 

complied with.

Copyright and source 
acknowledgement notices may not 
be removed and must be displayed 

in any copy, derivative work or 
partial copy which includes the 

elements in question.

All copyright, and all rights therein, 
are protected by national and 

international copyright laws. The 
above represents a summary only. 

For further information please read 
Frontiers’ Conditions for Website 

Use and Copyright Statement, and 
the applicable CC-BY licence.

ISSN 1664-8714 
ISBN 978-2-88971-563-3 

DOI 10.3389/978-2-88971-563-3

https://www.frontiersin.org/research-topics/12670/common-pathways-linking-neurodegenerative-diseases---the-role-of-inflammation
https://www.frontiersin.org/journals/cellular-neuroscience
http://www.frontiersin.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/about/contact


Frontiers in Cellular Neuroscience 2 October 2021 | Common Pathways in Neurodegenerative Diseases

COMMON PATHWAYS LINKING 
NEURODEGENERATIVE DISEASES – THE 
ROLE OF INFLAMMATION

Topic Editors: 
Grzegorz Kreiner, Polish Academy of Sciences (IF PAS), Poland
Andrii Domanskyi, Orion Corporation (Finland), Finland
Małgorzata Kujawska, Poznan University of Medical Sciences, Poland

Citation: Kreiner, G., Domanskyi, A., Kujawska, M., eds. (2021). Common Pathways 
Linking Neurodegenerative Diseases – The Role of Inflammation. 
Lausanne: Frontiers Media SA. doi: 10.3389/978-2-88971-563-3

https://www.frontiersin.org/research-topics/12670/common-pathways-linking-neurodegenerative-diseases---the-role-of-inflammation
https://www.frontiersin.org/journals/cellular-neuroscience
http://doi.org/10.3389/978-2-88971-563-3


Frontiers in Cellular Neuroscience 3 October 2021 | Common Pathways in Neurodegenerative Diseases

05 Editorial: Common Pathways Linking Neurodegenerative Diseases—The 
Role of Inflammation

Małgorzata Kujawska, Andrii Domanskyi and Grzegorz Kreiner

08 Azadirachta indica A. Juss Ameliorates Mouse Hepatitis Virus-Induced 
Neuroinflammatory Demyelination by Modulating Cell-to-Cell Fusion in 
an Experimental Animal Model of Multiple Sclerosis

Lucky Sarkar, Ravi Kiran Putchala, Abass Alao Safiriyu and Jayasri Das Sarma

30 Overview of General and Discriminating Markers of Differential Microglia 
Phenotypes

Agnieszka M. Jurga, Martyna Paleczna and Katarzyna Z. Kuter

48 Elamipretide Attenuates Pyroptosis and Perioperative Neurocognitive 
Disorders in Aged Mice

Youmei Zuo, Lei Yin, Xinqi Cheng, Jun Li, Hao Wu, Xuesheng Liu, Erwei Gu 
and Jing Wu

58 Microglia Gone Awry: Linking Immunometabolism to Neurodegeneration

Ruqayya Afridi, Won-Ha Lee and Kyoungho Suk

65 Alcohol Use Disorder, Neurodegeneration, Alzheimer’s and Parkinson’s 
Disease: Interplay Between Oxidative Stress, Neuroimmune Response and 
Excitotoxicity

Haziq Kamal, Geok Chin Tan, Siti Fatimah Ibrahim, Mohd. Farooq Shaikh, 
Isa Naina Mohamed, Rashidi M. Pakri Mohamed, Adila A. Hamid, 
Azizah Ugusman and Jaya Kumar

80 Gas6 Inhibits Toll-Like Receptor-Mediated Inflammatory Pathways in 
Mouse Microglia via Axl and Mer

Shannon E. Gilchrist, Salman Goudarzi and Sassan Hafizi

90 Semi-Automated Cell and Tissue Analyses Reveal Regionally Specific 
Morphological Alterations of Immune and Neural Cells in a Porcine 
Middle Cerebral Artery Occlusion Model of Stroke

Samantha E. Spellicy, Kelly M. Scheulin, Emily W. Baker, Brian J. Jurgielewicz, 
Holly A. Kinder, Elizabeth S. Waters, Janet A. Grimes, Steven L. Stice and 
Franklin D. West

111 Lipopolysaccharide Pre-conditioning Attenuates Pro-inflammatory 
Responses and Promotes Cytoprotective Effect in Differentiated PC12 
Cell Lines via Pre-activation of Toll-Like Receptor-4 Signaling Pathway 
Leading to the Inhibition of Caspase-3/Nuclear Factor-κappa B Pathway

Pushpa Gandi Sangaran, Zaridatul Aini Ibrahim, Zamri Chik, 
Zahurin Mohamed and Abolhassan Ahmadiani

140 Inflammation Spreading: Negative Spiral Linking Systemic Inflammatory 
Disorders and Alzheimer’s Disease

Junjun Ni and Zhou Wu

153 Key Role of Microglial Matrix Metalloproteinases in Choroidal 
Neovascularization

Juhee Kim, Jong-Heon Kim, Ji Yeon Do, Jung Yi Lee, Ryoji Yanai, 
In-kyu Lee, Kyoungho Suk and Dong Ho Park

Table of Contents

https://www.frontiersin.org/research-topics/12670/common-pathways-linking-neurodegenerative-diseases---the-role-of-inflammation
https://www.frontiersin.org/journals/cellular-neuroscience


Frontiers in Cellular Neuroscience 4 October 2021 | Common Pathways in Neurodegenerative Diseases

163 Phosphoinositides: Roles in the Development of Microglial-Mediated 
Neuroinflammation and Neurodegeneration

Thomas Ernest James Phillips and Emily Maguire

191 npc2-Deficient Zebrafish Reproduce Neurological and Inflammatory 
Symptoms of Niemann-Pick Type C Disease

Malgorzata Wiweger, Lukasz Majewski, Dobrochna Adamek-Urbanska, 
Iga Wasilewska and Jacek Kuznicki

208 The Role of NF-κB Triggered Inflammation in Cerebral Ischemia

Teresa Jover-Mengual, Jee-Yeon Hwang, Hyae-Ran Byun, 
Brenda L. Court-Vazquez, José M. Centeno, María C. Burguete and 
R. Suzanne Zukin

216 Neurotrophic Factors in Parkinson’s Disease: Clinical Trials, Open 
Challenges and Nanoparticle-Mediated Delivery to the Brain

Olesja Bondarenko and Mart Saarma

234 Glial Cell Line-Derived Neurotrophic Factor Family Ligands, Players at the 
Interface of Neuroinflammation and Neuroprotection: Focus Onto the Glia

Anastasiia Kotliarova and Yulia A. Sidorova

247 The Air We Breathe: Air Pollution as a Prevalent Proinflammatory Stimulus 
Contributing to Neurodegeneration

Monika Jankowska-Kieltyka, Adam Roman and Irena Nalepa

266 MANF is Neuroprotective in Early Stages of EAE, and Elevated in Spinal 
White Matter by Treatment With Dexamethasone

Jinhan Nam, Tapani K. Koppinen and Merja H. Voutilainen

https://www.frontiersin.org/research-topics/12670/common-pathways-linking-neurodegenerative-diseases---the-role-of-inflammation
https://www.frontiersin.org/journals/cellular-neuroscience


EDITORIAL
published: 13 September 2021

doi: 10.3389/fncel.2021.754051

Frontiers in Cellular Neuroscience | www.frontiersin.org 1 September 2021 | Volume 15 | Article 754051

Edited and reviewed by:

Dirk M. Hermann,

University of

Duisburg-Essen, Germany

*Correspondence:

Grzegorz Kreiner

kreiner@if-pan.krakow.pl

Specialty section:

This article was submitted to

Cellular Neuropathology,

a section of the journal

Frontiers in Cellular Neuroscience

Received: 05 August 2021

Accepted: 19 August 2021

Published: 13 September 2021

Citation:

Kujawska M, Domanskyi A and

Kreiner G (2021) Editorial: Common

Pathways Linking Neurodegenerative

Diseases—The Role of Inflammation.

Front. Cell. Neurosci. 15:754051.

doi: 10.3389/fncel.2021.754051

Editorial: Common Pathways Linking
Neurodegenerative Diseases—The
Role of Inflammation

Małgorzata Kujawska 1, Andrii Domanskyi 2 and Grzegorz Kreiner 3*

1Department of Toxicology, Poznan University of Medical Sciences, Poznań, Poland, 2 Institute of Biotechnology, Helsinki
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Editorial on the Research Topic

Common Pathways Linking Neurodegenerative Diseases—The Role of Inflammation

Together with the increase in life expectancy the prevalence of neurodegenerative diseases is
rapidly growing. In spite of the scale of the problem, the etiology of most neurodegenerative
disorders remains unclear, and as a consequence, there are no effective treatments stopping or at
least slowing down their progression. There is growing evidence that pathophysiology of different
neurodegenerative diseases may overlap at multiple molecular levels and pathways ultimately
leading to cell death. It is well-known, that many contributing factors i.e., inflammatory processes,
oxidative damage, mitochondrial impairment, pathogenic proteins, apoptosis and autophagy
dysfunction—all well-established features of neurodegeneration—are not exclusively related to
any particular neurodegenerative disorder and identified in both sporadic and familial forms
(Ramanan and Saykin, 2013; Ruffini et al., 2020). Oxidative stress and inflammation, which
are tightly linked and interdependent, are regarded as playing a key role in neurodegeneration
pathogenesis. This is why maintaining the redox balance, based on the generation and elimination
of reactive oxygen species by endogenous and exogenous sources, is crucial for neuroprotection.
Similarly, exposure to various environmental factors, such as pesticides, are known contributors
to the increased risk of age-related neurodegeneration (Cannon and Greenamyre, 2011; Baltazar
et al., 2014). As pointed out in review by Kamal et al., the most prevalent neurodegenerative
diseases like Alzheimer’s and Parkinson’s disease can be also associated with alcohol dependence
as prolonged alcohol intake contributes to production of reactive oxygen species triggering
neuroimmune response and neural cell death. While it is generally possible—and, in view of
current scientific evidence, also highly advisable—to avoid prolonged alcohol intake and thus
prevent neurodegeneration (and multiple other diseases), it is much more difficult to avoid the
exposure to polluted air. In their article, Jankowska-Kiełtyka et al. review published evidence
demonstrating the role of air pollution as a contributing factor to onset and progression of
neurodegeneration, highlighting increased oxidative stress and inflammation as possible molecular
mechanisms linking exposure to particular matter with neuronal death. With more research done
in recent years, it becomes increasingly evident that neurodegenerative diseases arise as a result of
complex interplay between aging, genetic, lifestyle and environmental factors, affectingmultiple cell
types, with inflammation playing a crucial role in the process. For example, spreading inflammation
has been observed in Alzheimer’s disease. Since evidence supports the inflammatory crosstalk
between the periphery and the central nervous system via the blood-brain barrier (BBB), Ni and
Wu show that the “dampening inflammation,” particularly through the inhibition of cathepsin,
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appears to be a novel therapeutic approach delaying the onset of
and enacting early intervention for Alzheimer’s disease.

Understanding the neural networks and their involvement in
neurodegenerative conditions could provide better insights into
the principles of neurodegeneration. As summarized by Afridi
et al. age-related chronic inflammatory activation of microglia
and their dysfunction can be considered as one of pivotal insults
as the housekeeping and defensive functions of microglia are
of particular importance for brain homeostasis. Furthermore,
the authors conclude that dysfunctional microglia may directly
contribute to phagocytosis, increased pro-inflammatory cytokine
secretion and reactive oxygen species release. It is also important
to bear in mind the complexity and heterogeneity of microglia,
reflected by their morphology and expression of cellular markers
reflecting functional differences between different microglial
phenotypes. As reviewed by Jurga et al., during progression
of neurodegeneration, different types of microglia can have
either pro-inflammatory or anti-inflammatory functions and it
is critical to understand the contribution of these microglia
phenotypes to disease progression in order to develop new
therapeutic strategies targeting microglia. While microglial
dysfunction may arise in part as a result of lipid dyshomeostasis,
phosphoinositides (PiPs) appear to be key players in regulating
microglial-mediated neuroinflammation. PIPs, as reviewed by
Phillips and Maguire, regulate the activities of proteins and
enzymes required for endocytosis, toll-like receptor signaling,
purinergic signaling, chemotaxis, and migration, all of which
are affected in a variety of neurodegenerative conditions. Given
the importance of microglia and PIPs in dementia development,
possible future therapeutic approaches would benefit from their
targeted co-manipulation.

Inflammatory response can be activated by stimulation of
toll-like receptors (TLRs), resulting in changes in morphology
and production and release of cytokines which was the topic
of interest for Gilchrist et al. In this paper the authors
examined the roles of the related TAM receptors, Mer and
Axl, and of their ligand, Gas6, in the regulation of microglial
induced pro-inflammatory response, providing evidence that
Gas6 may negatively regulate the detrimental response to
lipopolysaccharide (LPS) as well as via stimulation of other
TLRs. Therefore, as concluded by authors of this work, anti-
inflammatory role for the TAM ligand, Gas6, could be of
particular interest due to therapeutic potential.

The inflammatory response in animal models is often
modeled by administration of LPS, which was also implemented
in in-vitro study on PC12 cells presented by Sangaran et al.
In this paper, the authors proposed neuroprotective effect
via pre-activation of toll-like receptor-4 signaling pathway
leading to the inhibition of Caspase-3/nuclear factor-kappaB
(NF-κB) pathway. The role of NF-κB, a transcription factor
involved in the activation of the inflammasome was reviewed in
context of cerebral ischemia by Jover-Mengual et al. Growing
evidence indicates a dual role of inflammation in cerebral
ischemia. While the acute inflammatory response aggravates an
ischemic injury, the recovery and tissue repair depend on later
inflammatory processes. Therefore, according to the authors,
effective therapy should selectively inhibit the deleterious
constituents of the inflammatory process during cerebral

ischemia and simultaneously enhance the beneficial aspects of
the inflammatory response. What is of particular importance,
the authors fairly stated all pros and cons regarding the role of
NF-κB in neurodegeneration which is controversial whether its
activation promotes neuroprotective response or—as recently
more supported—rather contributes to inflammation and neural
cell death. It is worth to mention that NF-κB has been implicated
in the pathogenesis of a number of autoimmune diseases as well.
One of the most popular example is multiple sclerosis (MS)
where NF-κB was confirmed to be activated in micro-/astroglia
and neurons. MS is mostly studied in experimental autoimmune
encephalomyelitis (EAE) model which was the topic pursued by
Nam et al. who showed that administration of glucocorticoids
and mesencephalic astrocyte-derived neurotrophic factor
(MANF) in EAE mice improved in similar way the phenotype
in the early stage of disease. Certain aspects of MS can also
be modeled in mouse hepatitis virus (MHV)-induced chronic
neuroinflammatory demyelination. Using this model, Sarkar
et al. have demonstrated that Azadirachta indica (Neem)
bark extract suppresses MHV-induced neuroinflammation
and neuropathogenesis by inhibiting cell-to-cell fusion and
viral replication. Moreover, the authors suggested antiviral
activity of Neem extract against other Spike expressing human
coronaviruses like SARS-CoV-2.

MANF and closely related cerebral dopamine neurotrophic
factor (CDNF), as well as glial cell line-derived neurotrophic
factor (GDNF), neurturin (NRTN), and PDGF-BB, supporting
the development, maturation, and survival of neurons
demonstrate potential to rescue and regenerate neuronal
populations lost in neurodegenerative diseases. Indeed, as
reviewed by Kotliarova and Sidorova, available data strongly
support the ability of GDNF family ligands (GFLs) to influence
both neuronal and glial cells, which increase GFLs attractiveness
of being a target for developing novel treatments against
neurodegeneration. However, neurotrophic factors do not
pass through the BBB and are delivered directly into patients’
brains using costly and risky intracranial surgery, which is
also restricting their application to patients at the late stage
of neurodegeneration, essentially limiting the effectiveness
of such therapy. As reviewed by Bondarenko and Saarma,
nanoparticles (NPs) with the size dimensions of 1–100 nm can
be used to facilitate their transport through the BBB. As NPs
themselves can prevent the aggregation of proteins, reduce
inflammation, and alleviate stress, the dual strategy combining
drug carrier and therapeutic function of NPs may be of
significance, especially for treating protein-aggregation-related
neurodegenerative disorders.

The role of oxidative stress, inflammation and mitochondrial
dysfunction is by no means limited only to “classical”
neurodegenerative diseases. Age-related macular degeneration
(AMD), which most commonly originates from choroidal
neovascularization (CNV), is the leading cause of blindness in
the elderly. The newly released study by Kim et al. demonstrates
that early microglial matrix metalloproteinase-9 (MMP-9)
activation contributes to CNV. Thus, the authors suggest
modulation of microglial MMP expression as a novel putative
therapeutic target for CNV. The results of Zuo et al. show that
treatment with elamipretide, a mitochondrial-targeted peptide,
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seems to be a promising strategy for treating perioperative
neurocognitive disorders associated with mitochondrial
dysfunction and pyroptosis.

Our understanding of molecular mechanisms driving
neurodegeneration heavily relies on the use of animal
models. Despite significant progress in studies using rodents,
development of new models better recapitulating the onset and
progression of human diseases, as well as tools to characterize
these models is desperately needed. An interesting study by
Spellicy et al. using a semi-auto high content imaging (HCI)
and CellProfiler analysis approach to analyze histopathological
features following ischemic stroke. The authors have revealed
regional and cell-specific morphological signatures of immune
and neural cells after stroke in a highly translational porcine
model, showing remarkable similarity to the human stroke
condition. This unbiased and sensitive tool to quantify different
cells’ morphological changes and interaction between cells in the
stroke environment offers a uniquely therapeutic and biomarker
discovery opportunity. Another rapidly emerging alternative
model organism used in neuroscience is zebrafish (Danio rerio).
Utilizing cutting-edge CRISPR/Cas9 technology, Korzeniowska
et al. successfully edited zebrafish genome introducing mutation
in NPC2 gene, causing Niemann-Pick type C (NPC) disease in
humans. NPC is a rear lipid storage disorder characterized by
abnormal accumulation of lipids in multiple organs, including
the brain. As stated on Orphanet (a unique resource, gathering
and improving knowledge on rare diseases) website rare
diseases are rare but rare diseases patients are numerous. The
authors demonstrate that their model can faithfully reproduce
neurological and inflammatory symptoms of NPC disease and
therefore may be used for testing novel therapeutic strategies in
preclinical studies.

Overall, in this Research Topic, we have gathered 17
articles summarizing various aspects of mechanisms behind
neurodegeneration studied in cellular and animal models. These
were not particularly focusing on specific disease and the neural
populations directly responsible for symptomatology, but rather
more general, linking i.e., the immune system and oxidative
stress in brain aging and neurodegeneration, glial responses
and neuroinflammation in neurodegenerative diseases, innate
immune system and neurodegeneration.

Altogether, articles in this Research Topic clearly demonstrate
the importance of oxidative stress and inflammation in
neurodegenerative diseases. It is becoming increasingly
appreciated that progression of neurodegeneration is also
affected by complex interactions between neural cells and
microglia, and the cellular pathways modulated by such
interactions are being deciphered. Identifying particular
proteins and pathways as convergence points in developing
neurodegenerative diseases alongside unbiased and sensitive
assessment methods is fundamental for understanding their
causes and mechanisms, offering novel therapeutic and
biomarker discovery opportunities.
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Mouse hepatitis virus (MHV)-induced murine neuroinflammation serves as a model
to study acute meningoencephalomyelitis, hepatitis, and chronic neuroinflammatory
demyelination; which mimics certain pathologies of the human neurologic disease,
multiple sclerosis (MS). MHV-induced acute neuroinflammation occurs due to direct
glial cell dystrophy instigated by central nervous system (CNS)-resident microglia and
astrocytes, in contrast to peripheral CD4+T cell-mediated myelin damage prevalent
in the experimental autoimmune encephalomyelitis (EAE) model of MS. Viral envelope
Spike glycoprotein-mediated cell-to-cell fusion is an essential mechanistic step for
MHV-induced CNS pathogenicity. Although Azadirachta indica (Neem), a traditional
phytomedicine, is known for its anti-inflammatory, anti-fungal, and spermicidal activities,
not much is known about anti-neuroinflammatory properties of its bark (NBE)
in MHV-induced acute neuroinflammation and chronic demyelination. Recombinant
demyelinating MHV strain (RSA59) was preincubated with NBE to arrest the infection-
initiation event, and its effect on viral replication, viral transcription, cytokine expression,
and successive pathogenicity were investigated in vitro and in vivo. Virus-free Luciferase
assay explained NBE’s anti-virus-to-cell fusion activity in vitro. Intracranial inoculation of

Abbreviations: BBB, Blood-brain barrier; B.W., Bodyweight; C, Non-infected control; CCl4, Carbon tetrachloride;
CNS, Central nervous system; DMSO, Dimethyl sulfoxide; EAE, Experimental Autoimmune Encephalomyelitis; EC,
Effective concentration; EGFP, Enhanced Green Fluorescence Protein; I.C., Intracranial; IHC, Immunohistochemistry; IL-6,
Interleukin 6; IL-10, Interleukin 10; I.P., Intraperitoneal; LC50, Lethal concentration 50% of maximum response; MHV,
Mouse hepatitis virus; MNCC, Maximum non-cytotoxic concentration; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide; N, Viral Nucleocapsid gene (IZJ); NBE, Neem bark extract; NLD, Non-lethal dose; OV, Only-virus
infected control; PFU, Plaque forming unit; P.I., Post-infection; ROS, Reactive oxygen species; S, Viral Spike gene; T,
NBE preincubated (treated); V, Infected-vehicle control.
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RSA59 preincubated with NBE into the mouse brain significantly reduces acute hepatitis,
meningoencephalomyelitis, and chronic progressive demyelination. Additionally, NBE
effectively restricts viral entry, dissemination in CNS, viral replication, viral transcription,
and expression of the viral nucleocapsid and inflammatory cytokines. From mechanistic
standpoints, RSA59 preincubated with NBE reduced viral entry, viral replication
and cell-to-cell fusion, as a mode of viral dissemination. Moreover, intraperitoneal
injection with NBE (25 mg/kg B.W.) into mice revealed a significant reduction in
viral Nucleocapsid protein expression in vivo. Conclusively, A. indica bark extract
may directly bind to the virus-host attachment Spike glycoprotein and suppresses
MHV-induced neuroinflammation and neuropathogenesis by inhibiting cell-to-cell fusion
and viral replication. Further studies will focus on combining bioanalytical assays to
isolate potential NBE bioactive compound(s) that contribute towards the anti-viral
activity of NBE.

Keywords: Azadirachta indica, mouse hepatitis virus, cell-to-cell fusion and syncytia, meningoencephalomyelitis,
neuroinflammatory demyelination, neuroprotective

INTRODUCTION

Neuroinflammatory cascades play an important defensive role
against various pathogenic stimuli, toxins, ischemic injury, and
protein accumulation that induce neurodegeneration and can
challenge the host immune system. Inflammatory mediators
[chemokines, Reactive oxygen species (ROS), proinflammatory
and anti-inflammatory cytokines like Interleukin 6 (IL-6),
Interleukin 10 (IL-10)] are produced by central nervous system
(CNS) resident cells (microglia, astrocytes) or cells migrating
from the peripheral blood and cause impairment of blood-
brain barrier (BBB) integrity. Activated-microglia mediated
neuroinflammation is a common pathological hallmark of
various neurodegenerative diseases like Alzheimer’s disease
(AD), Parkinson’s disease (PD), multiple sclerosis (MS), and
cerebral ischemia (Milatovic et al., 2011; Tohidpour et al.,
2017). Clinical studies show that infectious agents can cause
inflammation of the CNS. Mouse hepatitis virus (MHV) belongs
to the β-coronavirus group and is a prototype m-CoV. MHV
(m-CoV) mainly infects mouse and induces acute hepatitis,
meningitis, encephalitis, myelitis, and chronic phase progressive
demyelination concurrent with axonal loss and serves as an
experimental model for human neurological disease multiple
sclerosis (MS; Bjartmar et al., 2003). I.C. inoculation with
neurotropic MHV strains induces a biphasic neurological
disease characterized by acute hepatitis and meningoencephalitis
that precede the onset of chronic demyelination (Lavi
et al., 1984b; Houtman and Fleming, 1996). Viral-induced
inflammation (meningitis, encephalitis, and myelitis) reaches
its peak at 6 days p.i. Viral titer reduces after day 7 p.i. but
viral-induced inflammation initiates more complex adaptive
immune responses leading to neuronal degeneration and axonal
transection, inducing long-term neurological disorders at 30 days
p.i. MS is commonly studied in experimental autoimmune
encephalitis (EAE) models which demonstrate that myelin-
specific CD4+T cells cause neuroinflammation and subsequent
demyelination. Though this model is well-established, it is

unable to dissect direct viral infection-induced myelin damage
as opposed to CD4+T cell-mediated pathology. In this context,
MHV-induced neuroinflammatory demyelination is considered
a unique experimental animal model to study the role of direct
neural cell death and damage, which may contribute to axonal
loss and myelin damage as an inside-out model of demyelination
(Weiner, 1973; Lavi et al., 1984a).

Traditional herbs find paramount importance in modern
drug discovery. Regardless of significant advances in current
medicine, the development of innovative therapeutic approaches
is increasing rapidly. Conventionally, several non-steroidal
anti-inflammatory drugs (NSAIDs) are used in treating
neurodegenerative diseases. Most chronic diseases are multi-
genic, and these mono-targeted drugs are unlikely to be effective
due to growing drug resistance and the presence of side effects
(Okpanyi and Ezeukwu, 1981; Mauriz et al., 2014; Thell et al.,
2016) when consumed for long periods. In contrast, almost 80%
of all herbal drugs (viz. nutraceuticals) designed by ‘‘Mother
Nature’’ are highly effective and multi-targeted, but also often
exert few side effects due to the composition and extraction
procedure (Pérez-Hernández et al., 2016; Rasool et al., 2014).

Azadirachta indica A. Juss (Neem), an ethnomedicinal plant
belonging to class: Dicotyledonous; order: Fagales; family:
Meliaceae; is indigenous to African and Asian folk medicine
(Pankaj et al., 2011; Jhariya et al., 2013; Alzohairy, 2016). Neem
bark extract (NBE) was reported to possess anti-inflammatory,
anti-allergenic, anti-immunomodulatory, anti-tumor (Gallic
acid, (-) Epicatechin, Catechin, Margolone, Isomergolonone),
anti-fungal, anti-dermal (Nimbidin), anti-protozoal and
spermicidal properties (Manogaran et al., 1998; Biswas et al.,
2002; Akihisa et al., 2009; Ghimeray et al., 2009; Pandey et al.,
2014; Vinoth et al., 2012). NBE showed potential antibacterial
activity against Salmonella paratyphi and S. Typhi (Panchal et al.,
2013; Al Akeel et al., 2015), and hepatoprotective activity against
CCl4-induced hepatic damage in albino rats (Gomase et al.,
2011; Bucur et al., 2014) with strong evidence of anti-oxidant
properties. Interestingly, NBE is also reported to block the entry
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of HSV1 (Herpes Simplex virus; Tiwari et al., 2006, 2010). While
NBE is shown to diminish the effects of malaria on cerebellar
Purkinje cells in Plasmodium berghei-infected mice, very little is
known about its anti-neuroinflammatorymechanism (Lucantoni
et al., 2010; Bedri et al., 2013).

MS is a multifactorial neuroinflammatory disease. The
MHV-induced model of MS is unique because the direct
viral infection causes microglial activation and sets the stage
for chronic demyelination. The current study is focused on
understanding the potential effect of NBE in MHV-induced
neuroinflammatory demyelination and demonstrates for the first
time that direct binding of NBE with the intact virus can
ameliorate neuroinflammation. NBE is known for its numerous
anti-microbial, anti-inflammatory properties but rarely known
for its anti-neuroinflammatory role. Several studies have used
phytochemicals to target inflammation per se, but so far, very
few reports show a significant reduction in direct binding of the
virus to the cell causing a reduction in cell-to-cell fusion. One
of the vital proteins responsible for virus-cell fusogenicity is the
Spike envelope glycoprotein. Recently, our group showed that
two characteristic internal prolines in the hydrophobic fusion
peptide stabilizes Spike protein and play an imperative role in
viral entry, viral dissemination, and syncytia formation in vitro.
In vivo, transcranial inoculation with proline mutant viruses
delineated altered neuropathogenicity as a result of impaired
viral infectivity and consecutive fusogenicity (Sadasivan et al.,
2017; Singh et al., 2019). Henceforth, it is tempting to
speculate that spike protein-mediated cell-to-cell fusion may be a
potential checkpoint to reduce neuropathogenesis using specific
nutraceuticals (i.e., NBE). We, therefore, investigated anti-virus-
cell fusion properties of NBE, and report for the first time that
preincubation of the virus with NBE significantly lowers viral
infectivity and the resultant neuropathology in vitro and in vivo.

MATERIALS AND METHODS

Laboratory Preparation of A. indica (Neem)
Bark Extract; NBE
Air-dried bark of the neem tree was ground well in a mortar, and
1 kg bark powder was dissolved in 1.5 L methanol by maceration
for 1 week. The suspension was mixed vigorously in a shaker
at 25◦C for 24 h. The extract was collected by filtering through
Grade 1 WhatmannTM filter paper and dried using a rotary
vacuum evaporator at 55◦C (Alam et al., 2010; Nelson et al.,
2016). This lyophilized fine brown powder (crude bark extract)
was dissolved in Dimethyl sulfoxide (DMSO; cell-culture grade)
at a concentration of 100 mg/ml followed by filtration through
a 0.22 µm membrane filter and stored in the freezer at −20◦C
(Schumacher et al., 2011; Nelson et al., 2016). NBE raw powder
was a kind gift from Dr. Mahadeb Pal (Bose Institute, Kolkata).
The working concentrations (50–1,000 µg/ml) were prepared by
dilution in cell culture media (in vitro) or 1× PBS (in vivo).

Cell Lines
The in vitro study used two murine cell lines, L2 rat
fibroblast cell line (American Type Culture Collection, ATCC,
RRID:CVCL_0383) and Neuro-2A neuroblastoma cell line (Kind

gift from Dr. Anirban Basu NBRC, Haryana India, ATCC,
RRID:CVCL_0470). L2 cells were cultured and maintained
in 1 × L2 medium (Dulbecco’s Modified Eagle Medium)
supplemented with 10% Fetal Bovine Serum (FBS) and 1%
Penicillin (10,000 µ/ml)-Streptomycin (100 mg/ml) antibiotic
cocktail, 1% 10 mM HEPES buffer solution (Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA), 7.5% NaHCO3
and 0.1% L-glutamine. Neuro-2A cells were maintained in
Minimum Essential Medium (MEM) supplemented with 10%
FBS and 1% Penicillin-Streptomycin antibiotic cocktail. All
cell culture media and reagents were supplied from Gibco,
Thermo Fisher Scientific, Waltham, MA, USA. For the cell-
to-cell fusion assay, HeLa; human cervical cancer cell line
(ATCC, RRID:CVCL_0030) and BHK-R; Baby Hamster Kidney
cells (obtained from Dr. Susan Weiss laboratory, University of
Pennsylvania, Philadelphia, PA, USA) were stably transfected
with MHVR1, functional receptor for murine coronavirus
MHV-A59. Both HeLa and BHK-R cells were maintained in
DMEM media supplemented with 10% FBS and 1% Penicillin-
Streptomycin antibiotic cocktail. 100 µg/ml G418 antibiotic was
added with 10% FBS containing DMEM to BHK-R cells. All
cells were grown as an adherent monolayer till confluence, and
respective experiments were performed.

Viruses
A neurotropic demyelinating strain of MHV, MHV-A59 (Lavi
et al., 1984b; Das Sarma et al., 2000), and its isogenic recombinant
strain, RSA59, were used to infect mice and cell lines. The
MHV spike gene was introduced by replacing non-essential
genes 4A and part of 4B by targeted RNA recombination in the
RSA59 strain (Das Sarma et al., 2000, 2002, 2008). RSA59 also
expresses enhanced green fluorescence protein (EGFP) which
is useful to trace viral entry and dissemination through cells
and tissues.

Plasmids
Plasmid pT7EMCLuc (Gift from Vaibhav Tiwari, Midwestern
University, Downers Grove, IL, United States) expresses the
firefly luciferase gene under the T7 promoter, pMH54EGFP is a
Spike-expressing plasmid (PP, two proline residues in cell-to-cell
fusion domain; Das Sarma et al., 2002, 2008; Singh et al., 2019),
and pCAGT7 expresses T7 RNA polymerase with the chicken
actin promoter and the CMV enhancer.

Chemicals and Reagents
MTT reagent Thiazolyl Blue Tetrazolium Bromide
(Sigma–Aldrich), All cell culture dishes (Nunc), 4′,6-diamidino-
2-phenylindole (DAPI; VectaShield, Vector Laboratories);
Trizol (Ambion), DEPC, Diethyl pyrocarbonate (Ambion),
RNAlater stabilizing solution (Ambion-Thermo Fisher
Scientific), High-Capacity Reverse Transcription Kit (Applied
Biosciences, Inc. Foster, CA, USA), DyNAmo ColorFlash
SYBR Green qPCR kit (Thermo Fisher Scientific), EDTA-free
Protease-cocktail inhibitor (Roche Mannheim Germany),
Piercer BCA protein assay kit (Thermo Fisher Scientific,
Rockford, IL, USA), polyvinylidene difluoride membranes
(Millipore, Bedford, MA, USA), Methanol (SRL), γ-actin
polyclonal antibody (BioBharati LifeScience Private Limited,
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BB-AB0025), Horseradish peroxidase (HRP)-conjugated
secondary IgG antibody (Goat anti-Rabbit, Jackson Immuno
Research, Cat no. 111-035-003, RRID:AB_2313567), Horseradish
peroxidase (HRP)-conjugated secondary IgG antibody (Goat
anti-Mouse, Jackson Immuno Research, Cat no. 115-035-146,
RRID:AB_2307392), SuperSignal WestPico chemiluminescent
substrate (Thermo Fisher Scientific, Rockford, IL, USA), Agarose
(Invitrogen by Life Technologies), Neutral red (Sigma–Adrich,
St. Louis, MO, USA), Ketamine (Troikaa Pharmaceuticals
Limited, Xylazine Indian Immunologicals Limited), Gelatin
(Merck), PFA, Paraformaldehyde (Merck), Anti-Iba1 (Wako,
Richmond, VA, USA, Cat no. 019-19741, RRID:AB_839504)
antibody, Avidin-biotin immunoperoxidase technique (Vector
Laboratories), Refrax mounting medium (Anatech Limited,
MI, USA).

In vitro Cell Viability Assay
For cell viability characterization, MTT assay was performed in
the Neuro-2A cell line. Cells were seeded in 96-well plates at
1 × 104 cells/well and maintained for 24 h at 37◦C in 10%
FBS containing MEM medium. Cells were treated with NBE
in a concentration range of 50–1,000 µg/ml (primary stock-
100 mg/ml) and examined at 12 h and 24 h p.i. The media was
discarded, cells were washed with 1 × PBS and 200 µl of fresh
media containing (5mg/ml) ofMTT (Thiazolyl Blue Tetrazolium
Bromide) was added to each well and incubated at 37◦C with
5% CO2 for 5 h. The entire solution was discarded carefully
without disturbing the purple-colored formazan crystals formed
on the surface of the well. Hundred micro-liter of DMSO was
added to each well, and absorbance was measured at 570 nm
using an Absorbance Plate Reader (Hussain et al., 2018). Net
survival values were calculated and plotted using GraphPad
Prism 6.0., Maximum non-cytotoxic concentration (MNCC)
dose and effective concentration (EC50) of NBE were determined
in Neuro-2A cells. All experimental analyses were performed
all-time in a day. The maximum number of passages for cell lines
used in this study is 4.

NBE Treatment in RSA59 Infected
Neuro-2A Cells
Neuro-2A cells were cultured, grown as a monolayer till
confluence (70–80%), and infected with RSA59 (MOI 1) in
2% DMEM infection medium and incubated with virus in
intermittent shaking for a 15 min interval following which the
virus inoculum was discarded, and fresh 10% MEM media
containing 200 µg/ml NBE was added to the cells and incubated
at 37◦C in 5% CO2 till 12 h p.i. for experimental analysis. In
parallel, RSA59-infected controls were maintained in separate
Neuro-2A cell cultures.

Virus-Free Cell-to-Cell Fusion Assay
The cell-to-cell fusion assay was executed with slight
modifications of previously established methodology (Tiwari
et al., 2010; Ou et al., 2016). Wild-type HeLa cells, considered
as ‘‘effector’’ cells for this experiment were co-transfected
with plasmid pT7EMCLuc expressing the firefly luciferase
gene under the T7 promoter as well as the spike-expressing

plasmid pMH54EGFP. BHK-R cells in continuous culture, used
as ‘‘target’’ cells were transfected with pCAGT7 expressing
T7 RNA polymerase with the chicken actin promoter and the
CMV enhancer. Effector cells were then preincubated with
200 µg/ml NBE for 25 min at 36 h post-transfection. In a parallel
experiment effector cells were also treated with vehicle (DMSO).

For fusion at 36 h post-transfection, effector and target
cells were trypsinized and co-cultured in a 1:1 ratio in 24-well
culture plates. The untreated pT7EMCLuc-expressing effector
cells and only T7 RNA polymerase-transfected target cells were
used as negative controls (vector control) and untreated effector
cells expressing both pT7EMCLuc and pMH54EGFP plasmids
were used as positive controls. The luciferase reporter assay
(Promega, Madison, WI, USA) was performed to estimate the
luciferase activity at 36 h post-co culture as described previously.
Luciferase activity is considered as a measurement of cell-to-
cell fusion ability and is directly correlated with the fusion
property of the spike gene. Luciferase reporter activity was
plotted using GraphPad Prism 6.0 software. Level of significance
between untreated positive control (pT7EMCLuc + pMH54EGFP
plasmids + no NBE), NBE treated co-cultured sets (pT7EMCLuc
+ pMH54EGFP plasmids + 200 µg/ml NBE), and vehicle (DMSO)
treated cells was calculated and compared using unpaired
student’s t-test and RM One-way ANOVA test followed by
Tukey’s multiple comparison test.

Infection of Neuro-2A Cells With
RSA59 Preincubated With NBE
Neuro-2A cells were cultured and grown as a monolayer till
confluence. RSA59 virus (MOI = 1) was preincubated with NBE
(200 µg/ml) for 15 min at 4◦C. Then the virus was used to infect
Neuro-2A cells in infection medium containing 2% FBS and cells
were incubated with the virus for 1 h 15 min with intermittent
shaking for a 15 min interval following which the virus inoculum
was discarded, and fresh 10% MEM media was added to the
cells and incubated at 37◦C with 5% CO2 for 10, 12, and 15 h
for subsequent analyses. The experimental sets are C, Control
(2% DMEM media); OV, Only-virus infected [RSA59 (MOI 1)
in 2% DMEM]; V, Infected-vehicle control [RSA59 (MOI 1) in
2% DMEM + DMSO], and T, NBE treated (200 µg/ml) [RSA59
(MOI 1) in 2% DMEMmedia + NBE in DMSO].

Viral Plaque Assay to Determine the Viral
Titer in vitro
The viral titer of the supernatants collected from OV (only-virus
infected), V (infected-vehicle) and T (NBE treated) cell cultures
at 10, 12, and 15 h p.i. were performed by standard plaque assay.
Briefly, L2 cells were seeded in 6-well plates. The supernatant
was serially diluted in 2% FBS containing media. L2 monolayers
were infected with 200 µl of diluted virus followed by 1 h
incubation at 37◦C, and 5% CO2 with intermittent rocking every
15min. Then, cells were overlaid with 1 volume of 1.4% dissolved
agarose in 1 × PBS with 1 volume of 2 × L2 media allowed to
solidify. After 18–20 h, each well was overlaid by 1.4% agarose
having 0.04% neutral red (60 µl per well), and plaques were
manually counted after 5 h of incubation (Das Sarma et al., 2008;
Kishore et al., 2013). Viral titer was calculated as plaque-forming
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units (PFU) based on a mathematical formula = (Number
of plaques ∗dilution factor/ml), and the logarithmic values
of the titers were plotted in GraphPad Prism 6.0 as a
scatter diagram.

RNA Isolation, cDNA Preparation, and
Real-Time Quantitative Polymerase Chain
Reaction (q-PCR) Analysis in vitro
RNA isolation was performed from OV, V, and T cultures
using a standard Trizol protocol (Ambion). The concentration
of RNA was measured using a Thermo Fisher Scientific
NanoDrop 2000/2000c Spectrophotometer. One microgram of
RNA was used for cDNA preparation using the High-Capacity
Reverse Transcription Kit protocol (Applied Biosciences, Inc.
Foster, CA, USA).

Quantitative Real-time PCR analysis was performed using
DyNAmo ColorFlash SYBR Green qPCR kit (Thermo Fisher
Scientific) in a Step One plus Real-time PCR system (Thermo
Fisher Scientific) under the following conditions: initial
denaturation at 95◦C for 7 min, 40 cycles of 95◦C for 10 s,
60◦C for 30 s, melting curve analysis at 60◦C for 30 s. The
following primer pairs were designed and used: GAPDH
gene forward-5′GCCCCTTCTGCCGATGC3′, reverse-5′CTT
TCCAGAGGGGCCATCC3′; viral Nucleocapsid gene (IZJ)
forward-5′AGGATAGAAGTCTGTTGGCTCA3′, reverse-
5′GAGAGAAGTTAGCAAGGTCCTACG3′; Spike (viral S
gene) forward-5′ GCCAGTATACCATTTGTCTGTTACCT3′,
reverse-5′CTACTACGTTTTTGTTTAG3′; proinflammatory
cytokines, IL-6 gene forward-5′AGTTGCCTTCTTGGGACT
GA3′, reverse-5′TCCACGATTTCCCAGAGAAC3′; and IL-10
gene forward-5′ AGTGGAGCAGGTGAAGAGTG3′, reverse-
5′TTCGGGAGAGGTACAAACG3′. Reactions were performed
in quintuple (n = 5). Ct values were calculated and were
normalized with GAPDH Ct values. Relative quantitation was
achieved using the comparative threshold (∆∆Ct) method and
plotted. The levels of mRNA expression of target genes were
normalized with the GAPDH gene and expressed as relative fold
change (2−∆∆Ct) compared to their respective infected-vehicle
controls (V).

Protein Isolation From Cells and Western
Blot Analysis in vitro
Total protein was obtained from C, OV, V, and T cultures
using a standard protein extraction protocol. Briefly, cells were
scraped from the culture dish, washed in ice-cold PBS and
centrifuged at 1,500 r.p.m. for 7 min at 4◦C in an Eppendorf
5415R. The obtained cell pellet was resuspended in ice-cold
protein extraction RIPA buffer [50mM Tris Base (pH 7.6),
150 mM NaCl, 1% Triton X-100, 0.1% SDS, 0.5% Sodium
deoxycholate] containing EDTA-free Protease-cocktail inhibitor,
and homogenized by mild vortexing at regular 15 min time
intervals for 90 min. The lysed cell suspension was centrifuged at
4◦C for 10 min at 13,600 r.p.m. The supernatant (total cell lysate)
was separated in a fresh microcentrifuge tube, and concentration
was estimated using the Piercer BCA protein assay kit (Thermo
Fisher Scientific, Rockford, IL, USA).

Fifteen microgram of each protein extract was resolved
on a 12% polyacrylamide gel followed by transfer onto
polyvinylidene difluoride membranes (Millipore, Bedford,
MA, USA) in transfer buffer (25 mM Tris, 192 mM glycine
and 20% methanol). The membrane was subsequently blocked
with 5% non-fat skimmed milk in TBST (Tris-buffered saline
containing 0.1% v/v Tween-20) for 1 h at room temperature
followed by incubation in primary monoclonal antibody
directed against viral nucleocapsid protein (N) of MHV-JHM
at a dilution of 1:50 and γ-actin polyclonal antibody as an
internal control (BioBharati LifeScience Private Limited,
BB-AB0025) overnight at 4◦C. The membrane containing
protein samples was then washed with TBST and incubated
with Horseradish peroxidase (HRP)-conjugated secondary
IgG antibody; Goat anti-Mouse (Jackson Immuno Research)
against viral nucleocapsid protein primary antibody and Goat
anti-Rabbit (Jackson Immuno Research) against γ-actin
primary antibody in blocking solution for 1 h at room
temperature. The blots were subsequently washed in TBST
solution, and the immunoreactive bands were visualized
using SuperSignal WestPico chemiluminescent substrate
(Thermo Fisher Scientific, Rockford, IL, USA). Non-saturated
bands were visualized using Syngene G: box TMChemidoc
system using GENSys Software and densitometric analyses
and quantification of immunoreactive bands were carried
out using ImageJ software. Protein expression levels of
target genes were normalized to γ-actin gene expression
and expressed as relative fold change compared to their infected-
vehicle controls.

Animal Ethics Statement
Four-week-old, C57BL/6 male mice (obtained from Jackson
Laboratory) were maintained at controlled environmental
conditions (22 ± 2◦C, 60 ± 5% humidity) with 12 h light/dark
cycle in individually ventilated cages at IISER Kolkata small
animal facility. They were provided with standard diet and water
ad libitum. The studies involving animals were reviewed and
approved by institutional animal care and use committee at
the Indian Institute of Science Education and Research Kolkata
(IISER-K). The animal protocols were adhered to the guidelines
of the Committee for the purpose of control and supervision of
experiments on animals (CPCSEA), India.

Inoculation of Mice
Mice were anesthetized by intraperitoneal injection of
120–140 µl (depending on body weight) of 40% (v/v in
distilled water) Ketamine (50 mg/ml) and 10% (v/v in distilled
water) Xylazine mixture (20 mg/ml) in the ratio of Ketamine:
Xylazine: distilled water = 4:1:4. Mice do not feel pain and
claustrophobia while using Ketamine and Xylazine. Intracranial
inoculation with parental demyelinating strain MHV-A59 and
its recombinant strain RSA59 were performed in mice at 50%
LD50 dose, i.e., 2,000 PFU and 20,000 PFU, respectively (Das
Sarma et al., 2002, 2008). Twenty microliter of the diluted virus
(in PBS + 0.75% BSA, bovine serum albumin) was injected
into the right half of the cerebral hemisphere of each mouse.
Mock-infected controls were inoculated similarly with PBS +
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0.75% BSA and maintained in parallel. All mice were monitored
daily for signs of morbidity and mortality. With an overdose
of Ketamine and Xylazine, mice were deeply anesthetized
and sacrificed to harvest the brain, liver, and spinal cords for
histopathological and immunohistochemical analyses at acute
(day 6 p.i.) and chronic stages (day 30 p.i.) of RSA59 infection.
The experimental procedure was performed between 8 a.m. and
5 p.m.

NBE Administration in C57BL/6 Mice
Primarily, mice were divided into four major groups- mock
control; MI (PBS+BSA); only virus-infected, OV (virus in
PBS-BSA); infected-vehicle control, V (virus in PBS-BSA +
DMSO); and NBE treated, T (virus preincubated with NBE+
PBS-BSA). No randomization was performed, the mice were
arbitrarily assigned for NBE treatment. RSA59 virus particles
(20,000 PFU) were preincubated with NBE at a range of
10–50 mg/kg B.W.) or with DMSO (vehicle) for 40 min
on ice (4◦C). Twenty microliter of preincubated mixture was
intracranially (i.c.) injected into respective groups of mice.
50 mg/kg B.W. of NBE appeared to be a lethal dose for
mice and all mice died by day 1 p.i. Mice were physically
active and healthy at 10, 25 and 35 mg/kg B.W. doses with
no NBE toxicity. All animal experiments were conducted with
the most effective non-lethal dose, i.e., 25 mg/kg B.W. (NLD).
Daily, mouse body weights were measured till day 6 p.i.
and observed for any physiological changes in behavior and
activity. Mice were sacrificed at day 6 and day 30 p.i. for
biochemical and pathological analyses. The total number of
mice used was 125, and the initial number of mice used per
group was three.

To test the efficacy of NBE when administered
intraperitoneally, mice were given an i.p. injection of 25 mg/kg
B.W. NBE in 100 µl 1 × PBS (Das et al., 2010; Somsak et al.,
2015) before 24 h of intracranial infection with MHV-A59
(2,000 PFU, parental demyelinating MHV strain) and also in
every 3 days interval until day 7 p.i. Mice were observed daily
for clinical signs and symptoms and sacrificed at day 5 and 7 p.i.
for experimentation.

Estimation of Viral Replication From Tissue
Samples
The efficiency of NBE (25 mg/kg B.W.) in controlling
RSA59 viral replication in mice was determined by routine
plaque assay. On day 6 p.i., OV, V, and T mice were euthanized
and perfused transcardially with 20 ml of PBS. Brain, liver and
spinal cord tissues were harvested aseptically for determination
of viral titers and placed into 2, 3, and 1 ml of isotonic saline
containing 0.167% gelatin (gel saline) respectively. All organs
collected for viral titer were weighed and kept frozen at −80◦C
until titered. Tissues were subsequently homogenized using a
Qiagen Tissue Ruptor, centrifuged at 3,000 r.p.m. for 7.5 min
at 4◦C and supernatants were collected and stored at −80◦C
until further use. Viral titer values were quantified by standard
plaque assay protocol on tight monolayers of L2 cells infected
with 250 µl of virus supernatant, and the rest of the procedure

was followed as described previously (Das Sarma et al., 2008;
Kishore et al., 2013).

RNA Isolation and Real-Time Quantitative
Polymerase Chain Reaction (q-PCR)
Analysis in vivo
In vivo, following transcardial perfusion with DEPC treated
1 × PBS, brain tissues were collected in RNA later stabilizing
solution and kept at −80◦C. RNA was extracted from brain
tissues of OV, V, and T mice at day 6 p.i. using Trizol reagent.
The concentration of RNA was measured using a Thermo
Fisher Scientific NanoDrop 2000/2000c Spectrophotometer.
One micro-gram of RNA was used from each set for
cDNA preparation using a High-Capacity Reverse Transcription
Kit protocol (Applied Biosciences, Inc. Foster, CA, USA).
Quantitative Real-time PCR analysis was performed using the
DyNAmo ColorFlash SYBR Green qPCR kit (Thermo Fisher
Scientific) in a Step One plus Real-time PCR system (Thermo
Fisher Scientific); as described previously (in vitro section). The
levels of mRNA expression of target genes were normalized with
the GAPDH gene and expressed as relative fold change (2−∆∆Ct)
compared to their respective infected-vehicle controls (V).

Protein Extraction From Tissue Samples
and Western Blot Analysis
Thirty milligram of brain and liver tissues were collected from
mice following transcardial perfusion with 20 ml PBS and flash-
frozen in liquid nitrogen. Each tissue was lysed in 1 ml of
RIPA buffer containing EDTA-free Protease-cocktail inhibitor.
Tissue samples were homogenized (Qiagen homogenizer) and
sonicated thrice on the ice at 30% amplitude of 30 kHz for
30 s using a Sartorius Labsonic M sonicator. Tissue lysates were
centrifuged at 13,600 r.p.m. for 30 min at 4◦C. The supernatant
of each sample was collected as whole protein extract, and
concentration was estimated using a Piercer BCA protein assay
kit. Proteins were resolved on 12% polyacrylamide gels followed
by transferring onto polyvinylidene difluoride membranes and
western blot analysis was performed as described previously
(in vitro section).

Histopathological and
Immunohistochemical Analyses
Mice were sacrificed at days 6 and 30 p.i. and perfused
transcardially with PBS followed by 1 × PBS containing 4%
paraformaldehyde (PFA). Brain and liver tissues were collected,
post-fixed in 4% PFA overnight, and embedded in paraffin (Das
Sarma et al., 2008; Das Sarma, 2010; Chatterjee et al., 2013)
Five micron thick sections of the paraffin-embedded tissues were
prepared and stained withHematoxylin & Eosin to evaluate acute
inflammatory signs like encephalitis and meningitis along with
hepatitis at day 6 p.i. At day 30 p.i. spinal cord tissue sections
were stained with LFB to detect myelin damage.

All immunohistochemical analyses were performed in serial
sections from OV, V, and NBE preincubated with RSA59-
infected T mice. The following primary antibodies were used
in immunohistochemistry (IHC) staining of brain, liver and
spinal cord tissue sections: (a) 1:250 dilution of anti-Iba1
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(Wako, Richmond, VA, USA) antibody to examine inflammation
(microglia/macrophage upregulation); and (b) 1:50 dilution of a
monoclonal antibody directed against the nucleocapsid protein
(N) of MHV-JHM (monoclonal antibody clone 1-16-1 provided
by Julian Leibowitz, Texas A&M University) to track the
dissemination of viral antigen in brain and liver tissue sections.
Bound primary antibodies were detected by an avidin-biotin
immunoperoxidase technique (Vector Laboratories, Burlingame,
CA, USA) using 3,3-diaminobenzidine as the substrate. Control
slides from OV, and V mice were stained in parallel. All slides
were coded and read in a masked manner. Stained sections
were mounted in Refrax mounting medium, and observed
under an upright light microscope (Nikon Eclipse 50i) and
analyzed with Nikon imaging software (NIS, Nikon Corp,
Tokyo, Japan).

Quantification of Histological and
Immunohistological Samples
Quantification of anti-viral staining and microglia-mediated
inflammation in different neuroanatomic regions in the brain
and spinal cord were adapted from previous methodology
(Donnelly et al., 2009; Singh et al., 2019) and performed
by Fiji (ImageJ 1.52g) software. Briefly, a threshold value
was defined for each image to ensure that all labeled cells
were selected. The magnitude of viral antigen staining and
Iba1+ microglia/macrophage activation was defined as the
percentage area of staining, i.e., [target stained area/total
selected area)∗100]. The entire quantification procedure was
performed and read in a masked manner by more than one
experimental investigators.

To quantify the areas with myelin loss (demyelination) in OV,
V, and T mice of day 30 p.i., 3-4 LFB-stained spinal cord cross-
sections from each mouse were randomly selected and analyzed
using Fiji software (ImageJ 1.52g); the total number of mice
in each group was 5 (n = 5). The total perimeter of the white
matter regions in each cross-section was outlined and calculated
by summing the dorsal, ventral and anterior white matter areas in
each section. The total area of the demyelinated regions were also
outlined and added for each section separately. The percentage of
spinal cord demyelination per section per mouse was obtained
by = (the total area of the demyelinating plaque/total area
of the calculated white matter)∗100 (McGavern et al., 1999;
Singh et al., 2019).

Data and Statistical Analysis
The study was not pre-registered. Mice were randomly assigned
to each treatment group and experimentation. Data analyses
were performed in a masked manner. Data normalization was
undertaken to control for sources of variation of baseline
parameters and to allow comparison of the magnitude of
NBE effects in different conditions. For each experimental
analysis, the level of significance and (mean ± SEM) values
of independent experimental data points were plotted in
scatter diagrams for ‘‘n = 5’’ (number of independent values)
and mentioned separately in each figure legend. Technical
replicates were only used to ensure the reliability of single
values. Student’s unpaired t-test was used to identify significant

differences in two-group comparisons. The tests were two-
tailed. Multiple comparisons were achieved by RM one-way
ANOVA test followed by Tukey’s multiple comparison test
and Sidak’s multiple comparison test. For all experiments,
statistical significance was set at a P-value of <0.05. All
statistical analyses were carried out using GraphPad Prism
6.0 software (GraphPad Software, Inc). No sample calculation
was performed.

RESULTS

NBE Treated RSA59-Infected Neuro-2A
Cells Shows Reduced Viral-Induced
Cytopathy
A Neuro-2A cell culture model was used to examine the
potential of NBE to ameliorate viral-induced cytopathy and
neuroinflammation. The cytotoxicity level of NBE to neuronal
cells was evaluated. It showed significantly less cytotoxic effect
on cell viability at a concentration that shows inhibitory activity
upon RSA59 infection. MTT reduction assay revealed NBE
concentration below 400µg/ml was not significantly toxic to cells
after 24 h of extract treatment. LC50 of NBE in Neuro-2A cells
is 400 µg/ml and EC was chosen as 200 µg/ml for subsequent
experiments (Figures 1A–C). Neuro-2A cells post-incubated
with NBE following viral infection at MOI of 1 showed that
NBE inhibited EGFP expressing syncytia formation and
restricted viral spread entirely at 12 h p.i. (Figures 1D–I).
Furthermore, significant changes in viral Nucleocapsid
gene-level mRNA expression were observed at 12 h p.i.
(Figures 1J,K; p < 0.05].

NBE Treatment Blocks MHV-Spike
Glycoprotein Mediated Cell-to-Cell Fusion
A virus-free cell-cell fusion assay based on luciferase activity
was performed to examine the effect of NBE on spike
glycoprotein-mediated intercellular fusion (Figure 2A). The
co-transfected effector HeLa cells (pMH54EGFP + pT7EMLuc)
co-cultured with BHK-R target cells (pCAGT7) showed a high
fusion capability at 36 h post- co-culture, and served as a
positive control (non-NBE/DMSO treated). Vehicle (DMSO)-
control showed no significant changes in luciferase activity
compared to the positive control (Figure 2B). pMH54EGFP and
pT7EMLuc-expressing HeLa cells (effector cells) were treated
with 200 µg/ml NBE treatment at 36 h post-transfection and
co-cultured with pCAGT7-expressing BHK-R (target cells) cells.
The fusion efficiency was measured after 36 h post-co-culture
by luciferase activity. NBE significantly reduced cell-to-cell
fusion in the treated set compared with vehicle, and positive
control (Figures 2C,D; p < 0.05). Thus, the presence of NBE
significantly inhibits spike protein-mediated viral entry and cell-
to-cell fusion.

RSA59 Preincubation With NBE Reduces
Viral Replication in vitro
RSA59 virus stock was diluted in culturemedia (in vitro) followed
by preincubation with DMSO (0.002% in the cell; <0.1%), which
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FIGURE 1 | Neem bark extract (NBE) treated Neuro-2A culture restricts viral spread and cytopathy significantly. The cytotoxicity of NBE was checked by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) reduction assay in N2A cells. (A–C) MTT reduction assay in Neuro-2A cells estimated IC50 dose
of NBE is 400 µg/ml both at 12 h (−38.25 ± 5.484, 12 h = ***p < 0.001; A) and 24 h p.i. (−72.03 ± 3.407, 24 h = ****p < 0.0001; B). The Effective concentration
(EC) range of NBE is 50–300 µg/ml. The mean values obtained from both time points were merged, are significantly different from respective control sets, and were
line-plotted (C). Epifluorescent microscopic analyses (10 × images) revealed significant inhibition of syncytia formation when Neuro-2A cells were post-incubated
with NBE (200 µg/ml) upon RSA59 viral infection (at MOI of 1) at 12 h p.i. (H,I) as compared with OV cultures (F,G), where characteristic RSA59-induced syncytia
appeared. In parallel, Neuro-2A cells without RSA59 infection showed no syncytia formation in only-cells control (D,E). Scale bar represents 40 µm. Effective
reduction in the expression of viral nucleocapsid (IZJ) transcript was observed from post NBE treatment of RSA59-infected Neuro-2A cells (T 200) at 12 h p.i. in
semi-quantitative PCR (0.07874 ± 0.02207, **p < 0.01, significantly different from OV using internal control GAPDH (P) (J,K). Data represent mean ± SEM and level
of significance was calculated by unpaired student’s t-test, followed by Mann–Whitney test and RM two-way ANOVA test, *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001; and n = 5; C, Control (Only-cells); OV, Only-virus infected; T 200, NBE treated 200 µg/ml.
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FIGURE 2 | NBE significantly impairs mouse hepatitis virus (MHV)-Spike glycoprotein mediated cell-to-cell fusion. To assess the effect of NBE on spike
glycoprotein-mediated cell-to-cell fusion, a virus-free luciferase reporter assay was performed. HeLa cells were considered as effector cells and BHK-R cells were
target cells (A). Relative Luciferase units (RLUs), as well as percentage luciferase activity, were determined using a luminometer and plotted. No significant difference
in fusion efficiency was found in Vehicle control (V 200) compared to +ve control (B). The fusion efficiency measured by the luciferase activity of 200 µg/ml
NBE-treated, pMH54EGFP-expressing HeLa cells (effector cells) with pCAGT7-expressing BHK-R (target cells) was significantly reduced at 36 h (C,D) post-co-culture
compared with untreated pMH54EGFP- and luciferase-expressing HeLa cells. Relative fold change was shown concerning OV (C). Data represent mean ± SEM and
statistical analyses were calculated by unpaired student’s t-test (B,C; ns = p > 0.05, *p < 0.05, ***p < 0.001, significantly different from V), and RM One-way
ANOVA test followed by Tukey’s multiple comparison test (D), where percentage luciferase activity of NBE treated sets were compared with positive controls;
***p < 0.001; significantly different from positive control sets; n = 5; −ve Control = (HeLa-pT7EMCLuc) + (BHK-R-pCAGT7), +ve Control = (HeLa-pT7EMCLuc +
pMH54EGFP) + (BHK-R-pCAGT7), V 200 = (HeLa-pT7EMCLuc + pMH54EGFP) + (BHK-R-pCAGT7) + DMSO, T 200 = (HeLa-pT7EMCLuc + pMH54EGFP) +
(BHK-R-pCAGT7) + NBE (200 µg/ml).

was used as vehicle control. Low-to-moderate concentrations
of DMSO stimulate the yield of enveloped viruses specifically
(Scholtissek and Müller, 1988; Rodríguez-Burford et al., 2003;
Colucci et al., 2008). DMSO accelerates RSA59 infectivity
and promotes viral assembly and viral replication in vitro
compared with OV (Supplementary Figure S1). Throughout
the study, the treated sets (T 200) were compared with
infected-vehicle controls (V 200) to calculate significant changes
in expression.

Viral induced cell-to-cell fusion and syncytia formation
start from 7 h p.i. in Neuro-2A cells and NBE exhibited
its most significant protective effect at 10–15 h p.i. Hence,
all experimental analyses were shown at these time points
throughout the study.

A significant inhibitory effect of NBE was shown in viral-
induced cytopathy and the emergence of syncytia at 10–15 h
p.i. (Figure 3A), when RSA59 was preincubated with NBE

(200 µg/ml; T) or DMSO (V) before infecting Neuro-2A cells,
and titer values were determined at 10, 12, and 15 h p.i.
Media supernatants collected from OV (102–107diltution), T
(Undiluted-105 dilution) and V (102–107diltution)- infected
Neuro-2A cells were tested for visible viral plaque formation in
L2 monolayer cells. Viral titers of T were compared to V. NBE
(T 200) showed a significantly lower (∼104–107 times) titer, and
restricted viral replication rate compared to V 200 at 10, 12, and
15 h p.i. (Figures 3B–D; p < 0.05). The differential replication
kinetics could be attributed to the differences in virus-cell fusion
between V and T.

Preincubation of RSA59 Virus With NBE
Downregulates the Expression of Viral
Proteins in vitro
The anti-viral activity of NBE was examined in C, OV, V,
and T sets at 10–15 h p.i. by analyzing the relative transcript
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FIGURE 3 | Preincubation of RSA59 with NBE inhibits viral replication significantly. Epifluorescent microscopic analyses (10 × images) revealed significant inhibition
by NBE in syncytia formation at 10–15 h p.i. (A) compared to OV and V, where prominent viral-induced syncytia evolved. Scale bar = 40 µm. Neuro-2A culture
supernatants following infection with NBE preincubated RSA59 virus (OV, V and T) at 10, 12, (C) and 15 h p.i. were subjected to comparative viral plaque assay on
confluent monolayers of L2 cells (****p < 0.0001). Titers were expressed as log10 PFU/ml. NBE revealed significant regulation in RSA59 replication at 10–15 h p.i.
(B–D; ****p < 0.0001). Data represent mean ± SEM in line-scatter plot and statistical significance was assessed by unpaired student’s t-test (****p < 0.0001,
significantly different from V), n = 5, V 200 = Infected-vehicle (DMSO) 200, T 200 = NBE treated 200 µg/ml.

levels of N and S genes using quantitative RT-PCR analysis. A
basal level of mRNA and protein expression corresponding to
the OV brain was considered as 1.0. The relative fold change
of mRNAs in T was calculated and plotted in comparison to

V. 200 µg/ml of NBE caused significant downregulation in
the expression of viral transcripts, i.e., viral N (Figure 4A;
p < 0.05), and S genes at the mRNA level (Figure 4B;
p < 0.05). Also, a significant downregulation in viral N
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FIGURE 4 | NBE preincubation with RSA59 reveals direct anti-viral activity in vitro. Real-time PCR analysis revealed that NBE downregulated expression of viral N
protein at 10–15 h p.i. (A; ****p < 0.0001). Subsequently, the anti-viral regulation of NBE was also determined by the expression of viral S (mediator of virus-cell
fusion) transcript at 10–15 h p.i. (B; ****p < 0.0001). Immunoblot analysis demonstrated a significant reduction in viral N protein expression upon NBE treatment
compared to V at 10, 12, and 15 h p.i. (C,D; ****p < 0.0001). Relative fold changes were estimated with respect to OV. Results were normalized to GAPDH in
RT-PCR and γ-Actin in immunoblot analysis as internal controls and expressed as mean ± SEM in scatter plots. Level of significance was calculated using RM
two-way ANOVA followed by Tukey’s multiple comparison test (****p < 0.0001, significantly different from V); n = 5; C, Only cells (control); OV, Only-virus infected;
ONBE, Only NBE (200 µg/ml); V 200, Infected-vehicle (DMSO) 200; T 200, NBE treated 200 µg/ml.
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protein expression was observed at 10–15 h p.i. (Figures 4C,D;
p < 0.05).

Our in vitro studies illustrated that NBE preincubation with
RSA59 virions inhibits virus-induced virus-host attachment, cell-
to-cell fusion, viral spread, viral replication, and downregulates
viral N and S gene transcripts, and viral N protein synthesis
(Supplementary Figure S3).

To take this study one step further, the possible direct
anti-viral activity of NBE was investigated in a C57BL/6 murine
model in vivo. From previous studies, it was depicted that day
6 p.i. is the peak of acute inflammation and viral titer and
viral encephalitis are symbolized by microglial nodules and
perivascular cuffing with a huge accumulation of inflammatory
cells in situ. Hence, all in vivo experiments were done on day
6 and 30 p.i. to study the acute and chronic stage effect of NBE in
neuropathogenicity, respectively.

RSA59 Infected NBE-Treated Mice
Reduces Body Weight
Mice were infected with RSA59 (20,000 PFU; OV),
NBE-preincubated (25 mg/kg B.W.) RSA59 (T 25), and
RSA59 preincubated with DMSO (V 25). Their body weights
were recorded daily till day 6 p.i. (Figure 5A) and reported
as mean ± SEM. There was no significant difference in initial
body weights between T 25 and V 25 mice (0.0 ± 4.073, ns
p > 0.05). At 2 days p.i. (13.34 ± 4.073, *p < 0.05) and 3 days
p.i. (23.55 ± 4.073, ****p < 0.05) significant reduction in weight
gain was observed in T 25 mice, but over time they regained the
normal weight compared to V 25 mice at day 6 p.i. No significant
changes were observed in T 25 and V 25 mice body weight at day
6 p.i. (−5.245± 4.073, ns p > 0.05; Figure 5B).

NBE Preincubation Affects Viral
Replication in vivo
To assess the potential of NBE to block viral replication, viral
plaque assay was examined in vivo. Obtained titer values were
expressed as log10 PFU/gm of tissue. Differential viral replication
was determined by comparing T 25 (25 mg/kg B.W.) mice with
V 25 in the brain and spinal cord tissues. There was a significant
reduction in viral titer in T 25 tissue sets compared to V 25 in
both brain (∼1,000 times) and spinal cord tissues (∼100 times)
at day 6 p.i. (Figures 5C,D; p < 0.05). The obtained titer
differences were statistically significant. Quantitative analyses on
the effect of DMSO upon preincubation with the RSA59 virus
showed no significant changes in V 25 compared to the OV
brain (−0.5517 ± 0.2616), ns p > 0.05 and spinal cord
(−2.006± 0.8510), ns p > 0.05.

NBE Preincubated With RSA59 Reveals a
Direct Anti-viral Property of NBE in vivo
In vivo, expression of viral N and S transcripts were examined
in OV, V 25 and T 25 at day 6 p.i. using quantitative RT-PCR
analysis. The relative fold change of mRNA in brains of NBE
treated, T 25 mice were calculated in comparison to infected-
vehicle control mice, V 25. A basal level of mRNA and
protein expression corresponding to OV was considered as 1.0.
V 25 brain tissues revealed a significant increase in N gene

expression compared to OV brain tissues at the mRNA level
(−1.041 ± 0.1476), **p < 0.01 at day 6 p.i. No significant
changes were observed in S gene expression in V 25 compared
to OV at the mRNA level (−0.8457 ± 0.3024), ns p > 0.05.
I.C. inoculation of mice with RSA59 preincubated with NBE in
the brain exhibited significant downregulation in viral N and S
gene expression during acute infection (day 6 p.i.; Figures 5E,F;
p < 0.05). Also, immunoblotting of the same brain samples
revealed a significant downregulation in the viral N protein
level at day 6 p.i. (Figures 5G,H; p < 0.05). Moreover, viral
N protein expression upon NBE pre-treatment with RSA59 at
25 mg/kg B.W. dose declines in the liver at the acute stage
of infection as well (Figures 5G,I; p < 0.05). No significant
changes were observed in N protein expression in V 25 brain
(0.04850 ± 0.01767), ns p > 0.05 and liver tissues compared to
OV (0.06329± 0.07876), ns p > 0.05.

RSA59 Preincubation With NBE Exhibits
Altered Neuropathological Outcome in
CNS Acute Infection
Histopathological studies with Hematoxylin and Eosin staining
in NBE treated (T) brain and spinal cord tissue sections
manifested a reduced severity of meningitis, encephalitis in the
brain and reduced degree of myelitis in spinal cord tissues
at day 6 p.i. (Figure 6A). In OV and V mice, encephalitis
was characterized by perivascular cuffing and accumulation
of inflammatory cells in brain parenchyma including lateral
ventricle and mid-brain regions, whereas 25 mg/kg B.W.
NBE treatment significantly reduced inflamed areas in brain
parenchyma. Meningitis was characterized by the accumulation
of inflammatory cells and viral antigen+ cells in OV and V,
as described below. Intact myelin sheath with distinct gray
and white matter regions were observed in NBE treated spinal
cord compared with few inflamed areas with myelin loss in
OV and V spinal cord tissues. Besides, to examine the tissue-
specific effect of NBE, histopathological changes were also
investigated in the MHV-tropic region and non-CNS tissue,
i.e., liver. NBE treatment reduced the degree of non-necrotizing
hepatitis with mild to single focal area in liver tissues compared
to OV and V, characterized by huge number of necrotizing
and non-necrotizing hepatic lesions. No characteristic anti-N
or Iba1-stained lesions were observed in T liver tissues
(Supplementary Figure S2).

Diminished Viral Antigen Dissemination
Was Observed in NBE Treated Mouse Brain
Parenchyma During Acute Infection
Serial, mid-sagittal brain sections from OV, V, and T sets
of mice at day 6 p.i. were investigated for viral antigen
distribution in different neuroanatomic regions of the brain.
Immuno-histostaining with anti-N revealed that viral antigen
was well-disseminated throughout the brain, including cortex,
hippocampus, thalamus, hypothalamus, lateral ventricle and
brain stem in OV and V mice. On the contrary, viral
antigen was significantly restricted with less accumulation
in lateral ventricle/subventricular zone, cortex, hypothalamus
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FIGURE 5 | Intracranial infection in mice with RSA59, preincubated with NBE, restricted viral replication at day 6 p.i., implying a direct anti-viral property in vivo.
Day-timeline of intracranial infection (i.c.) of C57BL/6 mice and sacrifice (A). Mice were infected with RSA59 (20,000 PFU; OV), NBE-preincubated (25 mg/kg B.W.)
RSA59 (T 25), and RSA59 preincubated with DMSO (V 25). The comparative effect of NBE on body weight change was shown upon i.c. inoculation with
NBE-preincubated RSA59 into C57BL/6 mice brain. Significant changes were observed at day 2 and 3 p.i. in T 25 mice compared with V 25 mice (B). Tissue lysates
from the brain and spinal cord from OV, T and V mice were subjected to comparative viral plaque assay on confluent monolayers of L2 cells at day 6 p.i. Titers were
expressed as log10 PFU/gm of tissue. T 25 revealed potential downregulation in RSA59 replication compared to V in the brain (C) and spinal cord (D). The relative
expression of viral N and S transcripts upon NBE treatment was determined in the brain tissues at day 6 p.i using qRT-PCR analysis. Results were normalized to
GAPDH, and compared with OV. There is significant downregulation in N (E) and S (F) gene expression at the mRNA level during the acute infection stage. Similarly,
mouse whole brain and liver lysates at day 6 p.i. were subjected to immunoblot analysis with Anti-N (Nucleocapsid) antibody at 1:50 dilution (G). Significant
downregulation of viral N expression at the protein level was observed in both brain (H) and liver (I) tissues. Results were normalized to γ-Actin, and compared with
OV. Data represent mean ± SEM in scatter plots and statistical significance was determined by unpaired student’s t-test and RM Two-way ANOVA followed by
Sidak’s multiple comparison test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, significantly different from V, n = 5; T 25 = NBE Treated 25 mg/kg B.W., V
25 = Infected-vehicle (DMSO) 25.
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FIGURE 6 | NBE prevents C57BL/6 mice from developing RSA59-induced
encephalitis, meningitis, and myelitis at day 6 p.i. 5 µm mid-sagittal brain and
spinal cord sections from OV, V and T mice at day 6 p.i. were stained with H
and E and characteristic encephalitis and meningitis was observed in different
regions of brain parenchyma in OV and V. Arrows indicate the inflamed
regions (perivascular cuffing) and lymphocyte accumulation near to neurons.
In comparison, NBE treatment revealed significantly less inflamed regions
predominantly restricted in the lateral ventricular lining. Only-virus infected and
infected-vehicle control spinal cord cross-sections at 6 p.i. stained with H and
E exhibited the inflammatory cell distribution both in gray and white matter.

(Continued)

FIGURE 6 | Continued
No significant inflammation was observed in NBE treated spinal cord sections
(A). Serial mid-sagittal brain sections (5 µm thick) from OV, V and T sets of
mice were immunohistochemically stained with anti-N antibody. At day 6 p.i.
in OV, viral antigen distribution was observed almost throughout the brain
including cortex, hippocampus, thalamus, hypothalamus, lateral ventricle,
and brain stem. In contrast, in NBE treated brain sections, viral antigen was
significantly restricted with less accumulation in different neuro-anatomic
regions like the thalamus, hypothalamus, and the lateral
ventricle/subventricular zone (B). The mid-sagittal brain sections were divided
into several neuroanatomical regions and the distribution of viral antigen in
different neuroanatomical regions of the brain was quantified (C) by Fiji
(ImageJ 1.52g) software. At acute stage (day 6 p.i.), NBE preincubation
(25 mg/kg B.W.) significantly reduced viral antigen in cerebellum
(***p < 0.001), midbrain (****p < 0.0001), brain stem (****p < 0.0001), ventral
striatum/basal forebrain (****p < 0.0001), cerebral cortex (***p < 0.001),
hippocampus (****p < 0.0001), thalamus (****p < 0.0001), hypothalamus
(****p < 0.0001) and the lateral ventricle/subventricular zone (****p < 0.0001).
Level of significance was determined by RM Two-way ANOVA followed by
Sidak’s multiple comparison test; (***p < 0.001, ****p < 0.0001); significantly
different from V sets, n = 5 mice/each experimental group; T 25 = NBE
treated 25 mg/kg B.W.; V 25 = Infected-vehicle (DMSO) 25.

and brainstem in NBE treated (25 mg/kg B.W.) brain
sections. NBE contributed to restricted viral antigen spread
in the brain (Figure 6B). The viral antigen distribution
of OV, V, and T mice were quantified and compared
among different neuroanatomic regions of the brain. At
acute stage (day 6 p.i.), NBE preincubation (25 mg/kg B.W.)
revealed a significant reduction in each neuroanatomical region
of the brain, including cerebellum, midbrain, brain stem,
ventral striatum/basal forebrain, cerebral cortex, hippocampus,
thalamus, hypothalamus, and lateral ventricle. The mean
difference ± SEM values of the difference in viral antigen spread
were plotted as a scatter diagram (Figure 6C; p< 0.05). There are
no significant changes observed in viral antigen distribution in V
mouse brains (infected-vehicle) compared to OV mouse brains,
except basal forebrain (−7.632± 3.039), *p < 0.05 and thalamus
(−7.708± 3.039), *p < 0.05 regions.

Protective Effect of NBE on
RSA59-Induced Microglial-Mediated
Inflammation in Mouse Brain
Serial, mid-sagittal brain sections of day 6 p.i. (5 µm thick)
OV, V, and T mice were immunostained with anti-Iba1
(microglia/macrophage marker) to detect the activation of
microglia in RSA59-affected regions.

In OV, characteristic activated microglia were present
in the inflamed regions throughout the brain parenchyma.
RSA59 preincubation with NBE showed the potential to
fight MHV-induced neuroinflammation as there were very
few resident non-activated microglia/macrophages present in
the brain parenchyma. At day 6 p.i., NBE preincubated
RSA59 infection showed a significant reduction in microglial
activation in different neuroanatomic regions (Figure 7A),
including cortex, hippocampus, thalamus, hypothalamus, lateral
ventricle, brain stem, and the sub-ependymal layer of the
4th ventricle, as compared with OV and V. Arrows indicate
the inflamed regions (microglia/macrophage with elongated
nuclei) and microglial nodule formation in different regions.
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FIGURE 7 | Potential effect of NBE on RSA59-induced microglial-mediated
inflammation in the brain at the acute infection stage. Serial mid-sagittal brain
sections from day 6 p.i. (5 µm thick) OV, V and T sets of mice were
immunohistochemically stained with anti-Iba1 (microglia/macrophage
marker). At day 6 p.i. NBE preincubated RSA59 infection showed a significant
reduction in neuroinflammation in cortex, hippocampus, thalamus,
hypothalamus, lateral ventricle, brain stem, and the sub-ependymal layer of
the 4th ventricle as compared with OV and V. Arrows indicate the inflamed
region (microglia/macrophage with elongated nuclei) and microglial nodule
formation in different neuroanatomical regions in the brain (A). The distribution
and level of inflammation was quantified. At day 6 p.i., significant differences
were found upon 25 mg/kg B.W. NBE treatment in cerebral cortex
(****p < 0.0001), basal forebrain (**p < 0.01), hippocampus (****p < 0.0001),
thalamus (*p < 0.05), and lateral ventricle (*p < 0.05) as compared with V (B).
RM Two-way ANOVA followed by Sidak’s multiple comparison test was
performed to determine the statistical significance (*p < 0.05, (**p < 0.01,
****p < 0.0001) significantly different from V, n = 5/each experimental group; T
25 = NBE treated 25 mg/kg B.W.; V 25 = Infected-vehicle (DMSO) 25.

The distribution and level of inflammation were quantified.
At day 6 p.i., a significant reduction in activated microglial
distribution was found upon 25 mg/kg B.W. NBE treatment
in cortex, basal forebrain, hippocampus, hypothalamus, lateral
ventricle, and brainstem. The mean differences ± SEM values of

the difference in different neuroanatomic regions were plotted
as a scatter diagram (Figure 7B; p < 0.05). No significant
changes were found in microglial distribution between V and
OV mice (ns p > 0.05).

Preincubation of RSA59 With NBE
Restricts Viral Spread, and Microglia
Activation in the Spinal Cord, and Protects
C57BL/6 Mice From Myelin Loss
OV, V and T spinal cord cross-sections from cervical and
thoracic regions at day 6 p.i. were stained with anti-N antibody to
study viral antigen distribution, anti-Iba1 antibody for microglial
activation. Cross-sections were stained with LFB to detect
demyelination at day 30 p.i. (Figures 8A,C). At day 6 p.i. the
degree of viral antigen dissemination andmicroglial proliferation
was significantly higher in white matter and gray-white matter
junction in OV and V, but in T viral antigen was almost
cleared and significantly less accumulation of Iba1+ cells was
observed in white matter. Data from LFB-stained cross-sections
from different levels of the spinal cord revealed that OV mice
developed prominent demyelination. In contrast, the degree and
amount of demyelination were significantly reduced compared
to OV in T mice. OV and V mice showed a similar pattern and
degree of demyelination (Figure 8C). The total viral antigen+
areas and Iba1-stained areas from day 6 p.i. cross-sections
were quantified, and treated sets were compared with V and
scatter-plotted (Figures 8B,C; p < 0.05). No significant changes
were observed in viral antigen distribution (−0.2865 ± 3.992),
ns p > 0.05 and microglial activation (−0.4799 ± 1.317), ns
p > 0.05 in V spinal cord, compared to OV.

At day 30 p.i. (Figure 8D), no myelin loss was observed in
NBE treated (T 25) spinal cord sections. In contrast, significant
loss of myelin sheath resulting in demyelinating patches was
observed in serial sections of different levels of the spinal
cord from OV, and V 25 sets of mice. The corresponding
serial sections, immunohistochemically labeled with anti-N
and anti-Iba1, showed the accumulation of Iba1+ cells in the
corresponding demyelination patches of OV and V-infected
sections whereas, in T (T 25) mice, almost no Iba1+ cells
were found to be morphologically activated. Quantification of
demyelinating areas was performed and significant reduction
was shown upon NBE preincubation with RSA59 in treated
spinal cord sections (Figure 8E; p < 0.05), mean ± SEM values
were plotted as a scatter diagram. No significant changes were
observed in the quantification of demyelination in V mouse
spinal cords compared to OVmice (−6.274± 2.645), ns p> 0.05.

NBE Modulates Expression of
Neuroinflammatory Markers in vitro and
in vivo
Neuro-2A cells, infected with NBE-preincubated RSA59 (at
MOI of 1) were analyzed for the potential of NBE in
controlling the expression of proinflammatory cytokine IL-6
and inflammatory cytokine IL-10. The basal level of cytokine
expression corresponding to OV was considered as 1.0. V
200 cells revealed a significant increase in IL-6 expression
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FIGURE 8 | NBE restricts viral antigen distribution and microglial accumulation in the spinal cord and protects C57BL/6 mice from myelin loss. OV, V and T spinal
cord cross-sections at day 6 p.i. were stained with anti-N antibody to study viral antigen distribution, anti-Iba1 antibody for microglia/macrophages, and day 30 p.i.
cross-sections were stained with LFB to detect demyelination (A). The total viral antigen-positive areas and Iba1-stained areas from day 6 p.i. sections were
quantified and T mice were compared to V and plotted in a scatter diagram. Viral antigen distribution was significantly increased in the white matter as well as in the
gray-white matter junction in OV and V; whereas, very few viral Nucleocapsid stained cells were observed in T (B). Microglial activation and nodule formation were
visualized throughout the OV and V spinal cord sections but there were significantly fewer Iba1+ cells distributed in T spinal cord white matter (D). At day 30 p.i., no
myelin loss was observed in NBE treated spinal cord sections from T sets of mice. In contrast, demyelinating patches characterized by extreme loss of myelin sheath
were observed at serial levels of the spinal cord from OV and V sets of mice. The corresponding serial cross-sections were immunohistochemically labeled with
anti-N and anti-Iba1 to observe the presence of viral-induced microglia/macrophage-mediated inflammation. OV and V sections showed the accumulation of Iba1+
cells in the corresponding demyelination patches whereas, in T mice, almost no Iba1+ cells were found (C). The total viral antigen N+ regions (B; **p < 0.01), Iba1+
regions (D; ***p < 0.001), and demyelination (E; ****p < 0.0001) in spinal cord cross-sections were quantified and plotted in scatter diagrams. Level of significance
was determined by unpaired student’s t-test, significantly different from V, n = 5/each experimental group, OV = Only-virus infected, T 25 = NBE treated 25 mg/kg
B.W.; V 25 = Infected-vehicle (DMSO) 25.
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(−1.192 ± 0.06705), ***p < 0.001, compared to OV cells.
Quantitative RT-PCR results revealed that IL-6 expression
was significantly lower (∼4 times) in T 200 cells compared
to V 200 cells at 12 h p.i. (Figure 9A; p < 0.05). IL-10
expression patterns showed a significant reduction at the
mRNA level in T 200 cells compared to V 200 cells
(Figure 9C; p < 0.05).

In vivo, expression of pro-inflammatory IL-6 and
inflammatory IL-10 were examined in V 25, T 25 and OV brain
tissues at day 6 p.i. The basal level of expression corresponding
to OV was considered as 1.0. Quantitative analyses showed no
significant changes in IL-6 (−0.1891 ± 0.06729, ns p > 0.05)
and IL-10 expression (−2.138 ± 0.6999, ns p > 0.05) in V
25 brain compared to OV brain. Quantitative RT-PCR results
revealed that IL-6 expression was significantly decreased
upon NBE treatment compared to the V brain (Figure 9B;
p < 0.05). IL-10 expression also showed a significant
reduction in T 25 compared to V 25 brains at day 6 p.i.
(Figure 9D; p < 0.05).

In vivo studies demonstrated the potent anti-viral, and
anti-neuroinflammatory effect of NBE, where NBE decreases
viral replication, viral transcription, viral N protein synthesis,
expression of inflammatory cytokines IL-6 and IL-10, viral-
induced acute stage hepatitis, encephalomyelitis, and chronic
stage neuroinflammatory demyelination (Supplementary
Figure S3).

Intraperitoneal Administration of NBE
Exhibited a Significant Reduction in Viral
Nucleocapsid Protein Expression
To check the therapeutic potential of NBE while administered
intraperitoneally (i.p.), mice were given an i.p. injection of
25 mg/kg B.W. NBE in 100 µl 1× PBS before 24 h of MHV-A59
(2,000 PFU, parental demyelinating virulent MHV strain) viral
infection (Figure 10A). The drug was continued to administer
once in every 3 days interval following i.c. injection. Mice were
sacrificed at day 5 and 7 days p.i. to check the differential changes
in the expression of viral nucleocapsid protein (N) in the brain,
and spinal cord tissues.

It was evident from the immunoblot analysis that NBE
showed tissue-specific potential effect upon i.p. administration
in mice. NBE significantly reduced the expression of viral N
protein in the brain (Figures 10B,C,E, p < 0.05) and spinal cord
(Figures 10B,D,F, p < 0.05) at day 5 and day 7 p.i. at acute stages
of MHV-A59-induced neuroinflammation.

DISCUSSION

This work aimed to examine the mechanistic anti-viral and
anti-neuroinflammatory function of A. indica (Neem) in the
MHV-induced demyelinating murine model of human MS. We
report methanolic extract of neem bark (NBE) as a potent
virus-host cell fusion inhibitor with strong evidence of reduced
viral replication and neuroinflammation.

In vitro, the Neuro-2A cell-line was treated with NBE
(200 µg/ml) following RSA59 infection, and it inhibited virus-

induced cell-to-cell fusion, syncytia formation and suppressed
the expression of viral N transcript at 12 h p.i. significantly. One
of our recent studies identified Spike protein as a sole mediator of
cell-to-cell fusion, irrespective of themurine CEACAM1 receptor
(Singh et al., 2019). Spike glycoprotein itself plays a crucial role
in viral entry, virus attachment, and syncytia formation in vitro.
NBE is known for its enormous anti-inflammatory properties.
Therefore, it was imperative to see whether NBE can directly
bind to Spike at the infection-initiation step, and determine
whether virus-to-cell fusion efficiency can be inhibited using
NBE. Cell-to-cell fusion is an essential mechanistic step for virus
pathogenicity and the virus exploits it to disseminate from white
matter to gray matter of the spinal cord causing demyelination at
the chronic disease phase.

Virus attachment to cells, virus-to-host cell fusion, and the
resultant cytopathic effects are essential pre-requisites for any
virus to establish rapid and productive infection and spread
from the entry-site before the immune system gets activated.
Spike protein is responsible for virus-host attachment, cell-to-cell
fusion, and viral pathogenicity. First, we transfected wild-type
HeLa cells with pMH54-EGFP Spike construct (causes cell-to-
cell fusion) and treated the cells with NBE. Virus-free cell-
to-cell fusion luciferase assay convincingly indicated that NBE
significantly blocks viral binding and cell-to-cell fusion efficiency
in vitro, suggesting that Spike might have an active interaction
with NBE which is weakening the viral-to-cell fusion process.

In the succeeding experiment, we pre-incubated RSA59 with
NBE for 15 min at 4◦C to examine the direct interaction
between NBE and virus and assessed its potential effect in
inhibiting viral adsorption and cell-to-cell fusion both in vitro
and in vivo. Parallel studies were performed using only DMSO
as vehicle control at the same volume and concentrations.
Earlier reports have revealed that moderate concentrations of
DMSO stimulate the yield of enveloped virus proteins, and viral
replication. DMSO can enhance the assembly of virus particles,
viral components, and also the maturation of infectious particles
(Wallis and Melnick, 1968; Scholtissek and Müller, 1988).
Likewise, we observed that preincubation of RSA59 (enveloped
coronavirus) with DMSO also amplified viral replication, and
viral N and S gene expression at mRNA and protein levels
in vitro, as compared with RSA59-infected controls. This
indicates that DMSO might interfere with host membrane
integrity and loosen its rigidity, facilitating the interaction of
virus envelope proteins to host membrane and virus assembly
on such weak membranes. Consecutively in all experimental
analyses, NBE treated sets were compared with infected-vehicle
controls, and still, significant reduction was observed in viral N
and S transcripts, N protein synthesis, and viral replication in
treated sets.

The blocking activity of NBE on host-virus interaction
revealed reduced RSA59-induced virus-host attachment, cell-to-
cell fusion, and syncytia formation in Neuro-2A cells when virus
was pre-incubated with NBE. NBE reduces the expression of viral
N and S genes, viral protein synthesis, and viral replication, which
is indicative of NBE interaction with spike glycoprotein.

From a pre-clinical standpoint, our studies also revealed
significant effects of NBE in vivo, when we preincubated
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FIGURE 9 | NBE pre-treatment modulates the expression of pro-inflammatory cytokines both in vitro and in vivo. NBE revealed potent anti-neuroinflammatory
properties in MHV-induced acute inflammation. qRT-PCR data showed significant downregulation of proinflammatory cytokines IL-6 and IL-10 at 12 h p.i. when NBE
(200 µg/ml) was preincubated with RSA59-infected Neuro-2A cells, as compared with infected-vehicle controls. A basal level of cytokine mRNA expression
corresponding to only virus-infected (OV) sets was considered as 1.0. The mean ± SEM values were merged for both inflammatory cytokines IL-6 (A) and IL-10
(B) and plotted separately. In vivo, qRT-PCR data show significant downregulation of IL-6 expression at day 6 p.i. in NBE (25 mg/kg B.W.) treated mouse brains
compared to V (C), while IL-10 expression patterns showed less significant differential expression at the mRNA level at 12 h p.i. in vivo (D). Data were represent
mean ± SEM and statistical significance was determined by unpaired student’s t-test analysis (C,D) and Two-way ANOVA followed by Sidak’s multiple comparison
test (A,B); *p < 0.05, ***p < 0.001, ****p < 0.0001, significantly different from V sets, n = 5; V 200 = Infected-vehicle (DMSO) 200, T 200 = NBE treated 200 µg/ml,
T 25 = NBE treated 25 mg/kg B.W.; V 25 = Infected-vehicle (DMSO) 25.

RSA59 with NBE for 40 min at 4◦C followed by its i.c.
administration in mice. NBE caused impaired viral infectivity
as a consequence of restricted virus-to-cell fusogenicity.
Interestingly, we noticed that NBE significantly lowers the
severity of liver hepatitis, region-specific brain inflammation
in terms of viral dissemination, microglial proliferation, and
activation, as well as chronic stage spinal cord demyelination.
NBE restricted viral antigen spread with minimal accumulation
in the lateral ventricle, cortex, hypothalamus, and brainstem at
day 6 p.i. RSA59 infected brains showed widely distributed Iba-
1+ cells throughout the brain parenchyma, forming characteristic
microglial nodules and perivascular cuffing. In contrast, NBE
treated brains had significantly fewer Iba1+ cells in most of
the neuroanatomic regions, including cortex, hippocampus,
thalamus, hypothalamus, lateral ventricle, brain stem, and the

sub-ependymal layer of the 4th ventricle, following the infection
route of viral antigen distribution.

Correspondingly, there was a significant reduction in
chronic stage neuroinflammatory demyelination in NBE treated
(25mg/kg B.W.) mouse spinal cords in comparison to only virus-
infected mice, which showed characteristic patches of myelin loss
in white matter regions of the spinal cord. Together, our findings
strongly suggest that NBE may directly bind with the virus and
impair its interaction with the cell either during entry or during
cell-to-cell fusion, or both.

Microglia are the principal immune cells in CNS and guard
the integrity of CNS against any pathological assault. On the
one hand, they can attain a signature pro-inflammatory state
during CNS infection directed towards clearing the pathogen;
on the other hand, they also become anti-inflammatory to
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FIGURE 10 | Intraperitoneal administration of NBE exhibited a significant reduction in viral Nucleocapsid protein expression. Day-timeline of intracranial infection
(i.c.) following intraperitoneal (i.p.) administration of NBE into C57BL/6 mice and sacrifice (A). Mice were infected with MHV-A59 (2,000 PFU; OV) and NBE (25 mg/kg
B.W.) was administered i.p. following the MHV-A59 infection (T). Mouse whole brain and liver lysates at day 5 p.i. and day 7 p.i. were subjected to immunoblot
analysis with Anti-N (Nucleocapsid) antibody at 1:50 dilution (B). Results were normalized to γ-Actin, and compared with OV. At the acute stage of infection, NBE
significantly decreased viral “N” protein expression in the brain (B,C,E) and spinal cord (B,D,F) proteins at both 5 and 7 days p.i. followed by i.p. NBE administration.
Data were represented as mean ± SEM and statistical significance was determined by unpaired student’s t-test analysis; ****p < 0.0001, significantly different from
OV sets, n = 5; OV.Br, Only-virus infected whole brain-isolated protein; T.Br, NBE (25 mg/kg B.W.)-treated whole brain-isolated protein; OV.SC, Only-virus infected
whole spinal cord-isolated protein; T.SC, NBE (25 mg/kg B.W.)-treated whole spinal cord-isolated protein.

restore homeostasis when inflammation gets out of hand. In our
study, we selectively chose to assess the mRNA expression of a
proinflammatory cytokine IL-6 and a regulatory cytokine IL-10
in vitro and in vivo upon NBE treatment. Results showed that

preincubation of virus with NBE significantly downregulated
the expression of IL-6 at 12 h p.i. in Neuro-2A cells as well
as in NBE treated mouse brains at day 6 p.i. IL-10 is a potent
two-faced immunoregulatory cytokine, it can induce both pro-
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and anti-inflammatory responses depending on the secretory
immune cells and inflammatory state. Literature studies revealed
that IL-10 suppresses activated macrophage/microglia functions,
as well as intracellular pathogen killing and stimulation of
pro-inflammatory cytokines like IL-12, IL-8, IFN-γ (Mühl,
2013; Verma et al., 2016). But high production of IL-10 can
be associated with several chronic infections and result in
pathogen accumulation with undesired proinflammatory effects
(Lauw et al., 2000). NBE preincubation with RSA59 illustrated
significant suppression of the expression of IL-10 compared to
infected-vehicle controls both in vitro (200 µg/ml) and in vivo
(25 mg/kg B.W. NBE). This suggests a slight pro-inflammatory
nature of IL-10 in RSA59-induced neuroinflammation, and
NBE preincubation modulates its regulatory expression.
Moreover, in vivo intraperitoneal treatment of NBE (25 mg/kg
B.W.) to MHV infected mice significantly reduced the
expression of viral Nucleocapsid protein at the acute stage
of infection, indicating the potential therapeutic effect of NBE in
MHV-induced neuroinflammation.

CONCLUSION

A top-down experimental approach was applied by using
Azadirachta indica crude bark extract (NBE) to assess its
potential neuroprotective effect and avoid bias. Most studies
with particular compound(s) rather than crude extracts in
Neuropharmacological and Neuropharmaceutical fields remain
controversial for information processing biases and results
vary from system-to-system. Our top-down approach revealed
that NBE suppresses MHV-induced neuroinflammation
and neuropathogenesis by inhibiting cell-to-cell fusion and
viral replication.

In light of the present study, it may be concluded that
NBE acts as a direct anti-viral agent inhibiting viral entry and
spread when the virus is incubated in it before infection, in
MHV-induced acute and chronic neuroinflammation. NBE, at
its working doses, was never toxic to the cells and did not
show any adverse effects in mice. NBE thus may not have
significant side-effects and can be considered as a natural
therapeutic agent or nutraceutical. As a result, our findings
suggest a therapeutic approach towards preventing virus-
induced cellular fusogenicity, acute (meningoencephalomyelitis),
and chronic phases of neuropathogenicity (demyelination).
However, the current study is focused to use NBE as
anti-viral against MHV by targeting the Spike protein. From
mechanistic standpoints, infection with NBE-preincubated
virus causes reduced viral entry, viral replication along with
the inhibition of successive generation of replicating viral
particles. As a result, NBE reduced the neuroinflammation
and consecutive demyelination in the experimental mice
model. Moreover, we have also explained in Figure 1 that
NBE treatment upon viral infection in murine neuroblastoma
cells reduced cell-to-cell fusion and the expression of viral
Nucleocapsid gene at mRNA level. Similarly intraperitoneal
injection with NBE (25 mg/kg B.W.) into mice before 24 h
of infection and in every 3 days interval till day 7 p.i.
revealed a significant reduction in viral N protein expression.

So combining these preincubation and post-incubation studies,
our hypothesis is to show that NBE restricts cell-to-cell fusion,
viral spread, viral replication, and consecutive neuropathogenesis
by directly binding to Spike protein. NBE ameliorates microglial
activation and prevents the production of pro-inflammatory
mediators. Thus, NBE may apply to the amelioration of
other neurodegenerative diseases like AD and PD where
neuroinflammation is an underlying mechanism through
microglial activation. Further research is warranted examining
NBE-mediated amelioration of microglial activation acting as a
therapeutic/prophylactic treatment for brain homeostasis in AD
and PD neuropathological conditions.

Current findings will be salient in dissecting the metabolite
profiling of NBE by combining Physico-chemical assays like
Preparative HPLC and LC-MS analyses to identify individual
promising compounds or synergistic effects of multiple
compounds and to isolate them. Subsequently, the active
anti-viral constituents may be delivered intraperitoneally,
and if they successfully cross the BBB, they may bind to the
virus particles in situ. Also, NBE, as a potent anti-viral agent,
may be used to expand the study of anti-viral mechanisms
involving other Spike expressing human coronaviruses like
SARS, SARS-CoV-2, OC43 and their intercellular spread,
fusion, replication, and consecutive pathogenesis. Our research
combined with our prior studies helps expand our understanding
of how specific amino acid mutations in the Fusion Peptide of
Spike protein may result in alterations of virus infectivity
and suggests that this insight can be used for therapeutic
purposes. In the long run, our study aims to combine in vivo
and in vitro studies with the whole extract and to design the
future in silico experiments to confirm the potent anti-viral and
anti-neuroinflammatory binding component/compound(s) of
NBE with virus-host attachment Spike protein. The hypotheses
and outcomes including additional future research will help
us to sketch the underlying mechanism of anti-viral and
anti-neuroinflammatory properties by NBE-spike protein
interaction for novel therapeutic interventions.
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Maj Institute of Pharmacology, Department of Neuropsychopharmacology, Polish Academy of Sciences, Krakow, Poland

Inflammatory processes and microglia activation accompany most of the
pathophysiological diseases in the central nervous system. It is proven that glial
pathology precedes and even drives the development of multiple neurodegenerative
conditions. A growing number of studies point out the importance of microglia in brain
development as well as in physiological functioning. These resident brain immune cells
are divergent from the peripherally infiltrated macrophages, but their precise in situ
discrimination is surprisingly difficult. Microglial heterogeneity in the brain is especially
visible in their morphology and cell density in particular brain structures but also in
the expression of cellular markers. This often determines their role in physiology or
pathology of brain functioning. The species differences between rodent and human
markers add complexity to the whole picture. Furthermore, due to activation, microglia
show a broad spectrum of phenotypes ranging from the pro-inflammatory, potentially
cytotoxic M1 to the anti-inflammatory, scavenging, and regenerative M2. A precise
distinction of specific phenotypes is nowadays essential to study microglial functions
and tissue state in such a quickly changing environment. Due to the overwhelming
amount of data on multiple sets of markers that is available for such studies, the choice
of appropriate markers is a scientific challenge. This review gathers, classifies, and
describes known and recently discovered protein markers expressed by microglial
cells in their different phenotypes. The presented microglia markers include qualitative
and semi-quantitative, general and specific, surface and intracellular proteins, as
well as secreted molecules. The information provided here creates a comprehensive
and practical guide through the current knowledge and will facilitate the choosing of
proper, more specific markers for detailed studies on microglia and neuroinflammatory
mechanisms in various physiological as well as pathological conditions. Both basic
research and clinical medicine need clearly described and validated molecular markers
of microglia phenotype, which are essential in diagnostics, treatment, and prevention of
diseases engaging glia activation.

Keywords: microglial heterogeneity, infiltrating macrophages, inflammation, polarization, M1/M2 phenotype,
neurotoxicity, regeneration
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INTRODUCTION

Why are cells previously considered as merely ‘‘brain glue’’
now gaining such a tremendous amount of interest? Microglia
were, for a long time, considered to have potentially deleterious
functions, but further studies showed that they can act both
in a cytotoxic and in a neuroregenerative way depending
on their current phenotype. Central nervous system (CNS)
microglial cells show a complex set of phenotypes dynamically
changing in physiology and pathology. Therefore, it is essential
to precisely recognize their activation states and functions via
specific markers.

In this review, we will focus on microglial heterogeneity.
We will describe its general markers, including those selectively
discriminatingmicroglia from peripheral macrophages, as well as
indicators of activation and of particular phenotypes. Qualitative
markers vs. semi-quantitative expression of different protein
ratios will also be shown here. The importance of accurate
microglial phenotype description is depicted via examples of
inflammatory processes in the aging brain, as well as in
diseases and their diagnostics. Shifting between microglial
phenotypes has recently become a therapeutic approach in
multiple CNS diseases. Definite description of microglia profiles
is an important challenge in today’s drug design studies. The
information gathered here will be helpful in choosing the
appropriate descriptors or targets for studies and will allow
more precise identification of microglial states in research while
defining immunological mechanisms in the brain.

THE NATURE OF MICROGLIA, THEIR
ROLE, AND THEIR FUNCTION IN THE
BRAIN

Microglial cells are the resident macrophages of CNS and
account for about 10% of the cell population, with a mean
density of ca. 70 cells/mm2 in mouse brain tissue. The estimated
number of microglial cells in the CNS reaches 3.5 million
(Lawson et al., 1990). The other source of immunocompetent
cells in the brain are the macrophages infiltrating from the
periphery (Daneman et al., 2010). Ontogenetically, the microglial
population differentiates from the embryonic yolk sac, while
peripheral macrophages are the monocytes originating from
the hematopoietic stem cells and maturating in bone marrow
(Gomez Perdiguero et al., 2013; Figure 1). For the purposes of
this review, the resident CNS macrophage population will be
referred to as microglia and peripherally originating monocytes
will be called macrophages. In contrast to neurons, microglial
cells have the ability to completely restore their population
in the adult brain. According to recent rodent studies, less
than 1% of the microglial population was able to completely
restore the original density in 1 week (Elmore et al., 2015). The
human microglial population renews at a rate of ca. 28% per
year, meaning that a microglial cell is approx. 4.2 years old
(Réu et al., 2017).

In the developing brain, microglia function to shape and
protect the environment. They take part in synaptic remodeling,

pruning, vessel patterning, and angiogenesis promotion (Du
et al., 2017). The general functions of microglia in the adult brain
are to monitor the environment and to start an inflammatory
response in case of the detection of any danger signal. They are
the first line of defense in the brain. Microglia can recognize
pathogens and subtle changes in the microenvironment
with surface receptors that detect complement fragments,
immunoglobulins, adhesion molecules, chemokine receptors
(CCR), Toll-like receptors (TLR), purinoceptors, and scavenger
and Fc receptors. When any potential danger is recognized,
microglia become activated and communicate by cytokine
release, which alerts surrounding cells and influences their
functioning. This triggers an inflammatory state, a physiological
condition that is strictly regulated and silenced over time.

If neuronal malfunction is detected, microglia are also
responsible for introducing cellular death (Wake et al., 2009;
Hornik et al., 2016). This may be triggered via microglial
NMDA receptor activation and consequent inducible nitric
oxide synthase (iNOS) upregulation and secretion of multiple
inflammatory and cytotoxic factors (Kaindl et al., 2012). When
inflammation is very strong or its regulation fails and the
pro-inflammatory phase is prolonged, it can be harmful to the
tissue environment, and microglia can even kill healthy neurons
(Brown and Vilalta, 2015; Gomes-Leal, 2019).

Cellular debris and cytotoxic protein aggregates released
by other cells can also be phagocytosed by microglia, cleaning
the extracellular space (Neumann et al., 2009; Herzog et al.,
2019). Importantly, microglia also have protective functions.
They release anti-inflammatory cytokines, silencing the
local inflammation, produce mediators of myelin repair,
participating in axonal regeneration and neurogenesis, and
also promote trophic support by secretion of neurotrophins
(Gomes-Leal, 2012).

GENERAL MICROGLIA MARKERS

When choosing microglia markers for visualization, their
localization is of the essence. Microglia markers include surface,
intracellular (cytosolic proteins, gene transcripts), and released
molecules. The general microglia markers can be detected
irrespective of current cell phenotype. The most widely used
markers are ionized calcium-binding adapter molecule 1 (IBA-
1; Yun et al., 2018), cluster of differentiation receptors (CD68,
CD11b, CD14, CD45, CD80, and CD115; Zanoni et al., 2011;
Fadini et al., 2013; Jenkins et al., 2013; Jeong et al., 2013;
Rice et al., 2017), fractalkine receptor (CX3CR1; Jones et al.,
2010), ferritin (Holland et al., 2018), F4/80 (Lin et al., 2005),
high-affinity immunoglobulin epsilon receptor subunit gamma
(FCER1G) and vimentin (Lebedeva et al., 2005; Mukherjee et al.,
2016). Many of those markers can be detected in other cells
also, like CD68 in infiltrating macrophages and vimentin in
astroglia. To the current knowledge, the most specific general
microglia markers are transmembrane protein 119 (TMEM119)
and purinergic receptor P2Y12R (Butovsky et al., 2014; Table 1).

Many of the marker proteins described are expressed by both
resting and activatedmicroglial cells (see below). The recognition
of those two phenotypes is, however, possible when comparing
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FIGURE 1 | Differences and similarities between resident microglia and peripheral macrophage ontogeny and markers.

amounts of detectable protein levels (marked as ‘‘high’’ or ‘‘low’’),
as their expression changes due to activation. Semi-quantitative
analysis of the expressions of two or even more markers and
comparison of their ratios is now often used to discriminate
particular types of microglial cells and is becoming good practice.

HETEROGENEITY OF MICROGLIA

Although adult microglial cells are considered rather functionally
homogenous, they show a broad spectrum of intrinsic
heterogeneity (Stratoulias et al., 2019; Tan et al., 2020).

The first parameter of such heterogeneity regards the
microglia ratio/density in the tissue, which varies in different
regions, being ca. 5% in the cerebral cortex or cerebellum and
ca. 12% in mouse substantia nigra (Lawson et al., 1990). The
density of microglia has been reported in descending order in the
forebrain, midbrain, and hindbrain, with cerebellum containing
the fewest of them. Interestingly, a higher amount of microglial
cells is reported in mouse gray matter than in the white matter
(Lawson et al., 1990). The gradient pattern is parallel to the
ontogenetic rodent CNS development.

The second parameter describing microglial heterogeneity
is their cell morphology (Das Sarma et al., 2013). One of the
earliest studies proposed division into: (i) compact cells with a
small, round body and short, thick processes; (ii) longitudinally
branched cells with an elongated body and long processes, often

orientated parallel to the closest axons; and (iii) radially branched
cells with a radial body and many branches (Lawson et al., 1990).
In reality, microglial morphology shows tremendous variability
and depends strongly on activation state and localization.

The third parameter of microglial heterogeneity is the
regional difference in the set of proteinmarkers expressed by cells
both under homeostatic and pathologic conditions. For example,
the expressions of markers involved inmicroglial activation, such
as CD68, CD86, CD45, CX3CR1, CD11b, and HLA-DR, were
reported to be higher in the human subventricular zone and
thalamus (Böttcher et al., 2019). The microglial subpopulations
of the temporal and frontal lobe, on the other hand, expressed
lower CD206 levels while activated than other brain regions
(Böttcher et al., 2019). Therefore, microglia can be stratified
based on a specific set of diverse transcripts/proteins, often also
corresponding with its localization in the brain (Stratoulias et al.,
2019; Masuda et al., 2020; Tan et al., 2020).

Differences Between Human and Rodent
Microglial Protein Expression
The important issue in preclinical studies of immunological
response is the difference between the microglial markers
expressed in rodents and human (Martinez and Gordon, 2014).
This often makes it difficult to translate basic study results
to human disease (Jubb et al., 2016). Whole-genome studies
indicated greater microglia diversity in the human brain when
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TABLE 1 | Overview of microglial cell marker proteins, their alternative names, function, and localization.

Marker Full name Synonyms Functions References

General microglia markers
Membrane proteins
CD11B cluster of differentiation 11b integrin subunit alpha M,

ITGAM; complement receptor
3 alpha, CR3A

alpha subunit of an integrin complement
receptor part 3 (MAC-1); involved in
adhesion processes and uptake of
complement-coated molecules

Chakrabarty et al. (2010)
and Jeong et al. (2013)

CD14 cluster of differentiation 14 myeloid cell-specific
leucine-rich glycoprotein,
monocyte differentiation antigen
CD14

co-receptor for transmembrane
TLR4 and endosomal
TLR7/9 presenting antigens to them

Baumann et al. (2010) and
Zanoni et al. (2011)

CD16 cluster of differentiation 16 low-affinity immunoglobulin
gamma Fc region receptor III,
Fc-gamma RIII

Fc receptor detecting immunoglobulin
gamma (IgG) antibodies; engaged in
phagocytosis processes

Nagarajan et al. (1995)

CD40 cluster of differentiation 40 tumor necrosis factor receptor
superfamily member 5

transduces signals activating ERK
kinase

Lebedeva et al. (2005)

CD45 cluster of differentiation 45 receptor-type tyrosine-protein
phosphatase C, PTPRC

includes enzymatic subunit; positive
regulator of T-cell activation

Rice et al. (2017)

CD80 cluster of differentiation 80 T-lymphocyte activation antigen
CD80, Activation B7–1 antigen

together with CD86, CD28, and ICAM1,
generates the co-stimulatory signals
after MHCII activation

Park et al. (2003) and
Lebedeva et al. (2005)

CD68 cluster of differentiation 68 macrosialin strongly upregulated during
inflammation; it able to internalize from
cell surface to endosomes immediately
after stimulation

Holness and Simmons
(1993), Kurushima et al.
(2000) and Fadini et al.
(2013)

CD115 cluster of differentiation 115 macrophage colony-stimulating
factor 1 receptor, M-CSFR;
colony-stimulating factor
1 receptor, CSF-1R

recognizes pro-inflammatory ligands like
IL-34 or CSF-1—cytokines controlling
proliferation, differentiation and general
functioning of macrophages/microglia

Jenkins et al. (2013)

CX3CR1 CX3C chemokine receptor 1 fractalkine receptor, C-X3-C
CKR-1, Beta chemokine
receptor-like 1, CMK-BRL-1,
G-protein coupled receptor 13,
V28

microglia migration and adhesion Jones et al. (2010)

TMEM
119

transmembrane protein 119 osteoblast induction factor
(OBIF)

uncertain Haynes et al. (2006) and
Satoh et al. (2016)

F4/80 cell surface glycoprotein F4/80 adhesion G protein-coupled
receptor E1, EGF-like
module-containing mucin-like
hormone receptor-like 1, EMR1

cell surface glycoprotein, expressed in
mice, not confirmed in human

Lawson et al. (1990) Lin
et al. (2005) and Roesch
et al. (2018)

FCER1G high-affinity immunoglobulin
epsilon receptor subunit
gamma

FcRgamma, Fc-epsilon
RI-gamma, FceRI gamma

associates with pattern recognition,
C-type lectin-like receptor [pattern
recognition receptors (PRRs), C-type
lectin-like receptor (CLEC)]; induces
downstream signaling leading to
maturation of APCs

Baker et al. (2014), Lorenz
et al. (2015) and Mukherjee
et al. (2019)

FCRLS Fc receptor-like S, scavenger
receptor

involved in microglial maintenance Butovsky and Weiner
(2018)

Sirpα signal regulatory protein alpha CD172a, SHPS-1, BIT inhibitory receptor; interacts with a
broadly expressed CD47; also called
the “do not eat me” signal

Barclay and Van den Berg
(2014) and Sierra et al.
(2013)

Siglec sialic acid-binding
immunoglobulin type lectins

family of proteins, pro-inflammatory
immune responses and phagocytosis
are turned down in microglia by
inhibitory Siglec signaling; less rodent
homologs than human

Linnartz-Gerlach et al.
(2014) and Smith and
Dragunow (2014)

Glut5 glucose transporter 5 SLC2A5 exclusively microglial glucose
transporter

Payne et al. (1997)

P2Y12 P2Y purinoceptor 12 ADPG-R, P2T(AC), P2Y(AC),
P2Y(cyc), P2Y12 platelet ADP
receptor, short name:
P2Y(ADP), SP1999

detecting nucleotides like ATP released
during injuries

Haynes et al. (2006) and
Amadio et al. (2014)

(Continued)
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TABLE 1 | Continued

Marker Full name Synonyms Functions References

Intercellular proteins
Pu.1 transcription factor Pu.1 Spi- 1 plays a crucial role in determining

macrophage lineages and microglial
genesis and is a major factor in
selecting the set of enhancers
expressed by microglia.

Gosselin et al. (2014) and
Butovsky and Weiner
(2018)

IBA-1 ionized calcium binding adapter
molecule 1

allograft inflammation factor 1
(AIF-1), microglia response
factor (MRF-1), daintain

reorganization of microglial
cytoskeleton, supporting the
phagocytosis process

Sasaki et al. (2001)

HexB β-hexosaminidase subunit β N-acetyl-beta-glucosaminidase
subunit beta

responsible for the degradation of
GM2 gangliosides and other
molecules containing terminal
N-acetyl hexosamines

Butovsky et al. (2014)

VIMENTIN vimentin fibroblast intermediate filament key controller for microglia
activation

Jiang et al. (2012)

Ferritin ferritin responsible for iron storage and its
homeostasis, which is
downregulated in inflammation

Holland et al. (2018)

Sall1 Sal-like protein 1 maintenance of microglia
homeostasis; its inactivation
resulted in the conversion of
microglia from resting tissue
macrophages into inflammatory
phagocytes

Buttgereit et al. (2016) and
Butovsky and Weiner
(2018)

Activated state markers
Membrane proteins
CD16 cluster of differentiation 16 low-affinity immunoglobulin

gamma Fc region receptor III
Fc receptor detecting
immunoglobulin gamma (IgG)
antibodies; engaged in
phagocytosis processes

Nagarajan et al. (1995) and
Kigerl et al. (2009)

CD32 cluster of differentiation 32 low-affinity immunoglobulin
gamma Fc region receptor II

membrane receptor for the Fc
region of IgG; induces inflammatory
signals

Kigerl et al. (2009)

CD40 cluster of differentiation 40 tumor necrosis factor receptor
superfamily member 5

transduces signals activating ERK
kinase

Lebedeva et al. (2005)

CD86 cluster of differentiation 86 T-lymphocyte activation antigen
CD86 or B7–2

membrane co-stimulatory receptor
responsible for immune cell
proliferation and IL-2 production

Lebedeva et al. (2005)

MHC II major histocompatibility
complex II

mobilizes immune cells to
inflammatory response in
pathological situation; reacts to
TGFβ1 in rodent but not in human

Lebedeva et al. (2005) and
Smith and Dragunow
(2014)

CD163 cluster of differentiation 163 scavenger receptor
cysteine-rich type 1 protein
M130, hemoglobin scavenger
receptor

clears oxidative Hb, which in
consequence leads to subsequent
degradation of heme by heme
oxygenase-1 (HO-1); produces
Fe2+, CO and the anti-inflammatory
metabolites

Etzerodt and Moestrup
(2013)

CD206 cluster of differentiation 206 macrophage mannose receptor
1 (MRC-1), C-type lectin
domain family 13 member D

endocytosis processes via
detection of pathogenic
glycoproteins and polysaccharide
chains

Park et al. (2016) and
Ohgidani et al. (2017)

Intercellular proteins
TSPO translocator protein peripheral benzodiazepine

receptor (PBR)
immunomodulation, regulation of
apoptosis, cell proliferation

Pannell et al. (2020)

textitiNOS inducible nitric oxide synthase hepatocyte NOS, NOS type II,
Peptidyl-cysteine S-nitrosylase
NOS2

enzyme producing NO from
L-arginine, promotes response
against tumors and pathogens via
NO production; promotes synthesis
of inflammatory factors (IL-6) and is
related with expression of
transcription factors, e.g., IRF-1
and NF-κB

Vuolteenaho et al. (2009),
Sierra et al. (2014) and
Bogdan (2015)

(Continued)
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TABLE 1 | Continued

Marker Full name Synonyms Functions References

ARG1 arginase 1 type I arginase, liver-type
arginase

enzyme converting an amino acid
arginine into ornithine and urea further
metabolized to proline and polyamides;
needed for wound healing or tissue
remodeling, expressed in mice, not
confirmed in human

Hesse et al. (2001), Munder
(2009), Munder et al.
(2005), Quirié et al. (2013),
Franco and
Fernández-Suárez (2015)

Ym1 chitinase-like protein 3 beta-N-acetylhexosaminidase
Ym1, Chitinase-3-like protein 3,
Chi3l3, ECF-L, Eosinophil
chemotactic cytokine

heparin-binding lectin; prevents
degradation of extracellular matrix
components; expressed in mice, not
confirmed in human

Pauleau et al. (2004),
Odegaard et al. (2007),
Odegaard et al. (2008) and
Franco and
Fernández-Suárez (2015)

FIZZ1 restin-like alpha cysteine-rich secreted protein
FIZZ1, RELMalpha

mediates interactions between sensory
nerves and inflammatory cells in lung;
blocks nerve growth factor-induced
survival of dorsal root ganglion neurons;
expressed in mice, not confirmed in
human

Pauleau et al. (2004),
Odegaard et al. (2007),
Odegaard et al. (2008) and
Franco and
Fernández-Suárez (2015)

Extracellular proteins
MMP9 matrix metalloproteinase 9 gelatinase B regulates bioavailability of cytokines and

chemokines in inflammation; promotes
pro-inflammatory IL-1β maturation

Könnecke and Bechmann
(2013) and Nissinen and
Kähäri (2014)

MMP12 matrix metalloproteinase 12 macrophage metalloelastase regulates bioavailability of cytokines and
chemokines in inflammation

Nissinen and Kähäri (2014)

As a reference for the protein name synonyms, www.uniprot.org was used.

compared to mouse microglia (Gosselin et al., 2014; Zhong et al.,
2018; Masuda et al., 2019; Sankowski et al., 2019).

The main differences between human and rodent microglia
arise from: (a) the rodent pathogen-free laboratory conditions
vs. human lifetime exposure to multiple pathogens; (b) life
span further affecting the number of immune system challenges;
(c) similarity of experimental rodent genome due to breeding
vs. extreme genomic variability in humans; (d) differences in
anatomy: the majority of rodent microglia are localized in gray
matter vs. the majority are in white matter in humans; (e) inflow
of peripheral macrophages to the CNS is confirmed in rodents,
but circumstances in human are not so certain (Boche et al.,
2013). These aspects cause higher spatial and temporal diversity
of microglia in human brain when compared to microglia from
laboratory mice (Böttcher et al., 2019), especially in the aging or
diseased brain (Smith and Dragunow, 2014; Galatro et al., 2017).

Caution should be taken when using human vs. rodent
microglia expressed molecules (Smith and Dragunow, 2014;
Franco and Fernández-Suárez, 2015; Roesch et al., 2018). For
example, TLR4 expression is high in rodent but low in human.
IFNγ receptor is not detected on microglia in human tissue. The
Siglec (Sialic acid-binding immunoglobulin-type lectin) family
is smaller in rodent than in human; especially, Siglec-11 has
no homolog in rodent, and Siglec-3 (CD33) shows substantial
species difference. Also, MHCII reacts to TGFβ1 in rodent but
not in human. F4/80, Ym1, FIZZ1, and arginase 1 (ARG1) were
not confirmed in human tissue.

Other Aspects of Variability to Consider
Other variables in the literature suggest functional differences
between male and female microglia in a variety of disease
contexts (Hammond et al., 2019). Another newly described

variable between microglial subsets worth mentioning is the rate
of microglial self-renewal (Réu et al., 2017; Tay et al., 2017). The
differences between developmental and adult brain microglia, as
well as aging, add substantially to the microglial heterogeneity
but are out of the scope of this review.

HOW TO DISCRIMINATE INNATE FROM
INFILTRATED MACROPHAGES

Resident CNS microglia and macrophages from the periphery
have different origins; however, the precise distinction between
them in tissue is difficult because they share amajority ofmarkers
such as CD11b, F4/80, CX3CR1, CD45, and IBA-1 (Amici et al.,
2017; Figure 1).

One of the distinct molecules is the CD44 marker reported
to be expressed only by infiltrating cells and not on resident
microglia (Bennett et al., 2016). Another study examining the
gene transcription of adult microglia compared to peripheral
cells has suggested that microglia lack CD169 (Butovsky
et al., 2012). Siglec-H was also indicated as a marker for
microglia in mice, absent fromCNS-associated macrophages and
CNS-infiltrating monocytes except for a minor subset of cells
(Konishi et al., 2017).

Quantitative Markers
In some cases, the quantitative differentiation of markers is
advised. For example, in the adult brain, subtle differences
in CD45 protein amount can be detected between microglia
expressing CD11b+/CD45low and macrophages expressing
CD11b+/CD45high (Ford et al., 1995; Zhang et al., 2002;
Grabert et al., 2016), although caution must be taken because
CD45 expression increases in microglia upon inflammation and
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with aging (Roesch et al., 2018; Haage et al., 2019; Benmamar-
Badel et al., 2020).

A comparison of different phenotypes of human
CNS-resident microglia and peripheral immune cells showed
characteristic patterns of markers. Three main markers
were chosen to distinguish perivascular macrophages
(CD11b+/CD206high/CD163+) from resident microglia
(CD11b+/CD206low/−/CD163−). It has to be noted that, despite
undetectable levels in physiological conditions, CD206 and
CD163 are expressed in the activated M2 anti-inflammatory
microglial phenotype (Böttcher et al., 2019; see below).

Ontogeny and Transcription Factors
Transforming growth factor β (TGFβ)-dependent signaling was
proposed to allow microglia to be distinguished from peripheral
macrophages and other immune cells in animal models. This
includes expression of several factors, such as FCRLS (Fc
receptor-like S, scavenger receptor), HexB (β-hexosaminidase
subunit β), P2Y12R, or TMEM119 (Butovsky et al., 2014;
Gosselin et al., 2014; Lavin et al., 2014; Bennett et al., 2016;
Buttgereit et al., 2016; Satoh et al., 2016; Butovsky and Weiner,
2018). It was shown that the development of microglia and
maintenance of their identity relies on the transcription factors
SALL1 and Pu.1 (Buttgereit et al., 2016; for an in depth review see
Yeh and Ikezu, 2019). This was confirmed in human microglial
cells, which exclusively expressed P2Y12R and TMEM119 with
additional high expression of CD64, CX3CR1, TGFβ, TREM2,
CD115, CCR5, CD32, CD172a, and CD91 and low to absent
expression of CD44, CCR2, CD45, CD206, CD163, and CD274
(PD-L1; Böttcher et al., 2019). The transcription factors Pu.1 and
Myb were also indicated to allow microglia (Pu.1-dependent
transcription) to be distinguished from peripheral macrophages
(Myb-dependent; Schulz et al., 2012; Gosselin et al., 2014; Lavin
et al., 2014; Bennett et al., 2016; Butovsky and Weiner, 2018).
P2Y12R is a metabotropic purinoceptor detecting nucleotides
like ATP, being released during injuries. It is considered along
with TMEM119 as one of the most specific microglial markers,
expressed only by yolk sac-derived cells (Haynes et al., 2006;
Amadio et al., 2014).

The additional significant difference between microglia and
macrophages that helps in their discrimination during the CNS
inflammation is that microglia activation is detectable very
quickly (within 24 h) while peripheral macrophage infiltration
is detectable within the next few days (Schilling et al., 2003).

MICROGLIA ACTIVATION

Microglial cells have different states depending on the actual
tissue needs, and two main states can be underlined: resting
and activated.

In normal, healthy conditions, microglia are quiescent. They
are also called resting (Figure 1), but the truth is that the cells are
very motile and are constantly surveilling the local environment
with their processes. Due to their shape, they are sometimes
called ramifiedmicroglia. They have small, round cell bodies with
little cytoplasm and intensive branching processes (Davalos et al.,
2005; Nimmerjahn et al., 2005). This is the dominant state if

there are no pathological signals in the surrounding environment
(Lawson et al., 1992; Banati, 2003).

If quiescent microglial cells spot any potentially dangerous
signals or molecules or a lack of normal signaling coming
from neurons and other glial cells, they undergo morphological
and functional change into amoeboid, activated microglia (Das
Sarma et al., 2013; Figure 2). Phenotypically, those consist of
a round cell body with short, thick pseudopodia that enable
them to move quickly towards the danger zone, release cytotoxic
substances to kill the pathogen, and perform phagocytosis
(Dihne et al., 2001). Resting and activated are the two
opposite morphological types that border the wide spectrum of
in-between phenotypes depending on the strength of activation
and time-line of inflammation process.

Markers Involved in Mechanisms of
Microglia Activation
Microglia may be activated by various factors present in their
surroundings and spotted during the ‘‘surveilling’’ process.
Those factors may be exogenous, such as pathogen-associated
molecular patterns (PAMPs), bacterial LPS, or pathogen
genetic material or viruses. Activating signals can also be
endogenous, presented by stressed surrounding cells such
as danger/damage-associated molecular patterns (DAMPs, for
example, nucleotides) and protein aggregates like amyloid β (Aβ)
senile plaques (Kreutzberg, 1996; Stence et al., 2001) or can be
released by other microglial cells and astrocytes. Recognition
of harmful vs. healthy signals is the most complex step, as
it requires microglia to distinguish very specific information
and not fight the healthy tissue, as happens in some CNS
diseases. This requires ‘‘find-me’’ signals released by pathogen
or apoptotic cells and specific receptors present on microglia
[e.g., vitronectin receptor (VNR), MER receptor tyrosine kinase
(MerTK), CX3CR1, or complement receptor 3 (CR3)]. Microglia
also respond to so-called ‘‘eat-me’’ signals from the target
cells. These are phosphatidylserine or calreticulin present in,
e.g., disrupted neuronal membrane, secreted fractalkine or
opsonins (growth arrest-specific 6, Gas6), milk fat globule
epidermal growth factor 8 (MFG-E8), or complement factors.
In opposition, the target cells can also send ‘‘do not eat me’’
signals protecting them from being phagocytosed by microglia.
Those signals are recognized by specific microglial receptors.
For instance, neuronal CD47 and sialylation are cell-surface
proteins recognized by microglial signal regulatory protein α

(SIRPα; Barclay and Van den Berg, 2014) and Siglec receptors,
respectively (Linnartz-Gerlach et al., 2014).

Microglia Cytotoxicity
The cytotoxic factors released by activated microglia are
peroxynitrite, hydroxyl radical or hypochlorous acid, the NO
and superoxide metabolites (Ghosh et al., 2018). The final stages
of phagocytosis are engulfment and digestion, leading to the
internalization of the target and its complete degradation in
mature phagolysosome (for reviews of the mechanism see Sierra
et al., 2013; Vilalta and Brown, 2018). As well as for infections,
phagocytosis is also necessary in case of tissue injury, when there
is a need to remove debris and damaged cells. In the context of
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FIGURE 2 | Activated microglia protein markers of the M1 and M2 polarization spectrum—cellular and released.

this review, it is worth mentioning that extended and prolonged
release of cytotoxic substances may also influence healthy cells,
inducing inflammation and prompting astrocytes to become
neuro-aggressive (Liddelow et al., 2017).

Microglia Proliferation
The activation of microglia is directly connected with their
proliferation, enhanced production, and expression of
inflammatory factors and surface proteins (Graeber, 2010).
Recent studies confirmed that activated microglia have enhanced
expression of proliferation markers from different cell-cycle
phases: Ki-67 (G1, S and G2 phase, mitosis), cyclin A (S and
G2 phase, mitosis), and cyclin B (mitosis; Böttcher et al., 2019).
Similarly to the peripheral macrophages, microglia also present
antigens (fragments of phagocytosed, digested pathogens) using

major histocompatibility complex II (MHC II) molecules. This
induces an inflammatory response in the closest microglial cells.
In the alert situation, distant microglia also support the local
population by infiltrating from other brain regions. Therefore,
during inflammation, the number of microglial cells increases
rapidly in the infected region to fight the danger as rapidly
as possible.

The Spectrum of Microglia Activation
Phenotypes and Their Functions
Various stimuli are responsible for sundry activations
of microglia. This allows the distinction of the classical
M1 phenotype, activated mainly by pathogens and
pro-inflammatory factors [e.g., LPS, tumor necrosis factor
alpha (TNFα), interferon gamma (IFNγ)] from the alternative
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M2 phenotype, activated by anti-inflammatory factors (e.g., IL-4,
IL-10; Jang et al., 2013; Figure 2).

The names of the M1/M2 phenotypes came by analogy
with the first peripheral immune system cells, the polarization
phenotypes of which were called T helper (Th) cells (classical
Th1 and alternative Th2 phenotype; Biswas and Mantovani,
2010; Martinez and Gordon, 2014). By analogy, peripheral
monocyte-macrophage lineage cells were proven to undergo
polarization into M1 and M2 phenotypes under the same
conditions (Mantovani et al., 2002). Classical M1 blood
cell-derived macrophage polarization is activated by the
TLR- and IFN-mediated signal transducer and activator of
transcription 1 (STAT1) signaling pathway. In consequence,
transcription factor interferon regulatory factor 5 (IRF5)
undergoes upregulation and stimulates the production of
pro-inflammatory factors such as IL-12, IL-23, and TNF
(Krausgruber et al., 2011). Alternative M2 macrophages, on the
other hand, engage the STAT6 pathway via IL-4 and IL-13
induction or STAT3 via IL-10 (Lang et al., 2002). This pathway
induces CD206 (also known as mannose receptor MRC1), FIZZ1
(also known as resistin-like α), or Ym1 (known as chitinase
3–like 3, CHI3L3), peroxisome proliferator-activated receptors
gamma and delta (PPARγ, PPARδ), and ARG1 (Pauleau et al.,
2004; Odegaard et al., 2007, 2008). When microglia gained
interest in the context of pathological inflammation, the same
phenotypes and activation pathways were proposed (Mills et al.,
2000; Murray et al., 2014).

M1 activation of microglia is considered as aggressive, leading
to cytotoxicity and robust, immediate inflammation related
to the release of pro-inflammatory cytokines and chemokines
(e.g., TNFα, IL-6, IL-1β). Activated microglia express NADPH
oxidase [generating superoxide and reactive oxygen species
(ROS)], iNOS, MMP-12 (matrix metalloproteinase 12), MHCII,
Fc receptors, and integrins. Microglia can be activated by Th cells
releasing IFNγ or by bacterial LPS (Murphy et al., 2010; Lively
and Schlichter, 2018).

Switching the activation phenotype to M2 can be assumed
to have a silencing effect, leading to the reintroduction of
environmental homeostasis and promoting recovery (Murray
et al., 2014). M2 activation is induced by the presence of
IL-4, IL-13, or IL-10, ligation of Fc receptors, or activation
of PPARγ transcription factor (Saijo et al., 2013). The effect
of this activation is release of anti-inflammatory cytokines
(such as IL-10 and TGFβ), growth factors (insulin-like
growth factor I, fibroblast growth factor), colony-stimulating
factor 1 (CSF-1), neurotrophic factors (nerve growth factor,
brain-derived neurotrophic factor, neurotrophins 4/5,
glial cell–derived neurotrophic factor) and pro-survival
factor progranulin.

M1 and M2 phenotypes can be assumed as opposite
phenotypes in a broad activation spectrum. In tissue, many
intermediate states exist (for a review see Liddelow and Barres,
2017). Such strict classification may refer to in vitro conditions
with selected stimulation but have no representation in the
in vivo tissue environment (Martinez and Gordon, 2014).

The process of inflammation is strictly regulated, starting
from the robust activation but also concluding in its resolution

and tissue repair. Therefore, the subtypes of microglial
phenotype seamlessly pass from one to another, actually making
a gradient of phenotypes in the tissue.

COMMON MARKERS OF ACTIVATED
MICROGLIA

Microglial cells are the first response in active protection
in situations related to homeostasis disruption. These cells are
equipped with a large number of tools necessary for both
the recognition and destruction of threats. These consist of
TLRs, nucleotide-binding oligomerization domain-like receptors
(also named NLRs), scavenger receptors, MHC complexes,
intracellular signaling pathway activation, inflammatory and
cytotoxic factor production and release, and phagocytosis (Boche
et al., 2013). All of these can be used as molecular markers of
activated microglia.

Antigen Presentation-Related Markers
Microglia are antigen-presenting cells, so while activated, they
use MHC II molecules to present fragments of phagocytosed,
digested pathogens, which triggers further inflammatory
response in surrounding microglial cells and spreads the
inflammation. Also, other membrane molecules necessary
for antigen presentation undergo upregulation on the cell
surface. CD40 (tumor necrosis factor receptor superfamily
member 5) induces signal-regulated kinase (ERK) activation
and immune factor secretion (Lebedeva et al., 2005). MHC II
binds the peptide, but the full activation of the immune cell also
requires signals from co-stimulatory receptors. For instance,
CD80 and CD86 (also known as B7–1 and B7–2, respectively),
CD28, and intercellular adhesion molecule 1 (ICAM1) generate
co-stimulatory signals after MHCII activation (Park et al., 2003;
Lebedeva et al., 2005).

Transmembrane and Surface Proteins
The transmembrane and surface proteins are the first line of
pathogen recognition. The popular microglia marker protein
CD11b (also known as integrin alpha M, ITGAM; complement
receptor 3 alpha, CR3A) is an alpha subunit that, along with
CD18 (also named integrin beta chain-2, ITGB2), constructs
an integrin complement receptor 3 (CR3, also known as
macrophage 1 antigen, MAC-1). It is involved in adhesion
processes and uptake of complement-coated molecules. This
protein is also present on the membranes of leukocytes, so it
is not a specific marker of resident microglia. It is commonly
used in preclinical studies but, in the majority, with the use of
antibody against OX-42 (name of the clone reacting with CD11b
epitope; Chakrabarty et al., 2010; Jeong et al., 2013). Other
transmembrane and surface proteins of activated microglia
are CD68, CD16, CD14, CD45, CA115, CX3CR1, F4/80, and
FCER1G. CD68 receptor, macrosialin, is a transmembrane
protein localized in cellular, lysosomal, and endosomal
membranes of monocytes and macrophages/microglia. This
protein level is strongly upregulated during inflammation and
has the ability to internalize from the cell surface to endosomes
immediately after stimulation (Holness and Simmons, 1993;
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Kurushima et al., 2000; Fadini et al., 2013). CD16 (low-affinity
immunoglobulin gamma Fc region receptor III-B) is an Fc
receptor detecting IgG antibodies and engaged in phagocytosis
processes (Nagarajan et al., 1995). CD14 is a co-receptor for
transmembrane TLR4 and endosomal TLR7/9, presenting
antigens to them (Baumann et al., 2010; Zanoni et al., 2011). The
structure of CD45 (also known as receptor-type tyrosine-protein
phosphatase C, PTPRC) includes an enzymatic subunit, and
CD45 is a positive regulator of T-cell activation (Rice et al.,
2017). CD115 (macrophage colony-stimulating factor 1 receptor,
M-CSF-R, or colony-stimulating factor 1 receptor, CSF-
1R) belongs to the cell-surface receptor tyrosine kinase family.
CD115 recognizes pro-inflammatory ligands like IL-34 or CSF-1,
which are cytokines controlling the proliferation, differentiation,
and general functioning of macrophages/microglia. This
receptor is involved in innate immunity response and in the
reorganization of actin cytoskeleton, which contributes to
the phenotype change and infiltration of inflamed regions
(Jenkins et al., 2013). Importantly, it has been proven that
CD115 depletion or inhibition leads to robust microglia
death (Elmore et al., 2015, 2018). Protein CX3CR1 is a
transmembrane, G-coupled CX3CL1 (fractalkine) receptor
mediating its functions related to microglia migration and
adhesion (Jones et al., 2010). The cell surface glycoprotein, F4/80
(also known as adhesion G protein-coupled receptor E1 or
EGF-like module-containing mucin-like hormone receptor-like
1, EMR1), is described as one of the most specific markers of
murine macrophages and microglia (Lawson et al., 1990; Lin
et al., 2005) while its expression in human was not confirmed.
FCER1G is high-affinity IgE receptor, which associates with
pattern recognition, C-type lectin-like receptor CLEC4D, and
CLEC4E. This induces downstream signaling leading to the
maturation of antigen-presenting cells. This molecule is also
probably involved in aging and neurodegenerative processes
(Baker et al., 2014; Lorenz et al., 2015; Mukherjee et al., 2019).

Intracellular and Effector Proteins
Activation of surface receptors and other proteins triggers the
mobilization of intracellular signaling pathways and effector
proteins, which can also serve as markers of microglia activation
and are often upregulated in the process. iNOS is an enzyme
producing NO from L-arginine. Its functions in organisms are
diverse, but in microglia, it promotes response against tumors
and pathogens via NO production. iNOS promotes the synthesis
of inflammatory factors (IL-6) and is related with expression of
transcription factors (e.g., IRF-1 and NF-κB), all of which are
known to be involved in the microglia inflammatory response
(Vuolteenaho et al., 2009; Sierra et al., 2014; Bogdan, 2015). The
level of iNOS in quiescent glia is almost undetectable.

The most commonly used protein marker of microglia
activation is an elevated level of IBA-1. This is a member of
the calcium-binding protein group. It can be found under other
names also: allograft inflammation factor 1 (AIF-1), microglia
response factor (MRF-1), or daintain. IBA-1 is an intracellular
protein, and its functions are related to the reorganization
of microglial cytoskeleton and support of the phagocytosis
process. The latter is possible thanks to its ability to bind

actin molecules (Sasaki et al., 2001). This protein is one of
the most widely examined in biochemical studies because of
its conservative amino acid sequence and stability of antigenic
epitopes through different species, including human (Yun et al.,
2018). Vimentin, the major intermediate filament, is also used
as a general marker of microglia (or macrophages). During
inflammation, it is cleaved by calpains into short fragments
that shuttle signaling molecules (like MAP-kinases) to the
nucleus (Perlson et al., 2005). In microglia, vimentin was
reported to be necessary for cellular activation, and it seems
to play an essential role in preventing neuronal damage in
animal models (Jiang et al., 2012). Its role in inflammation
was also described in astrocytes (Pekny and Nilsson, 2005),
so it cannot be used as a specific microglial marker. Another
important microglial multimeric complex protein is ferritin,
which is responsible for iron storage and its homeostasis and
is upregulated due to microglia activation (Holland et al.,
2018). Interestingly, microglial iron transport and homeostasis
pathways are differentially active in response to pro- and
anti-inflammatory stimuli. For a review, see Nnah andWessling-
Resnick (2018).

Secreted Molecules
Equally important as the surface proteins are those secreted by
reactive microglia. Cytokines, including interleukins (e.g., IL-
1β, IL-6), TNFα, IFNγ, chemokines (CCL2, CX3CL1, CXCL10),
glutamate, and NO act as transmitters in inflammation. NO is
also a toxin against pathogens. Among enzymes, cathepsins are
released proteases supporting inflammation driven by microglia
(Lowry and Klegeris, 2018), and matrix metalloproteinases
regulate the bioavailability of cytokines and chemokines in
inflammation (Nissinen and Kähäri, 2014). Some of them, like
MMP-9, can be used as active microglia markers.

M1/M2 PHENOTYPE MARKERS

M1 Phenotype-Related Markers
The relation between Th1/M1 and Th2/M2 cells is also reflected
in the similar factors released by them (Mills et al., 2000;
Figure 2). It was reported that IFNγ produced in Th1 cells
induces M1 microglia polarization and proliferation, and also,
Th2 cells were reported to activate M2 polarization of microglia
by secreting anti-inflammatory IL-4 (Edwards et al., 2006). This,
however, unlike in M1, does not lead to microglia proliferation
(Jenkins et al., 2013).

The classical M1 microglia response to pathological states
is connected with pro-inflammatory factor production and
release. iNOS metabolic enzyme contributes to NO synthesis,
and its levels become strongly elevated during inflammation
(Quirino et al., 2013). Its role was also underlined in the
general activation markers section. M1 polarization phenotype
can be recognized by the detection of surface receptors.
CD16 and CD32 are membrane receptors for the Fc region of
IgG, and their role is to induce inflammatory signals (Kigerl
et al., 2009). Levels of CD86 (also known as T-lymphocyte
activation antigen CD86 or B7–2), a membrane co-stimulatory
receptor responsible for immune cell proliferation and IL-2
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production, as well as CD40, are upregulated in activated
M1 microglia. They were both also mentioned as general
and active microglia markers, but their increased expression
level can help discriminate the phenotype. MHC II complex
mobilizes immune cells to inflammatory response in pathological
conditions. Activation of the membrane proteins described
above leads to enhanced production and secretion of immune
factors, which also can be treated as M1 phenotype markers.
Pro-inflammatory cytokines (such as the IL-1 family, IL-6, IL-
12, IL-17, IL-18, IL-23, TNFα, and IFNγ) are responsible for
the maintenance of inflammation (Biswas and Mantovani, 2010;
Kalkman and Feuerbach, 2016). The role of chemokines (e.g.,
CCL5, CCL20, CXCL1, CXCL9, CXCL10) is to recruit immune
cells. MMP-9 promotes pro-inflammatory IL-1β maturation
(Könnecke and Bechmann, 2013).

M2 Phenotype-Related Markers
The role of the alternative M2 active microglia phenotype
is to stop the inflammation and restore homeostasis to the
surroundings (Varin and Gordon, 2009). In contrast to the
classical activation path, M2 microglia release anti-inflammatory
factors and produce proteins protecting extracellular matrix,
contributing to wound healing or phagocytosis of debris
(Martinez et al., 2009). The surface M2 specific protein
markers include CD206, a receptor localized in cellular and
endosomal membranes that is responsible for endocytosis
processes via detection of pathogenic glycoproteins and
polysaccharide chains (Park et al., 2016; Ohgidani et al.,
2017). The hemoglobin scavenger receptor CD163 is
responsible for clearing oxidative hemoglobin, which, in
consequence, leads to subsequent degradation of heme by
heme oxygenase-1 (HO-1) and production of Fe2+, CO, and
the anti-inflammatory metabolites (Etzerodt and Moestrup,
2013). The anti-inflammatory cytokines are also used as
M2 phenotype markers: IL-1 receptor antagonist (IL-1Ra),
IL-4, TGFβ, and IL-10, as well as common IL-4 and IL-13
receptor antagonist (IL-4Ra). Similarly, chemokines (e.g.,
CCL2, CCL22, CCL17, CCL24) are secreted by M2 microglia
in order to shut down the ongoing inflammation (Biswas and
Mantovani, 2010). Secretory proteins Ym1 and FIZZ1 are factors
whose release is dependent on the levels of anti-inflammatory
cytokines IL-4 and IL-13 (Raes et al., 2002; Du et al., 2017).
ARG1 is an enzyme converting an amino acid arginine
into ornithine and urea, further metabolized to proline and
polyamides needed for wound healing or tissue remodeling
(Hesse et al., 2001; Munder et al., 2005; Munder, 2009;
Quirié et al., 2013). It is good practice to compare the ratio
of the above-mentioned M1 marker iNOS and ARG1 in
activated microglia because these two factors compete
for the same substrate—arginine. The overexpression
of ARG1 leads to downregulation of NO production
and iNOS expression, which enables M1/M2 distinction
(Corraliza et al., 1995).

To identify the predominance of M1 or M2 phenotype in a
tissue or culture, the ratios of marker amounts of both states
can be compared, e.g., IL-12 released by M1 microglia and IL-10
released byM2 cells. In such a comparison, the ratio IL-12high/IL-

10low could be a confirmation of M1 activation (Mantovani et al.,
2004). The CD14/CD16 expression ratio can also be compared
to distinguish the classic, pro-inflammatory M1 activation
pattern (CD14high/CD16−) from alternative anti-inflammatory
M2 (CD14low/CD16+; Fadini et al., 2013).

The additional division into transitional microglia
phenotypes (called in the literature M2a, M2b, M2c,
M1 1

2 , or ‘‘intermediate’’ microglia) was characterized as
expressing markers for both M1 and M2 at the same time,
like CD86+/CD206+, or M1 macrophages expressing specific
markers like MHCII and CD86 and lacking M2 markers
FIZZ1 and Ym1 but expressing the typical IL-10high/IL-12low

M2 cytokine profile (Edwards et al., 2006; Filardy et al., 2010;
Murray et al., 2014; Knudsen and Lee, 2016; Zhou et al., 2017).
Up to the present, studies regarding intermediate microglia
polarization phases are not unified enough to demarcate clear
borders between them (Mills et al., 2000; Martinez and Gordon,
2014; Murray et al., 2014).

ENERGY METABOLISM-RELATED
MICROGLIA MARKERS

Another class of microglia markers can be found among
the energy metabolism proteins. For example, the glucose
transporter GLUT5 (SLC2A5), which is classified, however, as
a fructose transporter because of its affinity levels, is exclusively
microglial (Payne et al., 1997).

Quiescent microglia rely primarily on oxidative
phosphorylation for ATP production (Moss and Bates,
2001; Chénais et al., 2002; Orihuela et al., 2016). Shifting
the phenotype from quiescent to activated also requires a fast
adaptive energy metabolism change. This could be used as
an additional, non-specific, quantitative marker of microglia
phenotype. Studies of peripheral immune cells have long
ago demonstrated that polarization to an M1 phenotype
is often accompanied by a shift in cell energy production
to aerobic glycolysis, while M2 correlates with the use of
mitochondrial oxidation (Orihuela et al., 2016; Fumagalli
et al., 2018). The literature still lacks exact in vivo studies
from resident brain microglia, but in vitro data confirm this
observation (Voloboueva et al., 2013; Gimeno-Bayón et al.,
2014). What we know, however, is that pro-inflammatory
activated M1 macrophages increase their glucose uptake and
lactate production with activation of the pentose phosphate
pathway and decreased mitochondrial oxygen consumption,
allowing for fast oxidative bursts of NO and superoxide to kill
targets (Orihuela et al., 2016). Continuous metabolism of glucose
by the hexose monophosphate shunt is required for the supply
of NADPH substrate (Cohen and Chovaniec, 1978; Decoursey
and Ligeti, 2005).

On the contrary, in the anti-inflammatory M2 macrophages,
glucose consumption is significantly lower than in M1, and they
can also utilize fatty acid oxidation, contributing to phagocytosis
by regulating membrane fluidity (Orihuela et al., 2016; Amici
et al., 2017). Therefore, glycolysis vs. oxidative phosphorylation
marker ratios combined with microglia-specific proteins can also
be used as non-specific markers of microglia phenotype.
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One of the popular mitochondrial markers is translocator
protein (TSPO), which was first described as peripheral
benzodiazepine receptor. It is localized on the outer
mitochondrial membrane of the majority of cell types. Activation
of rat microglia in vitro by LPS and IFNγ increases the amount
of mitochondria (Banati et al., 2004; Ferger et al., 2010) and is
associated with increased expression of TSPO (Venneti et al.,
2006). It is used now in clinical brain imaging techniques as
a marker of activated glia because of its strongly enhanced
expression during neuroinflammation. Recent studies confirmed
that TSPO can serve as an excellent pro-inflammatory activation
marker (Pannell et al., 2020).

EXAMPLES OF MICROGLIAL MARKERS IN
AGING AND HUMAN BRAIN DISEASES

Aging
Aging is an important factor influencing microglia functioning
and expressed markers, often contributing to neurodegenerative
disease pathology and enhancing the risk of Parkinson’s
disease, Alzheimer’s disease, dementias, synucleinopaties, etc.
It may be interestingly defined as a situation where microglia
lose their natural properties and become hyperactive and
resistant to regulation. Morphologically, the ramification of
aged microglia and their motility decrease, probably causing
less efficient surveillance (Rozovsky et al., 1998). In addition,
in vitro data indicate that aged microglia become less
sensitive to anti-inflammatory regulatory signals, such as
TGFβ or granulocyte-macrophage colony-stimulating factor
(GM-CSF; Rozovsky et al., 1998). During their life span,
episodes of systemic inflammation and cytokine stimulation can
permanently increase their reactivity; this is called priming. At
the same time, aging can lead microglia to gradually acquire a
hypersensitive phenotype (Godbout et al., 2005). They express
more MHC II molecules and have enhanced sensitivity to
stimuli (Frank et al., 2006). All of these features are connected
with the expression and secretion of characteristic inflammation
mediators like CD68 or IL-1β (Frank et al., 2006; Choi et al., 2007;
Schuitemaker et al., 2012; Norden et al., 2015). Interestingly,
experimental repopulation of rodent brain microglia by temporal
blocking of CSF-1R (known as CD115) activity resulted in
the restoration of physiological, surveilling phenotype. Factors
overexpressed by ageingmicroglia were reduced by repopulation.
Unfortunately, the aged brain environment still forced the
pro-inflammatory phenotype of ‘‘new’’ microglia (O’Neil et al.,
2018). In parallel, microglia decreased their responsiveness to
anti-inflammatory stimuli (Kumar et al., 2013). This may be
related to decreased levels of IL-4Rα, scavenger receptor A,
and the Aβ degradation enzymes (neprilysin, insulin-degrading
enzyme, and MMP-9; Hickman et al., 2008; Fenn et al., 2012).

Neurodegenerative Diseases
For physiological maintenance of homeostasis, the balance
between rapid inflammatory response and its silencing has
to be kept. In the case of microglia, M1 activation and
pro-inflammatory factor release have to be counteracted by
M2 activation. Otherwise, the consequences of a persistent

cellular offensive are destructive to the surrounding neurons
and other cells due to the prolonged M1 activation and
cytokine and ROS release (Banati, 2003; Kigerl et al., 2009).
Inflammation is being reported in the majority of diseases
involving ongoing neurodegeneration like Parkinson’s disease
and Alzheimer’s disease, amyotrophic lateral sclerosis, multiple
sclerosis, neurotropic viral infections, stroke, paraneoplastic
disorders, and traumatic brain injury (Lehnardt et al., 2003;
Marshall et al., 2013; Walker and Lue, 2015; Mathys et al., 2017;
Lowry and Klegeris, 2018), but precise mechanisms remain to be
elucidated (Amor et al., 2010; Chitnis and Weiner, 2017).

Parkinson’s disease is related with progressive degeneration
of nigrostriatal pathway dopaminergic neurons. Studies of
Parkinson’s disease suggest that there is robust microglia
activation with parallel inflammatory factor upregulation in the
brain regions affected (Langston et al., 1999; Walker and Lue,
2015). Elevations of IL-1β, TNFα, ROS, and NO levels have
been detected in the substantia nigra and corpus striatum, as
well as in cerebrospinal fluid and serum (Mogi et al., 1994;
Le et al., 2001). Interestingly, it was reported that IgG isolated
from the sera of Parkinson’s disease patients have the ability
to affect healthy dopaminergic cells in the substantia nigra,
causing the death of 40% of them in mice (He et al., 2002).
Engagement of NLRP3 inflammasome complex was reported in
neuronal degeneration (Mohamed et al., 2015). Interestingly, this
complex, which is responsible for caspase 1-dependent release
of pro-inflammatory cytokines and cell death, may be necessary
for M1 activation of microglia, indicating the role of this
phenotype in Parkinson’s disease development (Gaikwad et al.,
2017). Whether microglia activation or neuronal degeneration
occurs first remains unknown, but an increasing volume of
experimental results strengthen the first theory, including those
that showed that non-steroid anti-inflammatory drugs lower
Parkinson’s disease risk (Chen et al., 2003).

The morphological picture of Alzheimer’s disease shows
robust microglia activation in parallel with Aβ senile plaque
generation. Consequently, elevated levels of pro-inflammatory
cytokines (IL-1β, IL-6, and TNFα), TMEM119, and iNOS
were reported in patients (Haas et al., 2002; Satoh et al.,
2016). Aβ plaques have been shown almost exclusively to
induce an M1 response in Alzheimer’s disease animal models,
with an additional high proliferation rate in response to the
neurodegenerative state (Liu et al., 2012; Mathys et al., 2017).
Researchers have divided reactive cells into the early and late
response microglia and examined the differences in transcription
patterns. Interestingly, the majority of the markers of those
cell activations differed from the peripheral system macrophage
markers, indicating that resident microglia were predominantly
responsible for the observed differences (Liddelow et al., 2017;
Mathys et al., 2017).

The characteristic feature of amyotrophic lateral sclerosis is
a loss of motor neurons in adult life. According to current
knowledge, microglial cells remain in the surveilling state during
the early stages of amyotrophic lateral sclerosis development, and
the activation of those immune cells observed later on in disease
progression probably involves both M1 and M2 phenotypes
coincidentally (Boillée et al., 2006; Liao et al., 2012; Chiu et al.,
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2013; Geloso et al., 2017; Volonté et al., 2019). This introduces
a large spectrum of possibilities for putative pharmacotherapies,
which may be targeted to silencing of neurodegenerative
M1 activation or enhancing neuroprotective M2 activation.

As in Alzheimer’s disease, in multiple sclerosis, oxidation
may induce demyelination of neuronal axons, and activated
microglial cells are the major source of ROS burst (Gray
et al., 2008; Fischer et al., 2012; Miller and Wachowicz,
2013). Interestingly, IBA-1+/CD68+ infiltrating macrophages
did not express TMEM119 in demyelinating lesions of MS
(Satoh et al., 2016). Similarly, single-cell analysis showed that
TMEM119 was also downregulated or even absent, while
expression of apolipoprotein E and MAFB increased (Masuda
et al., 2019).

Microglia activation polarization apparently also plays a role
in bipolar disorder. The M1/M2 ratio differs between manic and
depressive states. M2 microglia were significantly downregulated
in patients in the manic phase, based on CD206 expression
(Ohgidani et al., 2017). Enhanced activation of the general
microglial population was confirmed in patients using the
PET method.

An interesting mechanism influencing microglia polarization
was reported in a cancer study where patient glioma cells
secreted anti-inflammatory factors (IL-10, IL-4, TGF-β, and
PE2). In consequence, microglia activation was shifted into
alternative, immunosuppressive M2, allowing cancer cells to
avoid M1 microglia attack (Kikuchi and Neuwelt, 1983; de
Martin et al., 1987; Frei et al., 2015; Nduom et al., 2015).

Although the determination of M1 or M2 phenotype is still
challenging, TSPO expression in the microglia of patients seems
to be a promising target to do so (Haarman et al., 2016; Pannell
et al., 2020). PET imaging allows it to be determined, in vivo
in patients, whether microglia undergo M1 or M2 activation in
their condition. This is a great, promising opportunity to broaden
basic studies into actual clinical conditions and to confirm
whether changes observed on the biochemical level in laboratory
models reflect the disease. Such information could accelerate the
construction of therapies and their transfer to clinic.

SUMMARY

In this review, we summarized the main functions of microglia
and their related markers. There are several core proteins that
can be used as general microglia markers, whatever themicroglial
state. The broad aspects of microglial heterogeneity and the
means of its recognition were presented to give an overview of
the complexity of the subject. Caution should be taken while

choosing markers appropriate for experimental species because
of the differences between rodent and human markers. A few
methods that allow selective discrimination of resident microglia
from the peripheral macrophages are available at the moment,
as well as multiple indicators of their activation and particular
phenotypes. It is important to remember that M1/M2 indicators
are the borders of a broad spectrum of intermediate phenotypes.
Both qualitative markers and semi-quantitative estimates are
useful, and we strongly recommend using several markers to
precisely describe the cell type or state. The examples of markers
used in the studies of inflammatory processes in the aging
brain or in neurodegenerative diseases show tendencies to look
for disease-specific microglial phenotypes and perspectives for
broader use of marker molecules in future diagnostics.

The current experimental approach is directed towards
single-cell transcriptomics and proteomic studies describing
microglia-enriched markers and discovering new subtypes of
microglia in a specified species, age, brain structure, and
disease, hopefully allowing the creation of a cell-specific profile
database that could be used to choose the best markers for
each study. There are a plethora of proteins that could be
used for microglial studies. Unfortunately, multiple popular and
frequently used markers of microglia are not specific enough for
reliable interpretation of research results. Nowadays, recognition
of microglial spatial and temporal heterogeneity, the emerging
new subtypes, and their complex and dynamically changing
phenotypes require the use of either more adequate or multiple
markers. Reasonable use of specific markers is essential for
the progression of studies on glial functioning in physiology
and disease. Since most CNS diseases involve immunological
processes, recognition of their exact mechanisms is essential for
developing their treatment and diagnosis. This review helps to
systematize, describe, and understand different types ofmicroglia
markers in order to facilitate the use of relevant tools for
further studies.
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Pyroptosis is a recently characterized inflammatory form of programmed cell death
that is thought to be involved in the pathogenesis of perioperative neurocognitive
disorders (PND). Elamipretide (SS-31), a mitochondrial-targeted peptide with multiple
pharmacological properties, including anti-inflammatory activity, has been demonstrated
to protect against many neurological diseases. However, the effect of elamipretide on
pyroptosis in PND has not been studied. We established an animal model of PND by
performing an exploratory laparotomy on mice under isoflurane anesthesia and examined
the effects of elamipretide on cognitive function, synaptic integrity, neuroinflammation,
mitochondrial function, and signaling controlling pyroptosis. Our results showed
that anesthesia and surgery caused mitochondrial dysfunction and abnormal
morphology, activation of canonical nod-like receptor pyrin domain-containing 3
(NLRP3) inflammasome-caspase-1 dependent pyroptosis, and downregulation of
synaptic integrity-related proteins in the hippocampus in aged mice, thus leading
to learning and memory deficits in behavioral tests. Remarkably, treatment with the
mitochondrial-targeted peptide elamipretide not only had protective effects against
mitochondrial dysfunction but also attenuated surgery-induced pyroptosis and cognitive
deficits. Our results provide a promising strategy for the treatment of PND involving
mitochondrial dysfunction and pyroptosis.

Keywords: perioperative neurocognitive disorders, elamipretide, mitochondria, pyroptosis, neuroinflammation

INTRODUCTION

Perioperative neurocognitive disorders (PND), encompassing acute delirium and longer-lasting
postoperative cognitive dysfunction, are the most common and least recognized complications of
surgery and anesthesia in older patients (Subramaniyan and Terrando, 2019; Eckenhoff et al., 2020).
The incidence of PND varies from 41 to 75% at 7 days to 18–45% at 3 months post-surgery (Deo
et al., 2011; Skvarc et al., 2018). Patients with PND are at increased risk of mortality and morbidity,
reduced quality of life, and substantial healthcare costs (Inouye et al., 2014; Subramaniyan and
Terrando, 2019). However, the pathophysiology of PND remains largely unknown.

Increasing evidence suggests that neuroinflammation is a key contributor in PND
(Saxena et al., 2019; Subramaniyan and Terrando, 2019). Pyroptosis is a recently
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characterized inflammatory form of programmed cell death.
This type of cell death can be triggered through the canonical
nod-like receptor pyrin domain-containing 3 (NLRP3)
inflammasome-caspase-1 pathway and non-canonical caspase-
4/5/11 pathway. More specifically, active caspase-1 or caspase-
4/5/11 enzymatically cleaves Gasdermin D (GSDMD) protein,
the executor of pyroptosis, into two fragments (the N domain
and C domain). The GSDMD N domain then forms pores in
lipid membranes and induces pyroptosis through cell membrane
disruption (Shi et al., 2017; Kesavardhana et al., 2020). Pyroptosis
has been implicated in the pathogenesis of many inflammatory
and non-inflammatory diseases (Man et al., 2017; Voet et al.,
2019). However, little is known about its role in PND.

NLRP3 inflammasome activation leads to caspase-1-
dependent pyroptosis and secretion of proinflammatory
cytokines, such as interleukin-1β (IL-1β) and IL-18.
Mitochondria are important organelles in cells that function in
not only energy production but also diverse metabolic pathways.
Recent studies have identified new roles of mitochondria in the
initiation and regulation of the NLRP3 inflammasome (Alfonso-
Loeches et al., 2014; Yu and Lee, 2016; Liu et al., 2018; Wei
et al., 2019). Mitochondria serve as a platform for inflammasome
assembly. Also, dysfunctional mitochondria release several
stimulating factors that activate the NLRP3 inflammasome.
Notably, mitochondrial dysfunction has been associated with
the earliest stages in PND pathogenesis (Wu et al., 2015a; Chen
et al., 2018; Zhao et al., 2019). Therefore, agents that protect
mitochondria may have great promise in the treatment of
PND by inhibiting activation of the NLRP3 inflammasome
and pyroptosis.

Elamipretide (SS-31, D-Arg-dimethylTyr-Lys-Phe-NH2) is a
novel mitochondria-targeted peptide. Its alternating aromatic-
cationic structure allows it to freely cross the blood-brain
barrier and cell membranes; consequently, it can concentrate
>1,000-fold in themitochondrial innermembrane independently
of the mitochondrial membrane potential (MMP; Szeto, 2006,
2014). Previous studies have shown that elamipretide protects
mitochondrial function by decreasing the generation of reactive
oxygen species (ROS) and maintaining adenosine triphosphate
(ATP) production and MMP levels in many animal models (Wu
et al., 2015a,b; Zhao et al., 2019). Elamipretide has also been
reported to reduce defects in mitochondrial dynamics and to
enhance mitochondrial biogenesis in neurons in Huntington’s
disease (Yin et al., 2016). However, the effects of elamipretide on
mitochondria-mediated activation of the NLRP3 inflammasome
and pyroptosis have not been reported.

In the present study, we used a mouse model involving
exploratory laparotomy under isoflurane anesthesia to mimic
clinical human abdominal surgery. This preclinical model has
been shown to induce neuroinflammation and cognitive deficits
and has been widely used to investigate the molecular basis
of PND and to test potential therapeutic strategies (Qiu et al.,
2020; Wen et al., 2020). We hypothesized that: (1) anesthesia
and surgery would cause mitochondrial dysfunction and trigger
the activation of NLRP3 inflammasome-caspase-1 dependent
pyroptosis in the hippocampus in agedmice, thus contributing to
PND pathogenesis; and (2) administration of elamipretide would

protect against surgery-induced cognitive deficits by attenuating
mitochondrial dysfunction and neuronal pyroptosis.

MATERIALS AND METHODS

Animals
C57BL/6 male mice at 15 months of age were purchased from the
Model Animal Research Center of Nanjing University, Nanjing,
China. The experiments were started after mice had acclimated
to the environment for 7 days. Mice were housed in groups of
five individuals per cage under controlled conditions (23–25◦C
and 50 ± 10% humidity, 12:12 h light:dark cycle) and were
given free access to food and water. All experimental procedures
in this study were approved by the local ethics committee
for animal research at Anhui Medical University and were
performed according to the Guidelines for the Care and Use
of Laboratory Animals from the National Institutes of Health,
Bethesda, MD, USA.

Experimental Protocols
The mice were randomly assigned to one of the following four
treatment protocols: control + vehicle (Veh group), control +
elamipretide (Ela group), surgery + vehicle (Sur group), and
surgery + elamipretide (Sur+Ela group). Elamipretide (5 mg/kg,
synthesized in China by Peptides Company Limited, Shanghai)
or normal saline (vehicle) was intraperitoneally administered to
mice 30 min before isoflurane anesthesia and once daily for
three consecutive days thereafter. The dose of elamipretide was
selected according to previous research (Wu et al., 2015a,b; Zhao
et al., 2019).

Exploratory laparotomy was performed under aseptic
conditions with isoflurane anesthesia, as described in previous
studies (Qiu et al., 2020; Wen et al., 2020). This model has
been used in studies investigating both postoperative delirium
(Peng et al., 2016; Lu et al., 2020) and postoperative cognitive
dysfunction (Kawano et al., 2015; Qiu et al., 2020), and is
referred to as a model for PND in this study, according to
the nomenclature recently adopted in major anesthesiology
journals. Briefly, mice were anesthetized with 1.8% isoflurane
and oxygen at 2 L/min in an induction chamber for 30 min.
After the abdominal region was shaved and cleaned, a 1 cm
median abdominal incision was made, and the peritoneal
cavity was penetrated. Then, the viscera, intestines, and
musculature were explored, and approximately 10 cm of the
small intestine was exteriorized from the peritoneal cavity,
covered with moist gauze and manipulated manually. Finally,
the peritoneal cavity was sutured layer by layer with sterile
4–0 chromic gut sutures. The surgical procedure was performed
in mice anesthetized with 1.5% isoflurane and sustained for
20 min. For the control mice, neither anesthesia nor surgery
was performed.

Tissue Collection
Six mice in each group were decapitated on postoperative day
4, and the brain was rapidly removed and separated into two
halves for biochemical assays and histochemical analysis. One
half of the hippocampal tissue was quickly dissected on ice and

Frontiers in Cellular Neuroscience | www.frontiersin.org 2 August 2020 | Volume 14 | Article 25149

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


Zuo et al. Elamipretide, Pyroptosis and Perioperative Neurocognitive Disorders

cut into pieces for mitochondria isolation and western blotting
and enzyme-linked immunosorbent assay (ELISA) analysis. For
histochemical experiments, the other half of each brain was fixed
in 4% paraformaldehyde overnight at 4◦C and embedded in
paraffin. The tissues were sliced into 4 mm sections before use.

Mitochondrial Isolation
The hippocampal tissues were homogenized in ice-cold Dounce
homogenizers (1:10, w/v) with isolation buffer (Beyotime
Institute of Biotechnology, Shanghai, China) and centrifuged
at 1,000× g for 5 min at 4◦C. Supernatants were removed
and centrifuged at 12,000× g for 10 min at 4◦C to obtain
pure cytosolic fractions. The mitochondria-enriched pellets
were gently resuspended and re-pelleted by centrifugation at
12,000× g for 10 min. The concentrations of mitochondrial
protein and cytosolic protein were determined with a Micro
BCA protein assay kit (Beyotime Institute of Biotechnology) with
bovine serum albumin as the standard.

Determination of ATP, MMP, and ROS
Levels
ATP content was measured with a firefly luciferase-based
ATP assay kit (Beyotime Institute of Biotechnology, Shanghai,
China). MMP levels were determined with a 5,5′,6,6′-tetrachloro-
1,1′,3,3′ tetraethylbenzimidazolylcarbocyanine iodide (JC-1)
MMP detection kit (Beyotime Institute of Biotechnology,
Shanghai, China), and intracellular ROS were detected with
a ROS assay kit (Genmed Scientifics Inc., Shanghai, China)
containing an oxidation-sensitive fluorescent probe (DCFH-
DA). All measurements were performed according to the
manufacturer’s instructions. Data were normalized to the
control group values and expressed as a percentage of
control levels.

Western Blotting Analysis
Proteins (40 µg per lane) were separated with SDS-PAGE
and then transferred to a polyvinylidene fluoride membrane
(Millipore, Billerica, MA, USA). After being blocked with 5%
skim milk in TBST for 1 h, the membranes were incubated
with primary antibody against Dynamin-related protein 1
(DRP1; 1:1,000; Abcam), Mitofusin 2 (MFN2; 1:1,000; Abcam),
NLRP3 (1:1,000; Cell Signaling Technology, Danvers, MA,
USA), caspase-1 (1:1,000; Santa Cruz Biotechnology, Santa
Cruz, CA, USA), GSDMD (1:500; Abcam), interleukin-1β
(IL-1β; 1:200; Santa Cruz Biotechnology, Santa Cruz, CA,
USA), IL-18 (1:200; Santa Cruz Biotechnology, Santa Cruz,
CA, USA), synapsin 1 (1:2,500; Millipore, Billerica, MA,
USA), PSD-95 (1:1,500; Abcam), voltage-dependent anion
channel (VDAC; 1:1,000; Cell Signaling Technology, Danvers,
MA, USA), or GAPDH (1:1,000; Cell Signaling Technology,
Danvers, MA, USA). After three washes, the membranes were
treated with species-specific peroxidase-conjugated secondary
antibodies for 1 h at room temperature. Bands were visualized by
enhanced chemiluminescence and quantified with Image Quant
Software (Syngene).

Enzyme-Linked Immunosorbent Assay
The quantification of IL-1β and IL-18 in the hippocampus was
performed with an ELISA kit according to the manufacturer’s
instructions (R&D Systems, Inc., Minneapolis, MN, USA).
Results are reported as pictograms per milliliter total protein.

Immunohistochemistry (IHC)
Immunohistochemistry (IHC) was used to detect the
immunoreactivity of caspase-1. Serial slides were rinsed in
PBS and blocked in 5% BSA for 1 h, then reacted with an
antibody against caspase-1 (1:100; Santa Cruz Biotechnology,
Santa Cruz, CA, USA) for 2 h. The sections were then incubated
with a secondary antibody labeled with horseradish peroxidase
for 30 min at room temperature. Cells with brownish-yellow
cytoplasm were counted as positive cells. For quantitative
immunostaining, caspase-1-positive cells were observed under
an inverted microscope, and the CA1 region was counted for all
groups in ImageJ software.

Hematoxylin and Eosin (HE) Staining and
TUNEL Assays
Hematoxylin and Eosin (HE) staining and terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling
(TUNEL) assays were used to examine neuronal damage.
Hippocampal samples were stored in a 4% paraformaldehyde
solution and embedded in paraffin. Then, the paraffin sections
(4 µm) were dewaxed and rehydrated in differential alcohol
gradients for subsequent HE staining. The histopathological
damage in the CA1 region of the hippocampus was
determined under standard light microscopy and evaluated
on a standard semi-quantitative scale (Tang et al., 2016;
Fan et al., 2018).

To detect the degree of DNA fragmentation, we performed
TUNEL assays with a commercial kit (Roche TUNEL kit, Roche
Molecular Biochemicals, Germany) following the manufacturer’s
instructions. The number of TUNEL-positive cells in the
CA1 region of the hippocampus was observed under an inverted
microscope. TUNEL-positive cells appeared dark brown.

Electron Microscopy
Ultrastructural changes in the hippocampal mitochondria were
assessed with transmission electronmicroscopy (Wu et al., 2017).
Slices were stained with 4% uranyl acetate−0.3% lead citrate and
observed with a Tecnai G2 Transmission Electron Microscope
(FEI Company, Hillsboro, OR, USA). Electron micrographs
were analyzed in ImageJ software. Four neurons per animal
were selected for electron microscopy analysis. Morphometric
analyses were conducted by an investigator blinded to the
experimental conditions.

Open-Field Tests
To evaluate anxiety behavior and general locomotor activity, we
subjected mice (n = 12 for each group) to open field tests on
the postoperative day 7. Each mouse was gently placed at the
center of a black plastic chamber (50 cm × 50 cm × 50 cm)
for 5 min, and exploratory behavior was automatically recorded
by a video tracking system (XR-XZ301, Shanghai Soft Maze
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Information Technology Company Limited, Shanghai, China).
The total distance traveled and the time spent in the center area of
the chamber was measured. After each test, the arena was cleaned
with 75% alcohol to avoid the presence of olfactory cues.

Fear Conditioning Tests
To investigate learning and memory function, we subjected
mice to fear conditioning tests (XR-XC404; Shanghai Softmaze
Information Technology Company Limited, Shanghai, China)
2 h after the open field tests. Each mouse was placed into a
conditioning chamber and allowed to explore freely for 3 min.
Then one tone-foot-shock pairing (tone, 30 s, 70 dB, 3 kHz; foot-
shock, 3 s, 0.7 mA) was delivered. The mouse then stayed in the
chamber for another 30 s and was then returned to the home
cage. The contextual fear conditioning test (a hippocampus-
dependent task) was performed 24 h later by placing each mouse
back in the same test chamber for 5 min without any stimulation.
Two hours later, the tone fear conditioning test (a hippocampus-
independent task) was performed by placing each mouse in a
novel chamber with a different shape, color, and smell from the
previous chamber, and the same tone was presented for 3 min
without foot shock. Freezing behavior, defined as the absence
of all visible movement except for respiration, was automatically
recorded by the video tracking system.

Statistical Analysis
Data are presented as mean ± SEM and were analyzed
in the Statistical Product for Social Sciences (SPSS; version
17.0, IL, USA) software. The differences between groups
were determined by one-way analysis of variance followed
by Tukey’s test. A p-value <0.05 was considered to indicate
statistical significance.

RESULTS

Elamipretide Protects Against
Surgery-Induced Mitochondrial
Dysfunction and Abnormal Morphology in
the Hippocampus in Aged Mice
Previous work has demonstrated that elamipretide 5 mg/kg
i.p. administration improves mitochondrial function in the
hippocampus in mice under isoflurane anesthesia or in
lipopolysaccharide-treated mice (Wu et al., 2015a,b; Zhao et al.,
2019). In line with these data, our study showed that elamipretide
5 mg/kg i.p. administration improved mitochondrial function
by increasing ATP production (Figure 1A) and MMP levels
(Figure 1B) and decreasing ROS generation (Figure 1C) in the
hippocampus in aged mice after surgery. Moreover, elamipretide
administration protected mitochondria against morphological
damage after surgery. The electron microscopy results showed
that the number of abnormal mitochondria (Figure 1D) was
significantly greater in the surgery group, many of the abnormal
mitochondria had disorganized cristae and disrupted outer
membranes, and other mitochondria were dark and condensed
(Figure 1E). In contrast, mitochondria in the elamipretide-

treated surgery group appeared similar to those in the control
group without ultrastructural damage (Figure 1E).

Mitochondria are dynamic organelles that undergo
continuous fission and fusion. DRP1 and MFN2 are two key
regulators that maintain these processes (Scott and Youle, 2010;
Westrate et al., 2014). After activation, DRP1 is translocated
from the cytosol to the mitochondrial outer membrane,
where it mediates mitochondrial fission. MFN2 regulates
mitochondrial outer membrane fusion. Accordingly, we
measured the expression of DRP1 and MFN2 in both the
cytosolic and mitochondrial compartments. The western
blotting results showed that surgery-induced a decrease in
DRP1 expression in the cytosolic fraction (Figure 1F) and
on increase in DRP1 expression in the mitochondrial fraction
(Figure 1G), as compared with those under the control condition
at postoperative day 4, thus suggesting that DRP1 translocated
into the mitochondria, and excessive mitochondrial fission
occurred. However, surgery did not significantly alter the
expression of MFN2 in either the cytosolic fraction of
the mitochondrial fraction. Notably, the administration
of elamipretide reversed the transport of DRP1 from the
cytosol to the mitochondria and inhibited surgery-induced
mitochondrial fission.

Collectively, our results suggested that elamipretide protected
against surgery-induced mitochondrial dysfunction and
abnormal morphology in the hippocampus in aged mice.

Elamipretide Inhibits Surgery-Induced
Activation of the
NLRP3 Inflammasome-Caspase-1 Pathway
in the Mouse Hippocampus
Mitochondria have emerged as central regulators of
NLRP3 inflammasome activation. The NLRP3 inflammasome
is the best-characterized member of the NLRP family,
which consists of the NLRP3 protein, apoptosis-associated
speck-like proteins, and precursor caspase-1 (Pro-caspase-1).
The NLRP3 inflammasome has major roles in PND through
triggering the release of IL-1β and IL-18 via active caspase-1 (Fan
et al., 2018; Fu et al., 2020). To investigate whether protecting
mitochondria with elamipretide might inhibit surgery-induced
activation of the NLRP3 inflammasome-caspase-1 pathway,
we measured the protein levels of NLRP3, pro-caspase-1,
and cleaved caspase-1, and the number of caspase-1 positive
cells in the hippocampal CA1 area. Our results showed that
administration of elamipretide reversed surgery-induced
upregulation of NLRP3 and cleaved caspase-1 (Figure 2A),
and decreased the number of caspase-1 positive cells in the
CA1 area (Figure 2B), thus indicating that activation of the
NLRP3 inflammasome-caspase-1 pathway was inhibited by
elamipretide in the hippocampus in aged mice after surgery.

Elamipretide Suppresses Surgery-Induced
Pyroptosis and Neuroinflammation in the
Mouse Hippocampus
GSDMD is the substrate of active caspase-1 and the executor of
pyroptosis. The N domain of GSDMD can form pores in lipid
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FIGURE 1 | Protective effects of elamipretide on mitochondrial function and morphology in the hippocampus in aged mice after surgery. Elamipretide (5 mg/kg) or
normal saline (vehicle) was intraperitoneally administered to mice 30 min before isoflurane anesthesia and once daily for three consecutive days thereafter. The
adenosine triphosphate (ATP) production (A), mitochondrial membrane potential (MMP) levels (B), and reactive oxygen species (ROS) generation (C) were
determined with fresh hippocampal tissue homogenates obtained on postoperative day 4. (D) Quantification of abnormal mitochondria in hippocampal neurons of
the aged mice in each group. (E) Representative images of mitochondrial ultrastructure in hippocampal neurons of aged mice on postoperative day 4. Scale
bar = 0.5 µm for all photographs. (F,G) Representative western blotting and quantitative analysis of protein levels of Dynamin-related protein 1 (DRP1) and Mitofusin
2 (MFN2) in the isolated cytosolic (cyto-) and mitochondrial (mito-) fractions of hippocampal tissue homogenates. Values are presented as mean ± SEM
(n = 6 mice/group). *p < 0.05 vs. the Veh group; #p < 0.05 vs. the Sur group.

membranes, thus resulting in cell membrane disruption and
inflammatory cytokines release (Man et al., 2017; Shi et al., 2017).
Our results showed that levels of the GSDMD N domain
(Figure 3A) and inflammatory IL-1β and IL-18 (Figures 3B,C)
in the hippocampus were markedly higher in the surgery group
than the vehicle group, thus indicating that surgery-induced
activation of NLRP3 inflammasome-caspase-1-dependent
pyroptosis. Interestingly, the administration of elamipretide
attenuated the activation of pyroptosis and the release of
inflammatory cytokines (Figure 3). These results implied
that elamipretide suppressed surgery-induced pyroptosis and
neuroinflammation in the mouse hippocampus.

Elamipretide Rescues Surgery-Induced
Neuronal Damage and Synaptic
Dysfunction in the Mouse Hippocampus
Pyroptosis is an important mechanism of neuronal cell death.
The morphological characteristics of pyroptosis are cell swelling,
positivity for Annexin V and TUNEL staining, chromatin
condensation, and an absence of DNA laddering (Sharma
and Kanneganti, 2016; Man et al., 2017; Fan et al., 2018).
In the present study, HE staining revealed that mice in
the surgery group had many neurons with fragmented cell

bodies and extensive karyopyknosis and karyolysis (Figure 4A).
Also, TUNEL assays showed that the number of TUNEL-
positive neurons in the surgery group was greater than that
in the vehicle group (Figure 4B). In contrast, elamipretide
significantly attenuated surgery-induced neuronal damage in the
hippocampal CA1 region (Figure 4).

To further determine the effects of elamipretide on surgery-
induced synaptic dysfunction, we measured the protein levels
of synapsin 1 and PSD-95, two important indicators of
the structural and functional integrity of excitatory synapses
(Mirza and Zahid, 2018). Our results showed that elamipretide
attenuated the surgery-induced downregulation of synapsin
1 and PSD-95 (Figure 4C), thus suggesting a protective effect of
elamipretide toward synaptic integrity. Collectively, our results
showed that elamipretide rescued surgery-induced neuronal
damage and synaptic dysfunction in the hippocampus in
aged mice.

Elamipretide Attenuates Surgery-Induced
Cognitive Deficits in Aged Mice
Previous studies have shown that cognitive deficits induced by
surgery in aged mice can be observed on postoperative day 7
(Fu et al., 2020; Qiu et al., 2020). We used open field tests to
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FIGURE 2 | Effects of elamipretide on the canonical nod-like receptor pyrin domain-containing 3 (NLRP3) inflammasome-caspase-1 pathway in the hippocampus
in aged mice after surgery. (A) Representative western blotting and quantitative analysis of protein levels of NLRP3, Pro-caspase-1, and cleaved caspase-1 in the
hippocampus in aged mice. (B) Representative images of caspase-1 Immunohistochemistry (IHC) staining in the hippocampal CA1 region. Cells with
brownish-yellow cytoplasm are positive for caspase-1. Scale bar = 50 µm for all photographs. The lower panel presents the number of caspase-1-positive neurons
in the CA1 region of the hippocampus. Values are presented as mean ± SEM (n = 6 mice/group). *p < 0.05 vs. the Veh group; #p < 0.05 vs. the Sur group.

FIGURE 3 | Effects of elamipretide on pyroptosis and neuroinflammation in the hippocampus in aged mice after surgery. (A) Representative western blotting and
quantitative analysis of protein levels of the full-length Gasdermin D (GSDMD) and GSDMD-N domain (GSDMD-ND) in the hippocampus in aged mice. (B) Western
blotting analyses of IL-1β and IL-18 levels. (C) Enzyme-linked immunosorbent assay (ELISA) analyses of IL-1β and IL-18 levels. Values are presented as
mean ± SEM (n = 6 mice/group). *p < 0.05 vs. the Veh group; #p < 0.05 vs. the Sur group.

evaluate locomotor activity and exploratory behavior. There were
no significant differences among the four groups in the open field
tests, including the total distance (Figure 5A) and the time spent
in the center (Figure 5B), thus suggesting that the surgery did
not cause a spontaneous decline in locomotor activity. Then we

evaluated learning and memory function via fear conditioning
tests. In the contextual fear conditioning test, the percentage of
freezing time was lower in the surgery group than in the vehicle
group on the postoperative day 8 (Figure 5C), thus indicating
that surgery evoked hippocampus-dependent cognitive deficits.
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FIGURE 4 | Elamipretide rescues surgery-induced neuronal damage and synaptic dysfunction in the mouse hippocampus. (A) Representative images of
Hematoxylin and Eosin (HE) staining in the hippocampal CA1 region. Scale bar = 25 µm for all photographs. The lower panel shows statistical scores of neuronal
damage. (B) Representative images of TUNEL staining in the hippocampal CA1 region. TUNEL-positive cells are dark brown. Scale bar = 50 µm for all photographs.
The lower panel presents the number of TUNEL-positive neurons in the CA1 region of the hippocampus. (C) Representative western blotting and quantitative
analysis of protein levels of synapsin 1 and PSD-95 in the hippocampus in aged mice. Values are presented as mean ± SEM (n = 6 mice/group). *p < 0.05 vs. the
Veh group; #p < 0.05 vs. the Sur group.

There was no difference in the cued fear conditioning test results
among the four groups (Figure 5D). Notably, the administration
of elamipretide attenuated the surgery-induced cognitive deficits
in aged mice by increasing the percentage of freezing time in the
contextual fear conditioning test.

DISCUSSION

In the present study, we demonstrated that surgical laparotomy
induced mitochondrial dysfunction and abnormal morphology,
and activation of NLRP3 inflammasome-caspase-1 dependent
pyroptosis, thereby leading to neuronal damage and impaired
synaptic integrity in the hippocampus and contributing to
cognitive deficits in aged mice. Of note, the mitochondria-
targeted peptide elamipretide attenuated these abnormalities.
Therefore, elamipretide may be a therapeutic strategy for treating
neuroinflammation and PND.

Growing evidence implicates neuroinflammation in the
pathophysiology of PND. Local inflammation due to surgical
trauma is paralleled by an increase in systemic inflammatory
mediators. Several of these mediators have been shown to
influence inflammatory processes in the brain and to be followed
by neuroinflammation and neuronal death, which can lead
to cognitive deficits (Hovens et al., 2014; Schain and Kreisl,
2017; Saxena et al., 2019). Also, isoflurane anesthesia alone has
been found to induce neuroinflammation and cognitive deficits
in various studies (Wu et al., 2015a; Cao et al., 2018; Fan
et al., 2018). The NLRP3 inflammasome has been implicated
as a crucial pro-inflammatory signaling mediator involved
in mechanisms underlying inflammation. Assembly of the

NLRP3 inflammasome triggers cleavage of caspase-1 and induces
maturation of the proinflammatory cytokines IL-1β and IL-18,
and subsequent cleavage of GSDMD and pyroptotic cell death
(Man et al., 2017; Shi et al., 2017; Voet et al., 2019). Our results
showed that surgery-induced upregulation of NLRP3 and cleaved
caspase-1, and secretion of IL-1β and IL-18, in the hippocampus
in aged mice, in agreement with the results of previous studies
(Peng et al., 2019; Fu et al., 2020). Furthermore, surgery-induced
upregulation of the GSDMD N domain, the key biomarker
of pyroptosis, and the surgery group exhibited more ruptured
and TUNEL-positive neurons, a morphological characteristic of
pyroptosis. Collectively, our results provide important evidence
that pyroptosis, as a result of NLRP3 inflammasome activation,
is involved in the mechanism of PND.

Activation of the NLRP3 inflammasome and pyroptosis has
been reported in various disorders, including inflammatory
and neurodegenerative diseases (Man et al., 2017; Voet
et al., 2019). However, the details on the mechanism of
NLRP3 inflammasome activation by a variety of stimulators are
largely unknown. Emerging evidence suggests that mitochondria
play a vital role in NLRP3 inflammasome activation (Liu et al.,
2018; Wei et al., 2019; Bock and Tait, 2020). Mitochondria are
pivotal upstream targets that trigger NLRP3 inflammasome
activation by providing intracellular stimulators, such as
mitochondrial DNA, ROS, Ca2+, and cardiolipin (Heid et al.,
2013; Iyer et al., 2013; Zhong et al., 2018). Also, mitochondria
serve as a platform for inflammasome assembly, a process
regulated by fission and fusion (Sandhir et al., 2017; Liu
et al., 2018; Rovira-Llopis et al., 2018; Wei et al., 2019; Bock
and Tait, 2020). Downregulation of mitofusin proteins or
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FIGURE 5 | Elamipretide attenuates surgery-induced cognitive deficits in aged mice. (A) Total distance traveled and (B) time spent in the center in open field tests.
The open field tests in aged mice were performed on postoperative day 7. (C) Freezing time to context and (D) freezing time to tone in the fear conditioning tests.
Values are presented as mean ± SEM (n = 12 mice/group). *p < 0.05 vs. the Veh group; #p < 0.05 vs. the Sur group.

upregulation of DRP1 in mitochondria has been shown to lead
to mitochondrial fragmentation and NLRP3 inflammasome
activation (Li A. et al., 2016; Zhou et al., 2017). In agreement
with these findings, our study demonstrated that surgery
caused: (1) mitochondrial dysfunction, accompanied by
NLRP3 inflammasome activation and pyroptosis, as evidenced
by decreased ATP production and MMP levels, and increased
ROS generation; and (2) abnormal mitochondrial morphology,
as evidenced by an increased number of abnormal mitochondria
and upregulation of mitochondrial DRP1. Therefore, our study
suggested a correlation between mitochondrial dysfunction and
NLRP3 inflammasome activation in PND.

Many chemicals targeting the mitochondria, such as
mitochondrial ROS scavengers and mitochondrial division
inhibitors, have been studied for their effects on inhibiting
activation of the NLRP3 inflammasome (Dashdorj et al.,
2013; Li Y. et al., 2016). Elamipretide is a mitochondrial-
targeted peptide with multiple pharmacological properties
that have been reported to improve mitochondrial function
and decrease mitochondrial morphological damage in many
neurological diseases (Wu et al., 2015a,b; Yin et al., 2016; Zhao
et al., 2019). Here, we showed that elamipretide attenuated
surgery-induced mitochondrial dysfunction by maintaining
ATP production and MMP levels and decreasing ROS
generation. Moreover, elamipretide protected the mitochondrial
morphology against excessive fragmentation. Through
protecting the mitochondria, elamipretide further attenuated
surgery-induced NLRP3 inflammasome-caspase-1-dependent
pyroptosis, neuroinflammation, neuronal damage, and synaptic
dysfunction. Thus, elamipretide ameliorated surgery-induced
cognitive deficits in aged mice. Our study provides a promising
strategy for the treatment of cognitive deficits in PND involving
mitochondrial dysfunction and pyroptosis.

Our findings have important clinical implications. Because
of its superpower properties and safety, elamipretide has been
investigated as a treatment for renal, cardiac, and skeletal muscle
diseases in many clinical trials (Daubert et al., 2017; Saad et al.,
2017; Karaa et al., 2018). Mitochondria are the initial and most
vulnerable targets of anesthetics, as evidenced in both clinical
and preclinical studies (Delogu et al., 2001; Muravchick and
Levy, 2006), and mitochondrial dysfunction has been associated
with the earliest stages of PND pathogenesis (Wu et al., 2015a;
Chen et al., 2018; Zhao et al., 2019). Importantly, alleviation of
mitochondrial dysfunction has been shown to relieve neuronal

damage and ameliorate PND in patients (Chen et al., 2018), thus
supporting the promise of therapeutics that target mitochondria
in the treatment of PND.

This study has several limitations. First, we observed relatively
short-term cognitive performance on the postoperative day 7.
We did not investigate the long-lasting protective effect of
elamipretide, although this will be an objective for future studies.
Second, additional tests, such as Morris water maze tests, may be
necessary to fully evaluate the hippocampus-dependent memory.

CONCLUSION

In summary, the present study demonstrates that elamipretide
treatment ameliorates neurocognitive deficits in PND
mice. The protective effects of elamipretide are associated
with mitochondria-protective properties, attenuation of
neuroinflammation and neuronal pyroptosis, and improved
synaptic integrity. Our research reveals novel insights into the
mechanisms of PND and may provide a promising strategy for
the treatment of PND.
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Age-related chronic inflammatory activation of microglia and their dysfunction are
observed in many neurodegenerative diseases, and the potential contributions of
these dysfunctional cells to neurodegeneration have been demonstrated recently.
The housekeeping and defensive functions of microglia, such as surveying the brain
parenchyma and phagocytosis of neuronal debris after injury, are important for brain
homeostasis and immunity. During neurodegenerative diseases, loss of these functions
can promote disease pathology by producing proinflammatory cytokines and increasing
oxidative stress, which can exaggerate the ongoing neuroinflammation. A recent surge
in microglial research has unraveled myriads of microglial phenotypes associated with
aging and neurodegenerative diseases, in addition to the conventional M1/M2 paradigm.
Each of these phenotypes can be characterized by distinct transcriptional profiles
as well as altered metabolism, migration, and phagocytosis characteristics. Mutations
in triggering receptor expressed on myeloid cells 2 (Trem2) and granulin (GRN) are
associated with various neurodegenerative diseases, and these genes are dysregulated
in the majority of recently identified microglial phenotypes. These genes act as
checkpoint regulators and maintain microglial inflammatory fitness, principally through
metabolic modulation. Dysfunctional microglia typically show mitochondrial deficits,
glycolysis elevation, and lipid droplet accumulation, which results in reduced migration
and phagocytosis and increased proinflammatory cytokine secretion and reactive oxygen
species release. In this mini-review article, we discuss the existing data regarding
metabolic perturbations in dysfunctional microglia and their documented associations
with neurodegeneration, highlighting how aging-induced chronic microglial activation
alters microglial bioenergetics, leading to impaired homeostatic and housekeeping
functions. Dysfunctional microglia initiate or exacerbate neurodegeneration, and key
pathways involved in the dysfunctional processes, including metabolism, may represent
potential intervention targets for correcting imbalances.

Keywords: microglia, phenotype, neurodegeneration, neuroinflammation, metabolism, oxidative stress,
homeostatic function

Frontiers in Cellular Neuroscience | www.frontiersin.org 1 August 2020 | Volume 14 | Article 24658

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://doi.org/10.3389/fncel.2020.00246
http://crossmark.crossref.org/dialog/?doi=10.3389/fncel.2020.00246&domain=pdf&date_stamp=2020-08-13
https://creativecommons.org/licenses/by/4.0/
mailto:ksuk@knu.ac.kr
https://doi.org/10.3389/fncel.2020.00246
https://www.frontiersin.org/articles/10.3389/fncel.2020.00246/full
https://loop.frontiersin.org/people/858489/overview
https://loop.frontiersin.org/people/683851/overview
https://loop.frontiersin.org/people/103869/overview
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Afridi et al. Microglial Metabolism and Neurodegeneration

INTRODUCTION

Microglia are brain resident macrophages, comprising 5–12%
of all brain cells, that originate from myeloid cells during early
development in the yolk sac and possess hematopoietic stem
cell (HPSC)-independent self-renewal abilities (Lawson et al.,
1990; Sevenich, 2018). Microglia are in constant and dynamic
motion, surveying the brain parenchyma through their thin
processes (Liu et al., 2019; Bernier et al., 2020). Microglia express
several genes encoding various cell receptors, which allow
them to sense minute changes in the tissue microenvironment
(Haynes et al., 2006; Hickman et al., 2013; Fourgeaud et al.,
2016). Homeostatic microglia (HM) serve housekeeping
functions and typically express genes involved in synaptic
pruning, remodeling, and phagocytosis, including complement
component 1q (C1q), CX3C chemokine receptor 1 (Cx3cr1),
and triggering receptor expressed on myeloid cells 2 (Trem2),
as well as MER, AXL, β-Hexosaminidase (HexB), purinergic
receptor P2Y, G protein-coupled 12 (P2ry12), S100 calcium-
binding protein A8 (S100A8), S100 calcium-binding protein
A9 (S100A9), transmembrane protein 119 (Tmem119), G
protein-coupled receptor 34 (Gpr34), sialic acid-binding Ig-like
lectin H (SiglecH), and Olfactomedin-like protein 3 (Olfml3;
Hickman et al., 2013). The homeostatic state of microglia is
regulated by certain immune checkpoint regulators that suppress
the unnecessary chronic inflammatory activation of microglia.
These immune checkpoint regulators maintain microglial
activation through direct inhibitory mechanisms mediated
by intracellular regulators, including the transcription factor
MAF b-ZIP transcription factor B (MafB), microglial/neuronal
interactions, including CX3CL1/CX3CR1 and CD200/CD200R
interactions, and soluble molecules found in the central nervous
system (CNS) milieu [e.g., transforming growth factor-β
(TGF-β); Butovsky et al., 2015; Lauro et al., 2015; Matcovitch-
Natan et al., 2016; Wang et al., 2020]. Microglial phagocytosis
is involved in the elimination of dead cells, damaged
axons, and synaptic elements. Diffusible factors released by
microglia are associated with neurogenesis, axon fasciculation,
synapse maturation, and oligodendrogenesis (Cunningham
et al., 2013; Pont-Lezica et al., 2014; Miyamoto et al., 2016;
Hagemeyer et al., 2017).

As sentries of the brain, microglial classical inflammatory
polarization, occurring in response to tissue insults (tissue
damage following trauma and pathogen invasion), may
serve as a protective mechanism for brain tissue integrity.
The classically activated inflammatory microglia are
characterized by enhanced secretion of proinflammatory
cytokines, including interleukin-1β (IL-1β) and tumor
necrosis factor-α (TNF-α), and increased chemotaxis and
phagocytosis, contributing to the clearance of toxic materials
following an initial insult. However, this process must be
tightly regulated as prolonged and excessive inflammatory
activation of microglia can cause host tissue damage, as
observed in various neurological disorders (Zhang et al.,
2011). ‘‘Immune tolerance’’ is a protective mechanism
adapted by the body to reduce immune cell responsiveness,
including that of microglia, to subsequent stimulation,

limiting tissue damage. In neurodegenerative diseases, chronic
neuroinflammatory states are often observed, which are
associated with dysfunctional microglial activation. However,
the microglial phenotypes identified during aging and
neurodegenerative disease appear to differ from the well-
known, classic M1/M2 phenotypes. Microglial dysfunction,
in terms of reduced chemotaxis and phagocytosis and
increased proinflammatory cytokine production, maybe a
major contributing factor in various neurodegenerative diseases
(Marschallinger et al., 2020).

Immunometabolism has gained much attention,
particularly in the context of the phenotypic transitions of
innate immune cells, including brain immune cells. The
metabolic reprogramming necessary to shift from oxidative
phosphorylation to glycolysis during the inflammatory
activation of immune cells is a well-established phenomenon.
Glycolysis can fuel the energy-intensive processes required
for the inflammatory activities of immune cells, including the
increased secretion of proinflammatory cytokines and anabolic
pathways. In neurodegenerative diseases, hyperglycolytic
microglia have been identified by various studies, and these
microglia have dysfunctional chemotactic and phagocytotic
potentials, highlighting the widespread metabolic perturbations
that occur in these tolerant cells, including alterations in
oxidative phosphorylation, glycolysis, and the β-oxidation
of fatty acids. Thus, the effector functions of microglia are
likely to be tightly linked to underlying metabolic pathways.
This mini-review article briefly summarizes the current
understanding of microglial phenotypes, with a particular focus
on microglia associated with neurodegenerative diseases, and
the possible roles of altered microglial metabolism during
neurodegenerative diseases.

MICROGLIAL PHENOTYPES ASSOCIATED
WITH AGING AND NEURODEGENERATIVE
DISEASES

Molecular Features of Microglial
Phenotypes: Beyond M1 and M2
Like their peripheral counterparts, macrophages, microglia can
adapt to a variety of phenotypes, depending on the cues in the
surrounding tissue microenvironment. Each of these phenotypic
transitions is associated with a signature gene expression profile,
as confirmed by a wealth of recent studies, and plays a variety
of roles in each scenario. Traditionally, activated microglia
induced by brain damage were classified as either M1 (pro-
inflammatory microglia) or M2 (anti-inflammatory microglia).
M1microglia are characterized by the release of proinflammatory
cytokines and mediators including reactive oxygen/nitrogen
species (ROS/RNS), TNF-α, IL-1β, interleukin-6 (IL-6), and
macrophage inflammatory protein 1-α (MIP-1α). The roles of
M1 microglia in various neurological disorders have been well-
established, and M1 microglia can be beneficial or detrimental,
depending on the temporal and regional characteristics of
microglia activation. In contrast, the release of IL-10 and
IL-4 and the upregulation of cell surface markers, including
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CD206 and arginase-1 (Arg1), are signature characteristics of
M2 microglia. The transition to M2 microglia represents a
protective mechanism that neutralizes the inflammatory effects
induced by M1 microglia after an insult.

Microglia are highly flexible in terms of utilizing various
biomolecules including glucose, lipids, and amino acids for the
execution of its effector functions. A recent study demonstrated
the shift of microglial metabolism from carbohydrate to amino
acid in aglycemic conditions with sustained surveillant function
(Bernier et al., 2020). Aging induces gross effects in the brain
cellular state, in terms of metabolism and cellular functions.
Aging-induced reduced cerebral blood flow and reduced glucose
metabolism contribute to the development of neurodegenerative
diseases (Camandola andMattson, 2017). The microglial-primed
state of the aging brain further aggravates reduced glucose
metabolism because microglia utilize excess glucose to maintain
the inflammatory state (Kleinberger et al., 2017). Recent reports
indicate that during aging and age-related neurodegenerative
diseases, microglia can change from HM to other reactive
states, including activated response microglia (ARM), disease-
associated microglia (DAM), the microglial neurodegenerative
type (MGnD), lipid-accumulating microglia (LDAM) and
dark microglia (Keren-Shaul et al., 2017; Krasemann et al.,
2017; Deczkowska et al., 2018; Sala Frigerio et al., 2019;
Marschallinger et al., 2020), which can be characterized
based on differential transcriptomic profiles, morphology,
and functions. The dysfunctional microglial phenotypes
observed in neurodegenerative diseases are induced by the
phagocytosis of apoptotic neurons. The molecular signatures
associated with dysfunctional microglia resemble microglial gene
expression profiles observed during development, with increased
apolipoprotein E (ApoE) levels and reduced homeostatic gene
expression (Butovsky et al., 2014). APOE induction and TGF-β
suppression have been identified as upstream regulators of
MGnD, as revealed by the transcriptional profiling of microglial
cells. The expression of Olfml3, P2ry12, Tmem119, myocyte
enhancer factor 2A (Mef2a), and spalt like transcription factor 1
(Sall1), which are TGF-β-dependent genes, decreased in MGnD,
whereas the expression of APOE-dependent genes, including
C-type lectin domain family 7 (Clec7a), and Axl increased.
The signature genes associated with MGnD regulate lipid
metabolism and phagocytosis. Another microglial phenotype
in the aging brain has been recently identified, referred to as
lipid-droplet-accumulating microglia (LDAM), which differ
from both DAM and MGnD in terms of transcriptional profile
but show similar characteristics of reduced phagocytosis and
altered lipid metabolism, indicating a correlation between the
underlying metabolic pathways and microglial effector functions
(Wang et al., 2015). The dark microglia are named after their
dark appearance under an electronmicroscope (Bisht et al., 2016;
El Hajj et al., 2019). The dark microglia are found abundantly
in aged and AD mice with down-regulated homeostatic
genes including CX3CR1, and P2RY12 (Paolicelli et al., 2014;
Stratoulias et al., 2019). Because the studies that identified
microglial phenotypes primarily employed aging animals or
animal models of AD, future studies may unravel the molecular
signatures of additional microglial phenotypes, associated with

other neurodegenerative diseases, as dysfunctional microglia are
evident in all neurodegenerative diseases.

Impaired Migration and Phagocytosis in
Dysfunctional Microglia: The Role of
Metabolism
Misfolded protein aggregation is a common feature of various
neurodegenerative diseases and is associated with the activation
of microglial innate immune receptors, including Toll-like
receptors (TLR) 2 and 4 (Yerbury et al., 2016). The role of
microglial activation in various neurodegenerative diseases
remains elusive, and many studies have identified beneficial
roles of microglial activation during early neurodegeneration
(Keren-Shaul et al., 2017). The clustering of microglia around
protein aggregates, followed by phagocytosis, may reduce the
accumulation of misfolded proteins during neurodegenerative
diseases, implying the importance of microglial migration
and phagocytosis for age-related neurodegenerative diseases.
Increased microglial migration and phagocytosis are both
bio-energetically expensive processes; therefore, microglial
metabolic perturbations during neurodegenerative diseases
are not surprising (Figure 1). Common metabolic features
observed for microglia associated with disease models of AD,
Huntington’s disease (HD), and amyotrophic lateral sclerosis
(ALS) include compromised mitochondrial bioenergetic
pathways and enhanced glycolysis (Joshi et al., 2019). Enhanced
mitochondrial fragmentation was recently identified in cellular
and animal models of neurodegenerative diseases, associated
with the increased proinflammatory cytokine production,
resulting in increased neurotoxicity (Joshi et al., 2019). The
mitochondrial perturbations observed in activated microglia
can propagate signals to other cell types, including astrocytes
and neurons, further exaggerating the disease outcome (Joshi
et al., 2019). Increased glycolysis and upregulated expression of
glucose transporters as well as glycolytic enzymes in activated
microglia are a well-established phenomenon (Afridi et al.,
2020). Increased microglial glycolysis is often coupled with the
increased secretion of proinflammatory cytokines, exacerbating
neurotoxicity, and escalating ongoing neurodegeneration.
Microglial migration and phagocytosis demand more than the
normal amounts of energy, although whether glycolysis or
oxidative phosphorylation promotes these processes remains
unclear. Glycolysis was increased in microglial cells during the
early phase of AD, coupled with increased phagocytic activity
followed by an ‘‘immune tolerant’’ phase, during which glycolysis
and oxidative phosphorylation were both disturbed, with less
phagocytic potential (Baik et al., 2019). Microglial functions
were restored through increasing metabolic functions with
interferon-gamma (IFN-γ), resulting in increased microglial
clustering around AD plaques, phagocytosis, and TNF-α
production. Although the phagocytic potential of microglia was
restored through metabolic boosting, the effects of the resultant
increase in proinflammatory cytokine release remained unclear.
Conversely, in AD models, oxidative phosphorylation increased
phagocytosis and migration but reduced proinflammatory
cytokine production (Pan et al., 2019). These contradictory
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results indicate that although metabolic reprogramming may
be a tool that can be used to treat various pathologies involving
microglial cells, the identification of the metabolic pathways
remains necessary to determine which pathways are required for
optimal microglial activation states, resulting in intact migratory
and phagocytic properties and reduced proinflammatory
cytokine production.

Mutations in genes that regulate microglial homeostatic
functions have been associated with aging-related
neurodegenerative diseases. Trem2 and granulin (GRN) are
responsible for the maintenance of microglia in the homeostatic
state or the conversion to DAM, depending on the tissue
microenvironment and the instigating stimuli (Lui et al., 2016;
Ulland et al., 2017). Trem2 regulates important microglial
functions, including migration, survival, chemotaxis, synaptic
pruning, and proliferation (Kleinberger et al., 2014, 2017;
Mazaheri et al., 2017; Filipello et al., 2018). Trem2 is an innate
immune receptor and cell surface protein, which acts through
its co-receptor DNAX activation protein of 12 kDa (DAP12;
Yeh et al., 2016). Trem2 is an important gene, involved in
the regulation of the microglial transition to DAM, which is
characterized by increased migration and phagocytosis, via
the regulation of a distinct set of genes (Deczkowska et al.,
2018; Ulland and Colonna, 2018). In the animal model of
AD, Trem2-deficient microglia were unable to transition to
a late-stage DAM profile (DAM stage 2), as confirmed by
single-cell RNA sequencing (scRNA-seq) analysis (Keren-
Shaul et al., 2017). Trem2-deficient microglia remained in an
intermediate DAM state (DAM stage 1; Keren-Shaul et al.,
2017), which represents the initial activation of microglia and is
independent of Trem2, characterized by the increased expression
of transmembrane immune signaling adaptor (Tyrobp) and
Apoe and the downregulation of Cx3cr1 (immune checkpoint
genes; Keren-Shaul et al., 2017). Trem2 regulates the full
activation of the DAM (DAM stage 2) by upregulating the gene
expression necessary for phagocytosis and lipid metabolism
(Keren-Shaul et al., 2017). Moreover, Trem2 absence in the
developing brain results in impaired synaptic elimination
with enhanced excitatory neurotransmission (Filipello et al.,
2018). Progranulin (PGRN) is a growth factor-like protein with
neurotrophic functions that regulate lysosomal proteins
in the brain (Van Damme et al., 2008; Hu et al., 2010;
Zhou et al., 2015). PGRN is proteolytically processed into
GRN. Mutations in GRN have been associated with various
neurodegenerative and neuroinflammatory disorders, including
AD, ALS, Creutzfeldt–Jakob disease, and viral infections of
CNS (Johnston et al., 2001; Malaspina et al., 2001; Baker and
Manuelidis, 2003; Ahmed et al., 2007).

Trem2 maintains microglial immune fitness, enhancing
the ability to engulf misfolded protein aggregates through
the modulation of metabolic machinery in neurodegenerative
diseases. The activation of Trem2 is induced by molecules
with lipid backbones, produced as a result of neuronal and
glial damage (Wang et al., 2015). Trem2 has recently gained
much attention for its role in the regulation of microglial
metabolic fitness in AD and the aging brain. Trem2 variants
have been associated with dysfunctional microglia, leading

to early neurodegeneration in AD. Trem2 fulfills microglial
ATP requirements in AD by upregulating mammalian target
of rapamycin (mTOR) signaling through upstream activators,
such the serine/threonine-protein kinase B (Akt), pyruvate
dehydrogenase kinase-1 (PDK1), and phosphatidylinositol
3-kinase (PI3K), which are recruited by the Trem2-associated
signaling subunits DAP10 and DAP12 (Peng et al., 2010).
Microglia isolated from Trem2-deficient AD mice showed
extensive dysregulation among genes that regulate glucose
metabolism, including hexokinase-1, pyruvate kinase M2, and
lactate dehydrogenase A (Ulland et al., 2017). Trem2 maintains
microglial survival and activation, which is challenged during
neurodegenerative diseases. Trem2-deficient microglia showed
the increased cholesterol accumulation, in the form of cholesteryl
ester (CE), compared with wild-type microglia when challenged
with myelin, in vitro (Nugent et al., 2020). In addition to
heightened CE accumulation, components of other important
pathways that regulate lipid transport and metabolism, including
Apoe, apolipoprotein C1 (Apoc1), cholesterol 25-hydroxylase
(Ch25h), lipase A (Lipa), neutral cholesterol ester hydrolase
1 (Nceh1), Niemann-Pick Disease Type C2 (Npc2), and sterol
O-acyltransferase 1 (Soat1), were downregulated in Trem2-
deficient microglia (Nugent et al., 2020). The reduced metabolic
flux of CE may expose it to oxidation, resulting in the secondary
accumulation of oxCE species, as observed in the Trem2−/−

mouse brain (Nugent et al., 2020).
GRN is involved in the regulation of microglial homeostatic

functions (Pickford et al., 2011; Götzl et al., 2019). Microglia
isolated from Grn−/− mice exhibit hyperactivation state
associated with the downregulation of the homeostatic P2ry12
gene (Götzl et al., 2019). Signature genes expressed in MGnD
were upregulated in GRN-deficient microglia, including Apoe,
Clec7a, and Trem2 (Götzl et al., 2019). GRN-deficient microglia
demonstrated increased migration, phagocytosis, and clustering
around amyloid β (Aβ) plaques (Götzl et al., 2019).

Dysfunctional microglia were recently identified in aging
mice, with increased lipid droplet accumulation, named LDAMs
(Marschallinger et al., 2020). LDAMs produced increased levels
of proinflammatory cytokines and ROS, similar to LPS-treated
microglia, indicating the primed state of microglia during
aging. Moreover, several genes regulate the LDAM phenotype,
including GRN, solute carrier family 33 Member 1 (SLC33A),
sorting nexin 17 (SNX17), vacuolar protein sorting retromer
complex component (VPS35), NPC2, and ceroid lipofuscinosis
neuronal 3 (CLN3), with some genes overlapping between DAM
and MGnD. The pathways regulating carbohydrate metabolism
and fatty acid oxidation were disturbed inmicroglia derived from
Grn−/− mice, further increasing the likelihood that GRN acts
as a regulator of microglial metabolic function. Dysfunctional
effector functions of microglia, including impaired phagocytosis,
were also identified in LDAMs, indicating the pivotal roles of
age-associated microglial phenotypes during neurodegeneration.

Dysfunctional Microglia in
Neurodegenerative Diseases
The microglial contribution to various neurodegenerative
diseases, including AD and demyelinating diseases, is evident.
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FIGURE 1 | Microglial metabolic modulation as a strategy for the optimal activation of microglia in neurodegenerative diseases. Homeostatic microglia (HM)
maintain brain homeostasis by surveying the brain parenchyma. HM rely on oxidative phosphorylation and healthy mitochondria to efficiently perform the β-oxidation
of fatty acids. Microglia become activated during neurodegenerative diseases, resulting in increased glycolysis and mitochondrial damage. Triggering receptor
expressed on myeloid cells 2 (Trem2) and granulin (GRN) are downregulated in dysfunctional microglia associated with neurodegenerative diseases, halting their
transition to the optimal activation state. Dysfunctional microglia can no longer sustain their energy requirements and lose migratory and phagocytotic activities.
Correcting energy deficits in microglia can help microglia achieve the optimal activation state, with reduced proinflammatory cytokine and reactive oxygen species
(ROS) release and increased phagocytotic and migratory potential, alleviating neurodegenerative diseases.

Microglial inflammatory activation leads to increased
proinflammatory cytokine production, exacerbating the
ongoing neurodegeneration. Recent studies have highlighted
dysfunctional microglia, with decreased chemotactic and
phagocytotic activities, resulting in increased Aβ deposition
in the AD brain. The loss-of-function of microglia-specific
genes, including Trem2 and GRN, is associated with excessive
neurodegeneration in AD. The increased autophagosome
accumulation in Trem2-deficient microglia implies metabolic
stress, which is further supported by the decreased expression
of genes involved in energy metabolism and biosynthesis
(Keren-Shaul et al., 2017). Correcting ATP deficits in Trem2-
deficient microglial cells through cyclocreatine treatments
restored the microglial response to Aβ plaques in AD mice,
indicating that metabolic deficits are the primary cause
of dysfunctional microglial responses regulated by Trem2
in AD (Keren-Shaul et al., 2017). Microglial GRN loss-of-
function causes hyperinflammatory activation in aging mice,
leading to neurotoxicity, which highlights the plausible roles
of GRN during microglial phenotypic transitions (Götzl
et al., 2019). Loss of microglial GRN induces widespread
disturbances in energetic pathways, leading to lipid droplet

accumulation in microglia (Marschallinger et al., 2020). In
addition to AD pathology, dysfunctional microglia have been
implicated in other neurodegenerative diseases, including
frontotemporal dementia (FTD). In Grn−/− mice, an FTD
model, dysfunctional and pro-inflammatory microglia were
identified demonstrating increased lipid droplet accumulation
(Marschallinger et al., 2020). These microglial cells demonstrated
defective phagocytosis and produced high levels of ROS
and proinflammatory cytokines (Marschallinger et al.,
2020). Targeting microglial responses through metabolic
reprogramming may be a promising therapeutic intervention for
AD and other neurodegenerative diseases; however, intensive
research remains necessary to elucidate the precise links between
metabolic perturbations and effector functions in microglia.

CONCLUSIONS AND FUTURE
PERSPECTIVES

Recent genetic findings highlight the crucial roles of microglia
in neurodegenerative diseases. Genetic mutations in Trem2 and
Grn result in dysfunctional microglia, with altered metabolism
and the increased secretion of proinflammatory cytokines and
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ROS. Various microglial activation states associated with aging
and neurodegenerative diseases have been reported recently,
with similar or overlapping transcriptomic profiles, including the
dysregulation of genes regulating metabolism and phagocytosis.
However, research gaps remain in the unified description of
microglia associated with neurodegeneration, as well as in the
exact mechanisms that link metabolism to microglial effector
functions. Based on recent studies, both the ‘‘over-activation’’
and the ‘‘over-silencing’’ of microglia will not be effective in
the fight against neurodegenerative diseases. The heterogenous
microglial phenotypes identified in various disease states in
recent studies require future research to reveal key regulators
of these phenotypes which can be easily targeted. The optimal
microglial activation state, which exerts beneficial effects against
various disease anomalies, remains to be identified, necessitating
future studies that may unravel microglial metabolic pathways.
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Alcohol use disorder (AUD) has been associated with neurodegenerative diseases such
as Alzheimer’s and Parkinson’s disease. Prolonged excessive alcohol intake contributes
to increased production of reactive oxygen species that triggers neuroimmune response
and cellular apoptosis and necrosis via lipid peroxidation, mitochondrial, protein or DNA
damage. Long term binge alcohol consumption also upregulates glutamate receptors,
glucocorticoids and reduces reuptake of glutamate in the central nervous system,
resulting in glutamate excitotoxicity, and eventually mitochondrial injury and cell death. In
this review, we delineate the following principles in alcohol-induced neurodegeneration:
(1) alcohol-induced oxidative stress, (2) neuroimmune response toward increased
oxidants and lipopolysaccharide, (3) glutamate excitotoxicity and cell injury, and (4)
interplay between oxidative stress, neuroimmune response and excitotoxicity leading
to neurodegeneration and (5) potential chronic alcohol intake-induced development of
neurodegenerative diseases, including Alzheimer’s and Parkinson’s disease.

Keywords: alcohol, neurodegeneration, excitotoxicity, neuroinflammation, neuroimmune, Alzheimer, Parkinson,
oxidative

INTRODUCTION

According to the World Health Organization, 5.3% of all global deaths and 5.1% of
the global burden of disease and injury are attributable to alcohol use disorder (AUD).
Alcohol abuse increases the risks of both communicable and non-communicable diseases
(World Health and Organization, 2019). Sudden cessation from heavy drinking results
in manifestations of various physical symptoms, known as Alcohol Withdrawal Syndrome
(AWS), and are primarily evident during the first 6–96 h following the last alcohol intake.
AWS is often characterized by autonomic hyperactivity, agitation, hallucination and seizures
(Mirijello et al., 2015; Jesse et al., 2017). Over the years, the majority of the alcohol-related
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studies focused on positive and negative reinforcement effects of
the beverage (Salling et al., 2016; Mohamed et al., 2018a,b).

Alcohol-dependent individuals are prone to develop
neurocognitive impairment and even neurodegenerative
disorders (De la Monte and Kril, 2014). Findings from numerous
investigations showed increased risk of neurodegenerative
disorders such as dementia, and Parkinson’s Disease with
excessive alcohol consumption (Eriksson et al., 2013; Lafortune
et al., 2014; Zhang D. et al., 2014; Heymann et al., 2016;
Schwarzinger et al., 2018). In this review, we described alcohol-
induced oxidative stress, heightened glutamatergic excitotoxity,
exacerbated neuroimmune response, and their collective effects
leading to neurodegeneration and potential association with
certain neurodegenerative diseases, such as Alzheimer’s disease
and Parkinson’s disease.

AUD-INDUCED NEURODEGENERATION

Chronic excessive alcohol intake often leads to cognitive
impairment with white matter (WM) atrophy, axonal loss and
demyelination at brain regions, including the hippocampus
(Harper et al., 1985; De la Monte, 1988), frontal lobe (Harper
and Matsumoto, 2005), and corpus callosum (Kapogiannis et al.,
2012). Post-mortem analysis of rats’ brains revealed a direct
relationship between the degree of WM atrophy and the amount
of alcohol consumed (Yalcin et al., 2017). Chronic binge alcohol
consumption impairs normal WM lipid homeostasis, such as
sulfatides and phospholipids, which are crucial for maintaining
myelin integrity (Yalcin et al., 2017).

Findings from pre-clinical and clinical studies suggest
interconnectivity between neuroimmune response, oxidative
stress, and hyperglutamatergic excitotoxicity in mediating
alcohol-induced neurodegeneration. Higher levels of bacterial
endotoxin lipopolysaccharides (LPS) in alcoholics induce
oxidative stress by increasing reactive oxygen species (ROS)
production (Crews et al., 2015; Gorky and Schwaber, 2016).
In response to this, neurons and glial cells (i.e., microglia,
astrocytes, and oligodendrocytes) mediate neuroimmune
reactions through interactions with neuroimmune factors such
as Toll-like receptors (TLRs), high-mobility group protein
box 1 (HMGB1), and pro-inflammatory cytokines. Oxidative
stress is further exacerbated by glutamate excitotoxicity through
upregulation of glutamate receptors upon chronic alcohol
intake (Kumar et al., 2016), and also damage astrocytes, which
are responsible for at least 90% of glutamate reuptake in rats
(Ayers-Ringler et al., 2016).

PATHOPHYSIOLOGY OF AUD-INDUCED
NEURODEGENERATION

Alcohol-Induced Oxidative Stress in
Brain
Oxidative stress is fundamental to the etiology of many diseases
(Kumar et al., 2017; Liguori et al., 2018). In AUD, alcohol utilizes
oxidative stress as one of the main tools to wreak havoc in

central nervous system. Primarily, alcohol is metabolized by
alcohol dehydrogenase (ADH) and Cytochrome P450 (CYP450)
in the liver. The brain is devoid of ADH (Roberts et al., 1995),
hence alcohol metabolism in brain is predominantly facilitated
by CYP450 subtype 2E1 (CYP2E1) (García-Suástegui et al., 2017).
CYP2E1 is localized in various cellular sites, including the plasma
membrane, endoplasmic reticulum (ER), Golgi apparatus and
highly expressed in the mitochondria. By-products of alcohol
metabolism by CYP2E1 are acetaldehyde and reactive oxygen
species (ROS), like radical superoxide anion (O−2 ) and hydrogen
peroxide (H2O2) (García-Suástegui et al., 2017).

Reactive oxygen species induce oxidative stress in cells
and potentially damage the neurons. Endogenous antioxidants
such as superoxide dismutase (SOD), glutathione peroxidase
(GPX), and reduced glutathione (GSH) are important for ROS
elimination. SOD inactivates radical O−2 and forms H2O2. In
the GPX reaction, GSH serves as an electron donor for H2O2
that subsequently removes ROS (Kim et al., 2015). Acute and
chronic alcohol consumption decreased GSH level in the brain
(Guerri and Grisolia, 1980). Prolonged oxidative stress in the
brain causes neuronal dysfunction and cell death, which could
lead to neurodegeneration (Bhat et al., 2015).

Aside from CYP2E1, lipopolysaccharides (LPS), a serum
bacterial endotoxin also was associated with alcohol consumption
and oxidative stress. A previous study reported significantly high
plasma LPS concentration in alcoholics who just enrolled in
a detoxification program compared to control and recovering
alcoholics post-2 weeks of abstinence (Leclercq et al., 2012). LPS-
induced oxidative stress promotes ROS production by activating
nicotinamide adenine dinucleotide phosphate (NADH) oxidase
(NOX). An in vivo study reported an increase in NOX expression
following systemic LPS administration (5 mg/kg) in mice. The
LPS-induced ROS expression remained high even 20 months
after the last LPS injection (Qin et al., 2013). A single high
dose of LPS (5 mg/kg), given intraperitoneally (ip) shows
persistent microglial activation and release of proinflammatory
mediators, such as tumor necrosis factor α (TNFα), monocyte
chemoattractant protein-1 (MCP-1), and interleukin-1 beta (IL-
1β) in the mouse brain (Qin et al., 2013; Figure 1).

Alcohol-Oxidative Stress-Induced
Mitochondrial Apoptosis
Oxidative stress refers to an imbalance of the redox system
characterized by excessive level of free radicals and impaired
antioxidant system. Prolonged alcohol drinking worsens
oxidative stress affecting the whole cell, or specific cellular
constituents including proteins, lipids, and DNA (Hernández
et al., 2016). The brain is one of the most metabolically active
organs and thus, it is profoundly susceptible to oxidative stress,
owing to its high demand for oxygen consumption and low levels
of endogenous antioxidants to eliminate free radicals (Kim et al.,
2015). Mitochondria are the major energy factory, providing at
least 90% of cellular adenosine triphosphate (ATP) (Salin et al.,
2015). Furthermore, the brain is abundant with phospholipids
that contain a high amount of polyunsaturated fatty acids
(PUFA) and therefore, is susceptible to lipid peroxidation (LPO)
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FIGURE 1 | The crosstalk between peripheral and central immune system in Alcohol Use Disorder (AUD) leading to cell death. Alcohol consumption increases the
peripheral production of reactive oxygen species (ROS), Toll-like receptor 4 (TLR4), nuclear factor kappa-light-chain enhancer of activated B cells (NF-κB) and
inflammatory cytokines, which cross the blood brain barrier (BBB). At central nervous system, alcohol induces neuroinflammation that potentially leads to apoptosis
or neurosis. Alcohol stimulates more B-cell lymphoma-2-associated X (BAX) formation, Caspase 3 expression and activates Glycogen synthase kinase-3 β (GSK3β)
by reducing its Serine 9 phosphorylation. GSK3β also directly phosphorylates BAX leading to neuronal apoptosis. Alcohol stimulates neuronal release of HMGB1 and
TLR4 expression on microglia, astrocytes and neurons. HMGB1-TLR4 interaction activates microglia into; M1 phenotye (anti-inflammatory) during 1st alcohol intake,
and M2 phenotype (pro-inflammatory) in subsequent alcohol exposure. M2 phenotype and astrocytes releases several pro-inflammatory cytokines including tumor
necrosis factor-alpha (TNF-α), interleukin 1 Beta (IL-1β), interleukin-6 (IL-6), NF-κB and monocyte chemoattractant protein-1 (MCP1). Alcohol stimulates ROS
production by increasing NADPH-dependent oxidase (NOX), NOXgp91phox expression and activity, leading to oxidative stress. Collectively alcohol-induced
neuroinflammation and oxidative stress causes neuronal death via apoptosis and necrosis pathways.

(Kim et al., 2015). Besides LPO, alcohol-induced oxidative
stress also causes protein and DNA damage, mitochondrial
dysfunction, increased cytokine production and eventually
neuronal cell death (García-Suástegui et al., 2017).

As the “powerhouse” of the cell (Salin et al., 2015),
mitochondria are also the main source of ROS production
(Kim et al., 2015). Oxidative stress by mitochondrial dysfunction
and damage is widely accepted as one of the mechanisms
that orchestrate neurodegeneration (Fischer and Maier,
2015; Figure 2). Cardiolipin (CL), a mitochondrial-specific
phospholipid is believed to play a major role in the development
of AUD-induced neurodegeneration. CL was found almost
entirely in the inner mitochondrial membrane and necessary
for maintaining normal mitochondrial functions (Xiao et al.,
2017). Adult rats exposed to alcohol (20% ethanol via oral
gavage for 60 days) showed significant changes in nitric oxide

(NO), SOD2 and CL levels in mitochondria extracted from
the brain cortex. Findings from the study revealed the nitric
oxide (NO) levels to be significantly increased, while SOD2
expression reduced denoting alcohol-induced oxidative stress.
Bilayer chromatography showed at least 40% decrease in
CL level. The authors also reported decreased membrane-
bound Na+/K+-ATPase activity suggestive of suppressed cell
respiratory function. The decreased mitochondrial complex I,
III, and IV activity led to mitochondrial dysfunction (Reddy
et al., 2013). In the event of mitochondrial dysfunction, partial
membrane potential reduction in mitochondria signals for
non-oxidized CL translocation from the inner mitochondrial
membrane, to the mitochondrial outer membrane (MOM)
(Kagan et al., 2015). CL translocation, in return, activates B-cell
lymphoma-2-associated X (BAX), which promotes cell apoptosis
(Kim-Campbell et al., 2019).
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FIGURE 2 | Alcohol-excitotoxicity induced cell death through glutamate and glucocorticoids. Chronic alcohol consumption damages astrocyte and its ability to
regulate extracellular glutamate concentration, leading to hyperglutamatergic excitotoxicity. Chronic alcohol consumption increases glucocorticoids level, further
elevating extracellular glutamate concentration. Alcohol-induced glucocorticoids also worsen alcohol-excitotoxicity induced cell death by increasing
N-Methyl-D-aspartate receptors (NMDARs) and its subunit expression, NR2A and NR2B. NMDARs overactivation causes calcium influx and causes cardiolipin
translocation, leading to B-cell lymphoma-2-associated X (BAX) pore formation on mitochondria, which releases cytochrome c causing neuronal cell death.

Stress-Induced Neuroimmune Response
Signaling
Alcohol-induced oxidative stress initiates the innate immune
response as a countermeasure by promoting the cross-talk
between neurons and glial cells (i.e., microglia, and astrocytes).
Prior to cell necrosis or apoptosis, affected cells release
an endogenous signal namely, Danger-associated-molecular
patterns (DAMPs) alarming the innate immune system for
cellular damage and potential cell death (Frank et al., 2015).
Chronic alcohol intake was reported to induce the neuronal
release of High-mobility group box 1 (HMGB1), an endogenous
DAMP (Zou and Crews, 2014). Furthermore, alcohol-induced
exogenous pathogen-associated molecular patterns (PAMPs)
such as LPS also trigger the innate immune system (Frank
et al., 2015). In rat hippocampal-enthorhinal cortex (HEC),
HDAC regulates the neuronal release of acetylated HMGB1
in response to alcohol exposure (Zou and Crews, 2014). As
pattern recognition receptors, TLRs are responsible for an innate
response to cellular injury and exposure to pathogens. Among
various TLRs, activation of TLR4 promotes neuroimmune
response and their expression on neurons, microglia, and

astrocytes (Coleman and Crews, 2018). HMGB1 and LPS are
ligands of TLR4 and thus stimulates the receptor, and recent
studies have linked alcohol exposure and their expression on
neurons. Rats’ HEC slices treated with alcohol and HMGB1
increases expression of TLR4 and inflammatory mediators such
as tumor necrosis factor-alpha (TNF-α), interleukin 1 Beta (IL-
1β), nuclear factor kappa-light-chain enhancer of activated B cells
(NF-κB) and monocyte chemoattractant protein-1 (MCP1) (Zou
and Crews, 2014), suggesting a functional link between HMGB1-
TLR4 and alcohol-induced neuroinflammation in brain. Due
to large molecular size, LPS is impermeable to blood-brain
barrier (BBB) and therefore, thought to affect the brain via
peripheral immune system (Mayfield et al., 2013; Frank et al.,
2015). LPS binding to peripheral TLR4, triggers a neuroimmune
response within the brain by increasing NF-κB expression and
subsequent peripheral inflammatory cytokine release to cross
BBB (Mayfield et al., 2013; Coleman and Crews, 2018). These
findings corroborate the association between LPS and peripheral
immune-to-brain signaling pathways.

HMGB1 and LPS also directly activate microglia via TLR4
recognition (Frank et al., 2015). In response to inflammatory
stimuli, microglia are activated into two main phenotypes; (1)
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M1 or classical activation exists in an amoeboid shape and
secretes pro-inflammatory factors; (2) M2 or alternate activation
exists as a ramified projection and secretes anti-inflammatory
factors. Activated microglia exacerbates neuroinflammatory
response and promotes cell death via caspase cascade by
releasing more pro-inflammatory cytokines such as TNF-α,
and free radicals, suggesting a role for microglia in AUD-
induced neurodegeneration (Coleman and Crews, 2018). Most
studies investigating the effects of alcohol exposure on microglia
activation have reported both M1 and M2 phenotypes (Ward
et al., 2009; Marshall et al., 2013, 2016; Peng et al., 2017).
Expression of microglia phenotypes depends on type of AUD
models employed. Intermittent exposure model has reported
the pro-inflammatory phenotypes, whereas the continuous
intoxication model reported anti-inflammatory phenotypes
(Ward et al., 2009; Marshall et al., 2016; Figure 1). A shift
in microglial phenotypes was also proposed between first and
subsequent binge exposure to alcohol, where first exposure results
in low-grade microglial activation resembling M2 phenotype,
and subsequent exposure generates more pro-inflammatory-
like events such as increase in OX-42 immunoreactivity,
ionized calcium-binding adapter molecule 1 (Iba-1+) cells,
and TNF-α (Marshall et al., 2016). The findings suggest a
more dynamic activation of microglia over time in alcohol
dependent individuals with episodic binge drinking pattern.
Ethanol-induced alterations in brain cytokines are also mediated
by cells other than microglia, since acute minocycline injection
(inhibitor of microglia) did not completely reversed ethanol-
induced cytokine changes in the brain (Doremus-Fitzwater et al.,
2014). In line with this finding, depletion of microglia (through
administration of colony stimulating factor 1 (CSF1R) inhibitor,
PLX5622) decreased expression of some neuroimmune genes
(TNF-a), but not most of them (IL-1B, IL-6, Ccl2 etc.). Depletion
of microglia also significantly reduced TLR2 and TLR7, but not
TLR3 or TLR4 (Walter and Crews, 2017), which was thought
to be mainly expressed in microglia. Apart from microglia,
numerous other cells in the CNS also produce cytokines
and express cytokine receptors. Inteleukin-6 (IL-6), the most
consistently associated cytokine to ethanol exposure (Doremus-
Fitzwater et al., 2014, 2015) is produced by numerous types of
brain cells such as neurons (Schöbitz et al., 1993; Ringheim et al.,
1995), astrocytes (Benveniste et al., 1990), and endothelial cells
(Reyes et al., 1999). TLRs that are prominently expressed on
microglia such as TLR3 and TLR4 are also expressed in other cell
types, including neurons (Vetreno and Crews, 2012; June et al.,
2015), astrocytes, and endothelial cells (Zhang Y. et al., 2014). It
is also likely that changes in secretion of cytokines depend on
time (acute, intoxication, withdrawal), brain region, and blood
alcohol levels. For example, TNF-α and IL-1 are significantly
increased during abstinence, however, unchanged or reduced
during intoxication. IL-6 was significantly expressed during
intoxication, but not withdrawal. Increased expression of IL-6
during ethanol withdrawal was witnessed only in hippocampus,
not in hypothalamus or cerebellum (Doremus-Fitzwater et al.,
2014). Among the aforementioned cytokines, some promote pro-
inflammatory response (IL-1β, TNF-α, IL-6, Ccl2) whereas some
mediate anti-inflammatory reaction (IL-10, IL-4, IL-1ra, TGF-β).

Therefore, it appears that CNS is placed in a continuum between
pro- and anti-inflammatory events, depending on the type of
cells, regions, cytokines released and stages of AUD orchestrating
the neuroimmune response.

Alcohol-Induced Hyperglutamatergic
Excitotoxicity
Alcohol affects the neuronal structures and functions by directly
passing through the BBB (Cornford et al., 1982; Szabo and Lippai,
2014). Alcohol alters the inhibitory actions of γ-Aminobutyric
acid (GABA), and excitatory glutamatergic innervations (Kumar
et al., 2013, 2016, 2018). Acute alcohol consumption suppresses
and chronic intake upregulates the expression of glutamate
receptors (Chandrasekar, 2013), eventually exposing neurons
to injury via N-Methyl-D-aspartate receptors (NMDARs)-
associated excitotoxicity (Fricker et al., 2018). Alcohol also
increases extracellular glutamate concentration by limiting
glutamate reuptake by glutamate transporter-1 (GLT-1). GLT-1
is accountable for at least 90% extracellular glutamate clearance
(Rao et al., 2015). Post-mortem analysis of alcoholic brains
shows a decreased expression of GLT-1 in the basolateral
amygdala region compared to non-alcoholic brains (Kryger
and Wilce, 2010). Failure to regulate glutamate intake also
was implicated in neurological diseases such as Alzheimer’s
disease (Maragakis and Rothstein, 2006). Overactivation of
NMDARs results in a surge of Ca2+ influx into neurons and
stimulates mitochondrial injury and death. In line with this,
hippocampal slices exposed to chronic intermittent alcohol and
24 h withdrawal significantly reduced the mature neuron marker,
known as Neuron-specific nuclear protein (NeuN), and nissle
bodies compared to continuous alcohol exposure, demonstrating
a more profound detrimental effects of excitotoxicity during the
withdrawal period (Reynolds et al., 2015). Elevated intracellular
Ca2+ activates Calpain I, a highly expressed protease in neurons.
In brain, chronic alcohol intake increases calpain activity in
rats’ cerebral cortex and cerebellum (Rajgopal and Vemuri,
2002), and hippocampus Dwivedi et al. (2018). Furthermore,
administration of calpain inhibitor A-705253 reduced alcohol-
seeking and relapse in chronic alcohol-fed rats (Vengeliene
et al., 2016), suggesting the important role of caplain, not
only in alcohol-induced cellular damage, but also in behavioral
changes. Activated Calpain I, cleaves BH3-interacting domain
death agonist (Bid) causing its activation and forming BAX pores
on the mitochondrial membrane, which releases cytochrome C
to cytosol and initiates apoptotic cell death via caspase cascade
(Fricker et al., 2018; Figure 2).

The role of glucocorticoids (GCs) in alcohol-induced neuronal
excitability and neurotoxicity also been well documented in past
studies (Mulholland et al., 2005; Jacquot et al., 2008; For review,
Prendergast and Mulholland, 2012). Alcohol consumption
disrupts the function of hypothalamo-pituitary-adrenal (HPA)
axis, which is shown through elevated blood GCs level in
both humans and rodents (Errico et al., 2002; Lee et al.,
2004). Circulating GCs significantly increased during ethanol
withdrawal, however, little changes or mixed results were
reported following chronic alcohol intake (Tabakoff et al., 1978;
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Adinoff et al., 2003; Little et al., 2008). In the brain, regional
differences in GC level has been reported, most prominent
changes noted during abstinence in hippocampus, prefrontal
cortex, and thalamus across genders, and strains of rodents (Little
et al., 2008). Prolonged increase in GCs was related to neuronal
toxicity within the brain (Sapolsky, 2000; Erickson et al., 2003).
GCs are known regulator of immune response (Sorrells and
Sapolsky, 2007), was shown to reduce hippocampal dendritic
complexity (Conrad et al., 2007) and cell death (MacPherson
et al., 2005). GCs may cause neurotoxicity directly or indirectly
via NMDARs. Chronic exposure to GCs elevates the protein
expression of nucleotide-binding oligomerization domain-like
receptor pyrin domain-containing 1 (NLRP-1), Caspase-1,
Caspase-5, apoptosis associated speck-like protein (ASC), nuclear
factor-jB (NF-jB), p-NF-jB, interleukin-1b (IL-1b), IL-18, IL-6,
and microtubule associated protein 2 (MAP2) in the frontal
cortex and hippocampus of male mice, suggesting GCs/NLRP-
1 inflammasome-mediated neurodegeneration (Hu et al., 2016).
In a separate study, GCs-mediated neurotoxicity was reported in
female, but not male mice. The authors reported upregulation
in GCs target genes in medial prefrontal cortex of female mice
during withdrawal from chronic ethanol exposure including
astrocytic genes (Wilhelm et al., 2015). Exposure to GCs increases
the concentration of extracellular glutamate (Abraham et al.,
2001), and expression of NMDARs subunit levels NR2A and
NR2B (Weiland et al., 1997). In organotypic hippocampal
slice cultures, ethanol withdrawal alone had little effects on
the propidium iodide fluorescence and in cytosolic Ca2+

accumulation (cytotoxicity), however, exposure to corticosterone
resulted in cytotoxicity regardless of the exposure period. When
exposed to ethanol, or ethanol withdrawal, the cytotoxic effect of
corticosterone was the greatest, suggesting the potential role of
ethanol in increasing the vulnerability to corticosterone-induced
toxicity. Furthermore, these effects were inhibited by RU486
(antagonist of GCs) and MK-801 (non-competitive antagonist
of NMDAR), indicating the role of NMDARs in corticosterone-
induced neurotoxicity in the presence of ethanol or ethanol
withdrawal (Mulholland et al., 2005).

According to Collins and Neafsey (2016), alcohol-induced
glutamate excitotoxicity has only been established in slice
culture studies. Many investigators have attempted to understand
hyperglutamatergic neurotransmission in AUD by measuring
the level of glutamate or its metabolite levels, or glutamate
receptor levels in human brain. Generally, brain glutamate level
was reported to be low during active drinking (Ende et al.,
2013; Prisciandaro et al., 2016), high during acute abstinence
period (48–72 h into last alcohol intake) (Hermann et al., 2012),
and abnormally low a week following the last alcohol intake
(Mon et al., 2012). On the other hand, expression of glutamate
receptors was found to be downregulated (Jin et al., 2014) and
moderately increased (Freund and Anderson, 1996) in deceased
alcoholic patients, and increased during 25 days of abstinence
(Akkus et al., 2018). The closest finding to alcohol-induced
neurotoxicity came from Frischknecht et al. (2017), associated
significant increase in brain glutamate markers with lower gray
matter hippocampal volume in both humans and rodents during
abstinence. The authors associated high glutamine with reduced

hippocampal volume 2 weeks after the abstinence, not during the
early withdrawal phase, suggesting that neural damage could be a
consequence of withdrawal, rather than intoxication. This finding
is in agreement with a previous report that correlated alcohol
withdrawal severity with reduced hippocampal volume during
abstinence (Barnes et al., 2010). Some studies reported that brain
glutamate levels normalize within longer periods of abstinence
(Hermann et al., 2012; Mon et al., 2012), corresponding with
improvement in brain gray and white matter volume during
long-term sobriety (Pfefferbaum et al., 1995; O’Neill et al.,
2001). Nevertheless, the direct link between alcohol-induced
hyperglutamatergic state and excitotoxicity is yet to be proven in
humans, and alcohol could negatively affect neuronal integrity
through other mechanisms such as neuroinflammation and
mitochondrial damage.

Alcohol-Induced Neuronal Apoptosis
Many studies have reported significant brain shrinkage, loss
of hippocampal volume (Sullivan et al., 1995; Chen et al.,
2012; Ozsoy et al., 2013), and white matter atrophy in alcohol-
dependent patients (De la Monte, 1988). Glycogen synthase
kinase-3 β (GSK3β), a serine/threonine kinase is integral
in regulation of neuronal survival and neurogenesis (Luo,
2009, 2010) and also a mediator of alcohol-induced neuronal
apoptosis in the developing brain (Luo, 2012). Overexpression
of GSK3β causes neuronal apoptosis in mice hippocampus with
hyperphosphorylated Tau (Lucas et al., 2001). GSK3β activity
is inhibited by its phosphorylation at Serine 9 (Ser9), and
activated by phosphorylation at Tyrosine 216 (Tyr216) (Grimes
and Jope, 2001). A recent in vivo study showed GSK3β mediates
alcohol-induced hippocampal neurodegeneration (Ji et al., 2018).
In this study, control rats expressed higher phosphorylated
Ser9, whereas binge alcohol-treated rats showed dramatic
reduction in Ser9 phosphorylation of GSK3β along significant
decrease in number of mature neurons (NeuN) and newly
formed neurons (doublecortin-positive cells) in hippocampus
(Ji et al., 2018). Caspase 3 and BAX (proapoptotic proteins)
are linked to alcohol-induced neurodegeneration via GSK3β.
Alcohol exposure increases the expression Caspase 3 and active
BAX in cerebral cortex, whereas treatment with lithium, a
GSK3β inhibitor reduced both alcohol-driven Caspase 3 and Bax
upregulation (Liu et al., 2009). GSK3β directly phosphorylates
Bax and promotes its apoptotic action (Linseman et al., 2004).
Moreover, BAX is also a known downstream target of alcohol-
induced GSK3β-mediated neurodegeneration (Liu et al., 2009).

In addition to alcohol-induced apoptotic cell death, other
forms of cell death such as necrosis (Obernier et al., 2002;
Morris et al., 2010; Maynard et al., 2018) and even necroptosis
(non-neuronal cells) (Afonso et al., 2015; Lu et al., 2016) been
reported. Obernier et al. (2002) reported significant increase in
markers of Fluoro-Jade B (FJB) and pyknotic nuclei (markers
of cell necrosis) in all regions of corticolimbic circuit. Necrotic
neurons were still apparent even two, three, and four days after
the last alcohol treatment, whereas no signs of TUNEL positive
cells (marker of apoptosis) were reported at any time points.
Similar to these findings, Maynard et al. (2018) also reported
significant increase in markers of FJB in binged male and female
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hippocampi, but not TUNEL, eight hours after the last intake
of alcohol. Kelso et al. (2011) also reported significant increase
in FJB markers in CA3 and dentate gyrus of hippocampus at
two, four, and seven days after the last binge alcohol intake, and
expression of FJB retuned to baseline only 14 days post binge
intake. Apart from these findings, Morris et al. (2010), reported
both FJB and TUNEL markers in the rodent hippocampus
collected immediately after the last alcohol intake. However,
the number of FJB, and pyknotic markers were higher than
TUNEL, hence the authors concluded that binge-alcohol induced
cell death is most likely due to necrosis, not apoptosis. In
line with these findings, chronic alcohol was shown to increase
microglial and astrocytes’ activation, proinflammatory cytokines
(TNFa, IL-1b, IL-6) and chemokines (MCP-1), and expression of
a NADPH-dependent oxidase (NOX), resulting in generation of
ROS. Subsequently, activation of NF-kβ-mediated transcription
exacerbates proinflammatory factors, further accentuating NOX-
ROS (NOX-gp91phox) and NF-kβ signaling cascade, causing cell
death (activated caspase-3 and FJB as markers). Administration
of diphenyleneidonium (DPI; NOX inhibitor) reduced caspase-3
immunoreactivity, and FJB expression, indicating the important
role of NOX-FOS in alcohol-mediated cell death (Qin et al.,
2008; Qin and Crews, 2012). Based on existing literature, both
apoptosis and necrosis were reported during acute, chronic
binge alcohol exposure, and withdrawal across various age,
and strains of rodents. Some studies reported mediators in
cell death pathways (such as apoptosis), however, the ratio to
necrosis or apoptosis induced cell death were not reported.
Therefore, it is still unclear whether the alcohol-induced cell
death is driven by necrosis or apoptosis pathway. However,
considering the time, gender, and regional differences in alcohol-
induced cellular pathways, the possibility of a spectrum between
necrosis and apoptosis in alcohol-induced neurotoxicity should
be further explored.

AUD-INDUCED NEURODEGENERATIVE
DISEASE

Motor impairments and lapses in memory are seen during
intoxication and some cases of abstinence due to alcohol-
induced neurological deficits (Lafortune et al., 2014). Long-
term excessive intake of alcohol also attributes to more morbid
neurological conditions such as Alzheimer’s disease (AD) and
Parkinson’s disease (PD). Based on a Swedish National Cohort
Study (1978-2008), out of 276,527 patients diagnosed with AUD
and followed up for 37 years, 1,083 (0.4%) were admitted
with Parkinson’s Disease (Eriksson et al., 2013). In another
cohort study, conducted between 2008 and 2013 in France,
AUD was the strongest modifiable risk factor for the dementia
onset, encompassing 38.9% of 57353 diagnosed with early-onset
dementia (Schwarzinger et al., 2018).

Dementia or Alzheimer’s Like
Phenotypes
Alzheimer’s disease is mainly a collection of proteostasis
disruption, namely; Tau tangles and Amyloid-β (aβ). The

formation of neurofibrillary tangles results from the aggregation
of hyperphosphorylated tau protein (Boland et al., 2018). On
the other hand, aβ is generated through cleavage of amyloid
precursor protein (APP) by beta-secretase (BACE1) (Huang
et al., 2018). In humans, studies associating alcohol consumption
and development of AD have yielded mixed results. Some
have associated alcohol consumption with increased risk of
AD (Fratiglioni et al., 1993; Harwood et al., 1999, 2010)
(For review, Piazza-Gardner et al., 2013; Huang et al., 2016;
Venkataraman et al., 2017) and faster rate of cognitive decline
in AD patients (Heymann et al., 2016). Some found no
association between alcohol consumption and AD (Tyas et al.,
2000; Ruitenberg et al., 2002; Luchsinger et al., 2004), whereas
some even reported alcohol consumption as a protective factor
against AD (García et al., 2010; Weyerer et al., 2011; Kim
et al., 2020). At present, association between AD and AUD,
is only established at pre-clinical level. Adult male Sprague
Dawley rats administered with intragastric alcohol (4mg/ml)
for 30 days recorded spatial reference memory and memory
consolidation deficits along decrease in activities of PP2A, SOD,
and increase in activity of GSK3β (hyperphosphorylates Tau),
and levels of MDA, and hyperphosphorylated tau (Ser 199, Ser
396, Ser 404) in both hippocampus and cortex (Fang, 2017).
Cyclin-dependent kinase 5 (Cdk5), another kinase involved in
hyperphosphorylation of Tau was reported to be upregulated
upon chronic alcohol exposure (Rajgopal and Vemuri, 2001),
in a region-specific manner (Camp et al., 2006). Alcohol-
induced increase in Cdk5 may due to downregulation of its
regulators p35 or p67 (Rajgopal and Vemuri, 2001), increase in
calpain activities (Rajgopal and Vemuri, 2002), which stimulates
p25 (activator of Cdk5) (Kusakawa et al., 2000). Parallel to
these findings, another study reported increase in BACE1 and
APP expression in rats’ hippocampus following five weeks of
alcohol liquid diet. Findings from the study suggest that alcohol
enhances oxidative stress-induced BACE1 activity, and thus AD
pathogenesis. Western blot analysis showed increased expression
of proteins involved in BACE1 oxidative regulation such as
presenilin (PS1) and nicastrin (Kim et al., 2011). Adult 3xTg-
AD mice (humanized mice that express human MAPT, APP,
and PSEN-1 transgenes and manifest AD-like pathologies) given
two-bottle home-cage alcohol/saccharin (25% w/v + saccharin
0.1%, w/v) for four months showed impaired spatial memory,
exacerbated conditioned fear, and diminished sensory gating in
a chronic non-dependent drinking model. Laboratory findings
revealed an increase in Aβ 42/40 ratio in lateral entorhinal
and prefrontal cortex, total Tau expression in medial prefrontal
cortex, lateral entorhinal cortex, amygdala, and phosphorylated
tau expression (Ser 199/Ser 202) in hippocampus. The AD-
like pathologies also associated with reduced phosphorylation of
phosphoproteins associated with Akt/mTOR signaling pathway
in a brain region-specific manner [amygdala: ERK 1/2 (Thr
185/Tyr 187); Lateral hippocampus: IRS1 (Ser 636), p7056K
(Thr 389/412); CA1: mTOR (Ser 2448), PTEN (Ser 380); lateral
entorhinal cortex: IGF1R (Tyr 1135/1736), IR (Tyr 1162/1163),
PTEN (Ser 380); Medial entorhinal cortex: GSK 3α (Ser 21),
IGF1R (Tyr 1135/1136), IRS1 (Ser 636), RP 56 (Ser 235/236)]
(Hoffman et al., 2019). In agreement with these findings, the
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Akt/mTOR pathway was reported to respond selectively in a
brain region-specific manner in a binge-intake alcohol dependent
AUD model (Laguesse et al., 2017). Numerous other studies
also have explored the function of mTOR kinases, including
in mTORC1 and mTORC2 in alcohol-dependent AUD models
(Beckley et al., 2016; Laguesse et al., 2017, 2018; Morisot et al.,
2018; For review, Hanim et al., 2020). Future studies should
extend the work of Hoffman et al. (2019) in alcohol-dependent
models as factors such as blood alcohol level, animal strain,
and even brain regions could greatly influence the changes in
Akt/mTOR signaling pathway.

Expression of TLR7, HMGB1, and microglia activation
marker (CD11b) are increased in post-mortem human alcoholic
hippocampal tissue and expression of TLR7 was correlated
with alcohol intake. Consistent with human findings, TLR7,
HMGB1, IL-1β, TNF-α, and let-b are also highly expressed in
rat HEC brain slice culture following alcohol intake. Alcohol
increased the release of let-7b (endogenous ligand for TLR7)
in microglia-derived microvesicles and binding of let-7b to the
chaperone HMGB1 and DAMP, and reduced the binding of let-
7b to its classical target, Ago2. Together, the findings suggest
that alcohol may mediate hippocampal neurodegeneration via
let-7b/HMGB1/TLR7-associated signaling pathways (Coleman
et al., 2017). MicroRNA let-7b is highly expressed in CSF
of AD patients (Derkow et al., 2018). Intrathecal injection of
CSF from AD patients (containing highly expressed let-7b)
into the CSF of wild-type mice resulted in neurodegeneration,
whereas injection into CSF of mice lacking TLR7 did not
result in neurodegeneration, suggesting the pivotal role of
microRNAs such as let-7b in TLR7 signaling mediated CNS
damage (Lehmann et al., 2012; Figure 3).

Parkinson’s Disease
Low to moderate consumption of beer is associated with lower
risk of PD (Liu et al., 2013; Zhang D. et al., 2014), and higher
liquor consumption was correlated with higher PD risk (Liu et al.,
2013). However, the inverse association between low to moderate
consumption of beer and lower risk of PD was only seen in
males, but not females (Zhang D. et al., 2014). The protective
effects of beer on PD-associated risk could be due to elevated
serum uric acid level as PD was inversely associated with uric acid
level, in males (Weisskopf et al., 2007). While on the contrary,
higher content of pure ethanol in liquor (Cao and Prior, 2000),
could act as a pro-oxidant and induce pro-inflammatory events
(Mann and Folts, 2004; Liu et al., 2013). A more recent meta-
analysis reported methodological weaknesses in the past studies
associating alcohol intake and PD (16 articles) such as lack of
statistical power, residual confounding factor, selection and recall
bias, and therefore reported weak association between alcohol
consumption and PD in those studies (Bettiol et al., 2015).

Apart from epidemiological associations, genetic approach
also attempted to relate alcohol intake with PD. Variants in
genes encoding for alcohol dehydrogenease, such as ADH1B
rs1229984T was associated with increased risk of PD in
women (García-Martín et al., 2019), and similar association
was made with ADH4 (Buervenich et al., 2000), and ADH1C
(Buervenich et al., 2005). Conversely, others found no such
associations (Tan et al., 2001; Kim et al., 2020). α-Synuclein is a

presynaptic neuronal protein that causes seeding of aggregation
on neighboring cells contributing to progression of PD, also
highly expressed in AUD patients (14.33 ng/ml; SD, 13.01 ng/ml)
compared to healthy control (5.92 ng/ml; SD, 9.72 ng/ml)
(Bönsch et al., 2005). In line with this, correlation between
variation in SCNA gene (encoding for α-Synuclein) and alcohol
craving was made, but not alcohol dependence, suggesting
that the variation in the gene is not universal among heavy
drinkers (Foroud et al., 2007). Some studies found no correlation
between SCNA variations with alcohol dependence (Clarimon
et al., 2007; Brighina et al., 2009). Although the exact role of
α-synuclein in PD pathogenesis is not well delineated, prior
studies demonstrated that it may restrict mobility of synaptic
vesicles, hence disrupting the release of neurotransmitters via
vesicular monoamine transporter (VMAT2) mediated activity
(Nemani et al., 2010; Scott et al., 2010; Diao et al., 2013). The
hallmark feature of PD pathophysiology is depletion of dopamine
secreting neurons in the substantia nigra pars compacta of
the basal ganglia and the presence of Lewy bodies (aggregated
form of α-synuclein) (Davie, 2008). Dopaminergic neuron from
substantia nigra pars compacta is one of the components of
mesocorticolimbic system that facilitates reinforcing effects of
many drugs, including alcohol (Arias-Carrión et al., 2010). Even
though alcohol increases dopamine release at early stage of AUD,
chronic drinking is detrimental to nigrostriatal dopaminergic
neurons (Gilman et al., 1998; Eriksson et al., 2013). In line
with this, VMAT2 was shown to be transiently increased during
the early drug response (Boileau et al., 2008), and decreased
in striatal regions such as the caudate nucleus, and putamen
following chronic alcohol intake (Gilman et al., 1998), indicating
lasting damage to striatal neuronal terminals in AUD. These
findings were further corroborated by a preclinical work where
Parkinson rats (induced by intraperitoneal injection of 1-Methyl-
4-phenyl-1,2,3,6- tetrahydropyridine, 20 mg/kg) recorded the
highest depletion in dopamine concentration and highest lipid
peroxidation activity following 60 days of oral intake of alcohol
compared to cigarette inhalation or frequent mating (Ambhore
et al., 2012; Figure 4).

Alcohol: Could It Be Neuroprotective?
A plethora of studies have reported that alcohol consumption
is detrimental to health and contributes to cognitive deficits
and neurodegeneration (Crews and Nixon, 2009) and increases
the risk of developing neurodegenerative disorders such as AD
(Harwood et al., 2010) and PD (Liu et al., 2013). On the contrary,
a growing number of contemporary findings have addressed low
to moderate consumption of alcohol to have neuroprotective
effects (McCarter et al., 2017) and reduces the risk associated
with neurodegenerative disorders (Liu et al., 2013; Zhang D.
et al., 2014). Various factors were reported to determine the
neuroprotective and neurodegenerative properties of alcohol,
including the types of beverage consumed (beer vs wine vs
liquor), amount of alcohol intake, blood alcohol level (low vs
moderate vs high), nutrient deficiency and genetic components.
Alcoholic beverages with lower concentration of ethanol such
as beer, when taken in low or moderate amount reduce the
risk of developing AD (Mukamal et al., 2003; Kok et al., 2016)
and PD (Liu et al., 2013; Zhang D. et al., 2014). Compounds such
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FIGURE 3 | Potential association between Alcohol Use Disorder and manifestation of Alzheimer’s disease (AD). Chronic alcohol intake triggers oxidative stress,
increases amyloid precursor protein (APP), presenilin (PS1) and nicastrin expression that serves as a basis for amyloid β (aβ) production and aβ aggregates. Chronic
alcohol intake reduces phosphorylation of proteins associated with mTOR/AKT pathway and increases total tau expression. Chronic alcohol activates CDK5 and
Glycogen synthase kinase-3 β (GSK3β) and hyperphosphorylates Tau protein into Tau tangles. Aggregates of aβ directly causes neurodenegeration and also through
tau tangles. Hyperphosphorylation of tau proteins results in loss of microtubule stability, causing neurodegeneration.

as purine, niacin, folic acid, and other phenolic compounds
in beer were thought to mediate the neuroprotective effects
of alcohol (Sánchez-Muniz et al., 2019). Red wine, known to
have high antioxidants, when consumed at low or moderate
level for eight weeks (blood alcohol level: 13.9–6.9 mM)
reduced microglial activation, expression of pro-inflammatory
cytokines, inflammatory mediators, post-ischemic neurotrophil
infiltration in a rat focal cerebral ischemic model. However,
the same study also reported that the red wine failed to
produce better neuroprotective effects compared to another
group of rats that was given equivalent amount of ethanol
(13.5%, 1.4g/kg/day), suggesting that the neuroprotective effects
of low alcohol consumption was due to amount of alcohol
consumed rather than the nutritional discrepancy between the
beverages (McCarter et al., 2017). Even though animal models
of alcohol liquid diet indicate that nutritional deficiency has
little to do with ethanol-induced neurodegeneration (Crews
and Nixon, 2009), human studies report the opposite, where
numerous neurological and psychiatric manifestations in alcohol
dependent patients were associated with chronic malnutrition

(Arts et al., 2017). At present, alcohol intoxication is one of
the consistently associated factors with alcohol-induced brain
damage in animal models (Crews and Nixon, 2009). Binge
intake (8.3 – 9.7 g/kg/day; serum ethanol level: 250–400 mg%)
(Crews et al., 2004; Tajuddin et al., 2014), chronic intermittent
access to alcohol (20% v/v in tap water for 26 weeks, 5–
6 g/kg intake per session) (Charlton et al., 2019) have been
associated with alcohol-induced neurodegeneration. Equally, in
humans, consumption of beverages with high ethanol content
such as hard liquor was associated with higher rate of cognitive
decline (Heymann et al., 2016) and PD risk (Liu et al., 2013).
In reality, most of the alcohol dependent patients practice
episodic drinking pattern with more than one type of alcoholic
drinks, therefore assessment of the effects of any specific types
of alcohol containing drinks on their cognitive performance
or neurological features is nearly impossible. In addition,
rate of alcohol metabolism also varies among the individuals
and impairment in metabolism of aldehydes (one of the by-
products of ethanol metabolism) due to mutation in aldehyde
dehydrogenase 2 (ALDH2) was identified as a risk factor for
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FIGURE 4 | Potential association between Alcohol Use Disorder and development of Parkinson’s disease (PD). Increase in α-synuclein production and nigrostriatal
dopaminergic neurodegeneration contribute to Parkinson’s disease (PD) progression. At early stage of AUD, alcohol consumption transiently increases vesicular
monoamine transporter (VMAT2) activity and dopamine release in nigrostriatal reward pathway. Chronic binge alcohol intake exhausts dopamine content and
consequently reducing VMAT2 activity in striatal neurons (caudate putamen and nucleus). Increased expression of α-synuclein in AUD also restricts the release of
dopaminergic synaptic vesicles via reduced (VMAT2) activity. Chronic alcohol intake causes α-synuclein aggregation, leading to formation of Lewy bodies, which
eventually results in degeneration of dopaminergic neurons at substantia niagra.

AD and PD (Chen et al., 2019; Joshi et al., 2019). Even
though the growing body of literature suggests the potential
neuroprotective effects of low to moderate dose of ethanol,
factors such as genetic variation in metabolism of ethanol
should be further explored in its role of neuroinflammation
and neurodegeneration.

CONCLUSION

Excessive oxidative stress is the impetus to alcohol-induced
neurodegeneration and further exacerbated by excitotoxicity
and neuroimmune response. Chronic binge alcohol intake
accentuates glutamatergic excitatory neurotransmission directly

or through HPA-axis dysfunction, resulting in neurotoxicity,
especially during acute alcohol withdrawal. However, findings
show that heightened glutamatergic neurotransmission recovers
when the abstinence (sobriety) period is prolonged or even
downregulated during craving, which leaves us to wonder about
the “seriousness” of glutamatergic excitotoxicity in alcohol-
induced neurotoxicity. In contrast, findings on inflammatory
markers indicate that alcohol-induced neuroinflammation could
mediate neurotoxicity through necrotic and apoptotic cellular
cascades. It is still not clear whether microglia is the dominant
player in alcohol-induced neuroinflammation, since astrocytes,
neurons, and even endothelial cells express immune receptors,
nonetheless, not as widely explored as the microglia in AUD. At
present, the link between AUD and AD or PD is still vague at the
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clinical level. Prevalence of familial AD and PD cases outnumbers
the sporadic events. Therefore, future studies should look into
how alcohol-induced changes at the cellular level could promote
expression of pro-AD or PD genes.
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Background: Microglia are well known key regulators of neuroinflammation which
feature in multiple neurodegenerative disorders. These cells survey the CNS and, under
inflammatory conditions, become “activated” through stimulation of toll-like receptors
(TLRs), resulting in changes in morphology and production and release of cytokines. In
the present study, we examined the roles of the related TAM receptors, Mer and Axl, and
of their ligand, Gas6, in the regulation of microglial pro-inflammatory TNF-α production
and microglial morphology.

Methods: Primary cultures of murine microglia of wild-type (WT), Mer−/− and Axl−/−

backgrounds were stimulated by the TLR4 agonist, lipopolysaccharide (LPS) with or
without pre-treatment with Gas6. Gene expression of TNF-α, Mer, and Axl was examined
using reverse transcription-quantitative polymerase chain reaction (RT-qPCR), and
enzyme-linked immunosorbent assay (ELISA) was used to measure TNF-α release from
microglia. Immunofluorescence staining of β-actin and the microglial marker Iba1 was
performed to reveal microglial morphological changes, with cellular characteristics
(area, perimeter, Feret’s diameter, minimum Feret, roundness, and aspect ratio) being
quantified using ImageJ software.

Results: Under basal conditions, TNF-α gene expression was significantly lower in
Axl−/− microglia compared to WT cells. However, all microglial cultures robustly
responded to LPS stimulation with the upregulation of TNF-α expression to similar
degrees. Furthermore, Mer receptor expression was less responsive to LPS stimulation
when in Axl knockout cells. The presence of Gas6 consistently inhibited the LPS-induced
upregulation of TNF-α in WT, Mer−/− and Axl−/− microglia. Moreover, Gas6 also inhibited
LPS-induced changes in the microglial area, perimeter length, and cell roundness in
wild-type cells.

Abbreviations: ANOVA, analysis of variance; B&W, black and white; BSA, bovine serum albumin; CST, Cell Signaling
Technologies; DAMPs, damage-associated molecular patterns; DMEM, Dulbecco’s modified eagle medium; ELISA,
enzyme-linked immunosorbent assay; FBS, fetal bovine serum; HS, horse serum; LPS, lipopolysaccharide; NT, no
treatment; P/S, penicillin/streptomycin; PAMPs, pathogen-associated molecular patterns; PFA, paraformaldehyde; PPRs,
pattern recognition receptors; qPCR, quantitative polymerase chain reaction; RT, reverse transcription; RTKs, receptor
tyrosine kinases; TLRs, Toll-like receptors; WT, wild-type.
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Conclusion: Gas6 can negatively regulate the microglial pro-inflammatory response
to LPS as well as via stimulation of other TLRs, acting through either of the TAM
receptors, Axl and Mer. This finding indicates an interaction between TLR and TAM
receptor signaling pathways and reveals an anti-inflammatory role for the TAM ligand,
Gas6, which could have therapeutic potential.

Keywords: microglia, Gas6, TAM receptors, toll-like receptors, LPS, inflammation, TNF-α, primary cell culture

BACKGROUND

Neuroinflammation is a common feature of disorders such
as multiple sclerosis or Alzheimer’s disease, among others,
occurring at various stages of disease progression (Weggen et al.,
2001; Frischer et al., 2009; Heneka et al., 2014; Dendrou et al.,
2015). Microglia, the principal immune cells of the CNS, are
responsible for surveying the CNS environment in search of
damage (Nimmerjahn et al., 2005; Salter and Stevens, 2017).
Upon activation, microglia can detect a variety of stimuli through
detecting damage- or pathogen-associated molecular patterns
(DAMPs or PAMPs, respectively) and respond by creating an
inflammatory milieu through the release of cytokines such as
TNF-α and IL-1β (Lively and Schlichter, 2018; Subedi et al.,
2019). In inflamed tissue, microglia can control the release of
pro-inflammatory cytokines, switching to an anti-inflammatory
response to promote healing (Heneka et al., 2014). Moreover,
microglia undergo morphological changes upon inflammatory
stimulation. The transition from their surveillant state to a more
‘‘classically’’ activated phenotype has been well characterized
with cells switching from a ramified, extended morphology to
a more rounded, amoeboid structure (Djukic et al., 2006; Tam
and Ma, 2014; Michell-Robinson et al., 2015; Arcuri et al., 2017).
It is this molecular and phenotypic regulation of microglia that
may become inefficient during neurodegeneration as chronic
inflammation takes hold (Song and Colonna, 2018).

Toll-like receptors (TLRs) are a family of pattern recognition
receptors (PRRs), present on the surface of microglia (Bsibsi
et al., 2002; Olson and Miller, 2004; Frederiksen et al., 2019).
TLR4, for which the gram-negative bacterial cell wall component
lipopolysaccharide (LPS) is a strong agonist, is well known
for its role in inflammation, providing many opportunities
for therapeutics (Jack et al., 2005; Lu et al., 2008; Roy et al.,
2016). The TAM (Tyro3, Axl, Mer) subfamily of receptor
tyrosine kinases (RTKs) are known to play an important role
in the resolution of inflammation, both within and outside
the CNS (Lemke and Rothlin, 2008; Shafit-Zagardo et al.,
2018; Lee and Chun, 2019). For example, Mer−/− mice treated
with LPS show an exacerbated sickness behavior (Camenisch
et al., 1999). Furthermore, TAM receptors, along with their
ligand Gas6, have been implicated in the negative regulation
of pro-inflammatory cytokine release from LPS-stimulated cells
(Binder et al., 2008; Alciato et al., 2010).

Within the CNS, TAM receptor expression is highly variable
concerning both age and cell type. Microglia have a strong
expression of both Axl and Mer receptors but a negligible
expression of Tyro3, especially neonatally (Prieto et al., 2000;
Shafit-Zagardo et al., 2018; Goudarzi et al., 2020). Although

Axl and Mer, along with Gas6, are known to play important
roles in the macrophage/microglial inflammatory response, little
has been confirmed regarding the specific roles that each
receptor plays in the resolution of the response, nor their
actions on microglial morphological responses. Therefore, this
study aimed to investigate the specific roles of the TAM
receptors, Mer and Axl, in regulating TNF-α expression and
release in primary mouse microglia as well as to explore the
impact of Gas6 on microglial morphological changes under
pro-inflammatory conditions. Here, we have used single receptor
knockout microglia to study both cytokine release in response
to pro-inflammatory stimulation and morphological effects, with
and without the influence of ligand stimulation by Gas6. We
discovered that both Mer and Axl play important roles in
inflammatory resolution and that Gas6 can inhibit a broad range
of TLR-mediated inflammatory induction of TNF-α as well as
associated morphological changes.

MATERIALS AND METHODS

Primary Mouse Microglial Cell Cultures
All experimental procedures were performed following the
Animals (Scientific Procedures) Act, 1986 under a UK Home
Office project license (license number PC2238199) with approval
from the institutional ethics committee (AWERB).

Primary microglial cells were derived according to Mecha
et al. (2011). In brief, cells were isolated from neonatal
(P1–3) wild-type (WT; C57/BL6), Mer mutant (Mer−/−; Jackson
Laboratories, Bar Harbor, ME, USA), and Axl mutant (Axl−/−;
Jackson Laboratories) mouse brains and cultured in Dulbecco’s
Modified Eagle Medium (DMEM; Thermo Fisher Scientific,
Loughborough, UK) supplemented with 10% fetal bovine serum
(FBS; Lonza, Slough, UK), 10% horse serum (HS; Gibco
Invitrogen, Paisley, UK) and 1% penicillin/streptomycin (P/S;
Thermo Fisher Scientific) at 37◦C for 10–14 days. Cultures
were then shaken orbitally at 260 rpm for 3 h to detach the
microglia, which were seeded onto poly-D-lysine coated 24-well
plates at a cell density of 3 × 105 cells/well for protein/RNA
extraction protocols or onto coverslips (circular, 16 mm
diameter; Thermo Fisher Scientific) at 4 × 104 cell density for
immunofluorescence staining.

Cells were allowed to adhere for 1–2 days before the medium
was changed to DMEM containing 1% FBS and 1% P/S into
which treatments were added. Pro-inflammatory stimulation was
induced by adding LPS (10 ng/ml; Sigma–Aldrich, Gillingham,
UK) to cells. Other cell treatments included the TAM receptor
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ligand, Gas6 (1.6 µg/ml; produced in house as detailed in
Stenhoff et al., 2004).

RNA Extraction, Reverse Transcription,
and qPCR
After experimental treatments, media was removed from wells,
and cells were lysed for total RNA extraction and purification
using the RNeasyMini Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions. RNA concentration and
purity were measured using a spectrophotometer (ND-1000;
NanoDrop Technologies, Wilmington, DE, USA). Equal
amounts of total RNA were reverse transcribed (RT) into
cDNA (High Capacity cDNA Reverse Transcription Kit,
Applied Biosystems, Foster City, CA, USA) which was used
to perform quantitative polymerase chain reaction (qPCR)
using gene-specific primer/fluorescent hydrolysis probe sets
(Integrated DNA Technologies, IDT, Leuven, Belgium). Gene
expression was normalized to Gapdh (Thermo Fisher Scientific)
as a reference gene in each sample; relative gene expression
was calculated using 2−∆Ct and fold change in expression was
calculated using 2−∆∆Ct for different experiments, as previously
described (Schmittgen and Livak, 2008).

Enzyme-Linked Immunosorbent Assay
(ELISA)
Legend MaxTM Mouse TNF-α Enzyme-Linked Immunosorbent
Assay (ELISA) Kit (BioLegend, San Diego, CA, USA) was used
following the manufacturer’s instructions to measure protein
levels in cell-conditioned media. In brief, the medium was
added to a 96-well plate pre-coated with hamster monoclonal
anti-mouse TNF-α capture antibody. After incubation at room
temperature for 2 h, samples were washed and the detection
antibody was added for a further hour. After further washing,
avidin-horseradish peroxidase was used for detection and optical
density was measured at 450 nm and 570 nm (Multiskan GO;
Thermo Fisher Scientific).

Immunofluorescence Staining
After treatments, media was removed from coverslips by
aspiration, and cells were washed twice with PBS, then fixed by
incubation with 4% paraformaldehyde (PFA; Sigma–Aldrich) in
PBS for 10 min at room temperature. Cells were then washed
in PBS (3 × 5 min) before permeabilization with 0.3% Triton
X-100 at room temperature for 5 min. Coverslips were washed
again (3 × 5 min) before further permeabilization using 100%
methanol at −20◦C for 10 min. After a final wash, cells were
blocked in 5% HS for 1 h.

For staining, coverslips were incubated in primary antibodies
made in 1% bovine serum albumin (BSA) solution to
appropriate dilutions at 4◦C overnight. Primary antibodies were
removed, coverslips were washed and secondary antibodies
in 1% BSA were added for 1 h at room temperature.
Coverslips underwent a final wash in PBS before being
mounted onto clear glass microscopy slides using PermaFluor
AqueousMountingMedium (Thermo Fisher Scientific). Primary
antibodies used were rabbit anti-Iba1 (1:300; Fujifilm Wako
Pure Chemical Corporation, Japan) and mouse anti-β-actin

[1:2,500; Cell Signaling Technologies (CST), London, UK].
Secondary antibodies used were anti-rabbit AlexaFluor 488
(1:1,000; Invitrogen, UK), anti-mouse Cy3 (1:1,000; Invitrogen),
and the stain DAPI was used at 1:400 (Invitrogen Molecular
Probes). Images were taken on a laser scanning confocal
microscope (Zeiss LSM 710, Cambridge, UK).

Image Processing
The program RBS ImageJ was used for all image processing.
Firstly, all images were scaled to micrometers and converted
to black and white (B&W) images using ‘‘Image. . . Colour
Threshold.’’ Cellular characteristics were then measured using
‘‘Analyze. . .Analyze Particles’’ where numbered outlines were
created for each cell over 100 µm2 that did not cross the
image threshold (Supplementary Figure 1) and parameters were
automatically measured. Parameters used were area, perimeter,
Feret’s diameter, minimum Feret, roundness, and aspect ratio
as described in Zanier et al. (2015). A subtype of giant
multinucleated phagocytic cells (Fendrick et al., 2007; Hornik
et al., 2014) were excluded from data analysis due to the
limited number observed in images. Furthermore, extreme data
outliers and any cells in contact with others were removed from
the analysis. In total, over 300 cells were analyzed for each
treatment group.

Statistical Analysis
Statistical analysis was performed using Prism 8 (GraphPad
Software, San Diego, CA, USA). The normal distribution of
experimental data was determined using the Shapiro–Wilk
test. Statistical tests used on normally distributed data were
one-way analysis of variance (ANOVA) or paired Student’s
t-tests, whereas non-parametric tests used were Kruskal–Wallis,
Friedman’s, or Wilcoxon signed-ranked tests. A p ≤ 0.05 was
considered as statistically significant. Data analyzed were from
a minimum of four independent experiments on separate
primary cultures.

RESULTS

Axl Knockout Microglia Show Reduced
Baseline TNF-α Expression, but Wild-Type
and TAM Knockout Cells Respond Equally
to LPS
To discover the role of Mer and Axl receptors in intrinsic
TNF-α expression in primary microglia, reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) was used to
measure TNF-α gene expression in non-stimulated microglia
of WT, Mer−/− and Axl−/− backgrounds. Under basal
conditions, Axl−/− microglia displayed significantly lower
TNF-α gene expression when compared with WT microglia,
whereas Mer−/− cells displayed no such difference (Figure 1A).
LPS (10 ng/ml) addition to WT microglia for 8 h caused
a massive upregulation of TNF-α gene expression through
TLR4 activation (Roy et al., 2016), which also occurred to
the same degree in both Mer−/− and Axl−/− microglia, all
differing significantly from basal values (Figure 1B). We also
observed this effect with a separate commercial LPS preparation
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FIGURE 1 | Reduced baseline but not an inflammatory-stimulated expression of TNF-α in Mer and Axl deficient microglia. Reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) was used to determine the relative gene expression (2−∆Ct) of TNF-α in wild-type (WT), Mer−/− or Axl−/− microglia when (A)
unstimulated or (B) stimulated with lipopolysaccharide (LPS; 10 ng/ml) for 8 h. Gapdh was used as a reference gene. Data shown are individual data points with a
median bar for n ≥ 6 independent experimental repeats. Statistical significance was determined using Mann-Whitney test comparing Mer−/− or Axl−/− microglia
against WT (∗) or by using Wilcoxon signed-rank tests to compare pairwise differences between basal and lipopolysaccharide (LPS) values (#); ∗p < 0.05; #p < 0.05;
##p < 0.01; ###p < 0.005.

(Supplementary Figure 2), which furthermore showed the TNF-
α-inducing effect occurred mainly via distinct TLRs and not
all equally.

Pro-inflammatory Stimulation by LPS
Downregulates Mer but Upregulates Axl
Expression in Microglia, With Axl Proving
Necessary for This Response
To understand the underlying alterations in TAM receptors
in response to LPS, we measured gene expression of Mer
and Axl receptors first in WT and then Mer−/− and Axl−/−

microglia. In WT microglia, stimulation with LPS (10 ng/ml)
for 8 h caused a significant upregulation of Axl expression
concomitant with a significant downregulation of Mer
(Figure 2A). Interestingly, the LPS-induced upregulation
of Axl was also observed in Mer−/− microglia (Figure 2B)
whilst, in contrast, LPS did not alter Mer expression
in Axl −/− cells (Figure 2C). This response indicates
a potential regulatory role of Axl for the expression of
Mer in microglia. Furthermore, under baseline, non-LPS-
stimulated conditions, single knockout of either Mer or Axl
receptor caused a significant increase in the other remaining
TAM receptor (Supplementary Figure 3; p = 0.0032, Mer
expression for WT vs. Axl−/− baseline; p = 0.0003, Axl
expression for WT vs. Mer−/− baseline). This suggests a
compensation between the TAM receptors when one is
non-functional.

Gas6 Inhibits LPS-Induced TNF-α
Upregulation in Both Wild-Type and
Knockout Microglia
To further distinguish the roles of Mer and Axl receptors,
we primed cells with their ligand, Gas6, before stimulating
cells with LPS and measuring TNF-α expression. Initially, we
confirmed the ability for LPS to almost completely suppress
endogenous Gas6 expression in WT microglia (Supplementary
Figure 4). This would mean that all experiments under LPS
inflammatory conditions using exogenous Gas6 to activate
Mer and Axl would be exclusively through exogenous and
not endogenous Gas6. Under conditions of LPS stimulation,
the presence of Gas6 throughout the 8-h incubation period
(including 1 h preceding it) attenuated the upregulation of
TNF-α gene expression in both WT and single TAM receptor
knockout microglia (Figure 3A). This response occurred in a
pairwise trend with the majority of samples showing a substantial
down-regulation of gene expression (p = 0.4375, WT LPS vs.
LPS + Gas6 vs; p = 0.0625, Mer−/− LPS vs. LPS + Gas6;
p = 0.0625, Axl−/− LPS vs. LPS + Gas6). LPS also strongly
induced the upregulation of TNF-α at the protein level as
measured by ELISA analysis of TNF-α released from cells into
the medium (Figure 3B). However, the Gas6 inhibitory effects
observed by qPCR were not significant at the protein level. Also,
both Axl−/− and Mer−/− cells showed significantly lower levels
of LPS-induced TNF-α protein release thanWT cells (p = 0.0286,
LPS WT vs. LPS Axl−/−; p = 0.0286, LPS WT vs. LPS Mer−/−).
The interference of Gas6 in signaling pathways regulating TNF-α
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FIGURE 2 | LPS stimulation alters TAM receptor expression in opposite directions, with Axl regulating the Mer response. After 8 h LPS (10 ng/ml) stimulation or not,
RT-qPCR was used to determine the relative gene expression (2−∆Ct) of (A) Axl and Mertk in WT microglia, (B) Axl in Mer−/− microglia, and (C) Mertk in Axl−/−

microglia. Gene expression was normalized to Gapdh. Data shown are individual data points with the median line for n ≥ 5 independent experimental repeats.
Statistical significance was determined using Wilcoxon signed-rank test; ∗p < 0.05; ∗∗∗p < 0.001.

expression was not unique to TLR4 activation, as we also
observed the same inhibitory effect of Gas6 downstream of other
TLR agonists (Supplementary Figure 2).

Gas6 Limits Changes in Morphological
Characteristics in Microglia in Response to
LPS Stimulation
LPS is known to activate microglia to anM1 phenotype, resulting
in them becoming more amoeboid in morphology (Tam and
Ma, 2014). Here, we confirmed the LPS-induced transition
to a more rounded morphology and investigated whether the
changes in TNF-α expression observed with Gas6 pre-treatment
also translated into morphological changes. WT microglia were
seeded onto glass coverslips and treated with LPS (10 ng/ml),
with or without 1 h Gas6 (1.6 µg/ml) pre-treatment, for 19 h
(Figure 4). DAPI was used for nuclear staining, Iba1 to confirm
the purity of microglial cultures, and β-actin to visualize the
cytoskeleton and morphology of cells. Data were normalized for
each experimental repeat to account for variation among cultures
(original data and all images in Supplementary Figure 5). LPS

stimulation of microglia had a profound effect on morphology,
measured through several parameters (Figure 4B). Moreover,
Gas6 pre-treatment of LPS-stimulated microglia significantly
reverted the altered morphological parameters area, perimeter,
and roundness towards the non-stimulated state, with cells
displaying a less pronounced amoeboid shape.

DISCUSSION

In the present study, we have shown that the potent
TLR4 agonist, LPS, strongly induced expression of the
pro-inflammatory cytokine TNF-α in mouse microglia, in both
WT cells and those deficient in either the Mer or Axl receptor.
The absence of a single TAM receptor did not influence the
ability of microglia to respond to this major pro-inflammatory
stimulus, although basal TNF-α expression was reduced in
Axl−/− microglia. Interestingly, baseline expression of Mer or
Axl was significantly higher in cells in which the other receptor
was absent as compared to WT cells, suggesting a compensatory
effect. Additionally, we observed that the TAM receptor ligand,
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FIGURE 3 | Gas6 inhibits TNF-α induction by LPS in WT and single TAM receptor knockout microglia. (A) RT-qPCR was used to determine the fold change
(2−∆∆Ct) in TNF-α gene expression in WT, Mer−/− or Axl−/− microglia following 8 h of LPS (10 ng/ml) stimulation with or without 1 h pre-treatment with Gas6
(1.6 µg/ml); fold-change in expression for each experimental repeat (n = 5) is displayed. (B) Enzyme-Linked Immunosorbent Assay (ELISA) measurement of TNF-α
protein in culture media under the same experimental conditions as in panel (A), with individual data points from each separate culture and median bar displayed for
n = 4 independent experimental repeats. Statistical tests used were (A) Wilcoxon signed-rank tests or (B) Friedman’s tests; ∗p < 0.05.

Gas6, had an inhibitory effect on LPS-induced microglial
TNF-α expression and release, independently of Mer or Axl
receptor knockout. Finally, we observed significant alteration
of microglial morphology in WT microglia in response to LPS
which was also counteracted by Gas6.

The TAM receptor system is well established in immune
processes, evident from the increased susceptibility of Mer−/−

mice to LPS-induced inflammation (Camenisch et al., 1999)
and TAM receptor triple knockout mice displaying autoimmune
characteristics (Lu and Lemke, 2001). The effects of TAM
receptors on pro-inflammatory responses are often identified
through alterations in cytokine expression or changes to
intracellular signaling pathways (Rothlin et al., 2007; Ji et al.,
2013; Zheng et al., 2015). In keeping with our observations,
other studies have also reported the ability of individual TAM
receptors to work in concert when regulating the cell’s response
to stimuli. For example, Axl and Mer have been shown to
work together for optimal clearance of apoptotic cell bodies by
microglia (Fourgeaud et al., 2016), and phagocytosis by bone
marrow-derived macrophages is dependent on both Mer and
Axl kinase activity (Zagórska et al., 2014). Also, recent evidence
supports the independent roles of Mer and Axl, whilst working

together to suppress inflammatory responses (Zagórska et al.,
2020). Furthermore, opposite responses of Mer and Axl to
inflammatory conditions have been reported in human myeloid
cells (Healy et al., 2016), with the upregulation of Axl being
associated with a pro-inflammatory response (Gao et al., 2019).

The present study in microglia also concurs with previous
reports of the negative regulatory role of Gas6 in inflammatory
signaling in other cells. For example, Gas6 has previously
been shown to have a suppressive effect on TLR-mediated
pro-inflammatory cytokine production in cardiomyocytes
(Grommes et al., 2008), microglial cell lines (Li et al., 2019),
mouse macrophages (Deng et al., 2011) and primary murine
microglia (Binder et al., 2008). There is growing evidence linking
alleviation of inflammation to morphological alterations in
microglia which are associated with pro-inflammatory signaling
responses and cytokine expression (Zhang et al., 2014, 2019;
Kalakh and Mouihate, 2017; Honjoh et al., 2019). This study
used WT microglia to observe the potential modulatory effects
of Gas6 on microglial morphological characteristics. We did
not analyze morphology in TAM single knockout cells as their
TNF-α release profiles under LPS conditions were similar
to wild-type responses, as were the Gas6 effects on these;
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FIGURE 4 | Gas6 counteracts LPS-induced changes in microglial morphology. (A) Representative images of primary microglial cultures treated with LPS (10 ng/ml
for 19 h) with or without 1 h pre-treatment with Gas6 (1.6 µg/ml). Cells were stained with DAPI, Iba1, and β-actin and imaged under fluorescence confocal
microscopy. Scale bar −100 µm. Arrowheads indicate a multinucleated cell. (B) Quantification of morphological characteristics (area, Feret’s diameter, roundness,
perimeter, minimum Feret, and aspect ratio) for n = 4 individual experimental repeats (n > 300 cells per treatment group). Data normalized to the control no treatment
(NT) group is displayed as fold change on violin plots showing median and upper/lower quartiles. Statistical tests used were one-way analysis of variance (ANOVA)
with Tukey post hoc analysis; ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001.
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therefore, the morphological responses would be expected to be
the same.

When measuring TNF-α protein release, the data concurred
with the gene expression analysis in some areas but not others.
For example, there were no significant differences between the
LPS-induced TNF-α gene expression between the three groups
of cell cultures, whereas under LPS stimulation, Mer−/− and
Axl−/− cells showed lower TNF-α protein release than WT cells.
This could be due to amaximal activation by LPS of theTnfa gene
promoter that is too strong to be affected by the lack of a single
TAM receptor. In contrast, TNF-α protein release occurs at the
end of a multi-level pathway to expression and therefore could
be more sensitive to the absence of a TAM receptor through
post-transcriptional mechanisms such as protein modification,
stability, or trafficking (Vogel and Marcotte, 2012). Also, the
lack of difference between baseline TNF-α protein release byWT
and Mer−/−/Axl−/− cells could be due to the poorer sensitivity
of ELISAs for the detection of low levels of cytokine present
in the supernatant, not taking into account cytokines that had
been consumed by cells (Amsen et al., 2009). Also, we observed
that active stimulation of either the TAM receptor by Gas6 is
capable of suppressing the LPS effect at the gene level but not
significantly at the protein level. In this case, constant ligand
stimulation of TAM signaling pathways appear to have sufficient
inhibitory efficacy to interfere with TNF-α gene promoter
activation, whereas not sufficiently to affect levels of cytokine
accumulated in the medium after a time period. In addition,
it was noteworthy that under LPS stimulation conditions, and
contrary to resting cells, knockout of a single TAM receptor
did not decrease expression of the other. Therefore, single TAM
levels were maintained at least at the unstimulated levels and
these cells would be responsive to Gas6 stimulation, which can
explain why Gas6 was also able to inhibit TNF-α expression
in LPS-stimulated Axl−/− cells, as their Mer expression
remains robust.

There are other aspects of the TAM system, receptor
interactions, and their involvement in inflammation touched on
in our work. For example, the distinct responses of Mer and Axl
to inflammatory stimuli suggest potential heterodimerization,
previously proposed when protein S, a Mer and Tyro3 ligand,
was able to stimulate an Axl response (Ray et al., 2017). It
is important to know how the different components interact
before a full understanding of the TAM receptor system is
possible. It is also worth noting that this study focussed solely
on Gas6, a ligand for all three TAM receptors, and not protein
S (Tsou et al., 2014; Al Kafri and Hafizi, 2019) which has also
been purported to have anti-inflammatory functions (Carrera-
Silva et al., 2013; Barth et al., 2018). Furthermore, we have
shown here that Gas6, via the TAM receptors Axl and Mer,
negatively regulates the inflammatory response downstream of
multiple TLRs, and other studies are continuing to elucidate
these interactions (Wu et al., 2018; Herrera-Rivero et al., 2019;
Zahoor et al., 2020). It is vital to probe further to fully clarify
how the TAM system is involved in pro-inflammatory cytokine
mediation and the underlying signaling pathways involved. This
understanding could provide a fresh avenue for the treatment of
many debilitating neuroinflammatory disorders.

In this study, we have used the pro-inflammatory cytokine
TNF-α as a prominent biomarker to investigate proinflammatory
responses (Muhammad, 2019). It is the case however that
microglial responses to inflammation involve the complex release
and functional interplay of many different cytokines (Lively and
Schlichter, 2018). However, our aim here was to gain a clear
view of the role of Gas6 in regulating a major pro-inflammatory
mechanism, and with future work to be directed at investigating
the key signaling pathways and inflammatory markers involved
in the TLR response. Also in this study, analysis of TAM
receptor protein expression may have supplemented the more
sensitive gene expression data; however, the lack of highly
sensitive anti-mouse TAM receptor antibodies coupled with the
low levels of protein present in the samples precluded a reliable
analysis to be done on all the cultures as they were using
qPCR. Furthermore, blockade of Gas6 may have been a useful
tool to allow us to confirm any ligand-dependent roles of the
TAM receptors that occur under basal conditions in microglial
cells. However, currently there are no specific Gas6 ligand traps
available, and therefore it was not possible to completely negate
endogenous Gas6 effects during our experiments. Nevertheless,
our data show the clear modulatory role of Gas6 under
pro-inflammatory conditions, which are the main findings of
this study.

To conclude, we have shown that Gas6, via both TAM
receptors Mer and Axl, has a significant negative regulatory
influence on the pro-inflammatory response in primary mouse
microglia, as observed through TNF-α expression and microglial
morphology, and downstream of multiple TLRs. Furthermore,
pro-inflammatory conditions alter TAM receptor expression
in opposite directions and Axl appears to play a role in the
regulation of Mer expression. These findings have expanded
the current knowledge on the anti-inflammatory capabilities of
Gas6 and TAM receptors in microglia. This new knowledge is
of relevance to a greater understanding of the pathophysiology
of several neurodegenerative diseases as well as potential novel
therapeutic avenues.
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Histopathological analysis of cellular changes in the stroked brain provides critical

information pertaining to inflammation, cell death, glial scarring, and other dynamic

injury and recovery responses. However, commonly used manual approaches are

hindered by limitations in speed, accuracy, bias, and the breadth of morphological

information that can be obtained. Here, a semi-automated high-content imaging (HCI)

and CellProfiler histological analysis method was developed and used in a Yucatan

miniature pig permanent middle cerebral artery occlusion (pMCAO) model of ischemic

stroke to overcome these limitations. Evaluation of 19 morphological parameters

in IBA1+ microglia/macrophages, GFAP+ astrocytes, NeuN+ neuronal, FactorVIII+

vascular endothelial, and DCX+ neuroblast cell areas was conducted on porcine brain

tissue 4 weeks post pMCAO. Out of 19 morphological parameters assessed in the stroke

perilesional and ipsilateral hemisphere regions (38 parameters), a significant change

in 38
38 measured IBA1+ parameters, 34

38 GFAP+ parameters, 32
38 NeuN+ parameters,

31
38 FactorVIII+ parameters, and 28

38 DCX+ parameters were observed in stroked vs.

non-stroked animals. Principal component analysis (PCA) and correlation analyses

demonstrated that stroke-induced significant and predictable morphological changes

that demonstrated strong relationships between IBA1+, GFAP+, and NeuN+ areas.

Ultimately, this unbiased, semi-automated HCI and CellProfiler histopathological analysis

approach revealed regional and cell specific morphological signatures of immune and

neural cells after stroke in a highly translational porcine model. These identified features

can provide information of disease pathogenesis and evolution with high resolution, as

well as be used in therapeutic screening applications.

Keywords: cell morphology, permanent middle cerebral artery occlusion model, porcine, ischemic stroke,

high-content imaging
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INTRODUCTION

Stroke remains a leading cause of death and long-term disability
worldwide despite numerous preclinical and clinical trials to
develop novel treatments (Virani Salim et al., 2020). The
development of new therapeutic targets and more effective
treatments hinge on having a more complete understanding of
cellular dynamics after stroke to assess changes in key processes
such as the immune response and glial scar formation, whichmay
also serve as biomarkers of injury severity and recovery. Modern
histological approaches have led to significant breakthroughs in
understanding thrombus etiology (Sporns Peter et al., 2017; Heo
et al., 2020), patterns of immune cell activation (Savchenko et al.,
2016; Rayasam et al., 2018), and other important pathological and
recovery cellular changes. However, these standard approaches
are limited by the number of cellular features that can be
assessed, accompanied by decreased spatial information, slow
data processing speeds, and subjectivity. Recent advances in
imaging and processing power have led to the development of
high-content image (HCI) analysis that enables high-throughput
assessment of multiple single cell features, reduces time of
analysis, and decreases subjectivity (Chen et al., 2012; Riordan
et al., 2015). Assessment of micro-scale cellular morphological
changes, garnered through HCI analysis of stroked tissues, is
likely to result in more predictive studies of neural injury and
recovery responses- a critical need in the stroke field (Kaiser and
West, 2020).

HCI individual cell analysis has been utilized to better
understand the dynamic changes in cellular morphological
features in the injured brain (Morrison and Filosa, 2013; Heindl
et al., 2018). Recent studies have identified distinct morphological
changes in microglia in basic shape descriptions, such as
surface area and perimeter, skeleton properties of ramified
cells, and graph theory parameters in the peri-infarct region
after ischemic stroke in rodent models. Additionally, automated
analysis has resulted in substantial decreases in time to result
acquisition (5min vs. 7 h) relative to manual approaches, with
no compromise of result integrity (Heindl et al., 2018). However,
the limited number of in vivo HCI stroke studies have focused
on either a well-demarcated perilesional region or a specific
brain structure (Brown Craig et al., 2008; Heindl et al., 2018),
rather than global ipsilateral hemisphere changes. While region-
specific differences in cellular morphology have been identified,
such as in the case of astrocyte morphology (Mestriner et al.,
2015), analysis of the peri-infarct region as well as the ipsilateral
hemisphere should be conducted to determine local and global
alterations in cellular morphology. For example, significant
differences in cellular morphology of microglia within the
infarct and a few millimeters from the infarct region have been
previously observed, demonstrating the existence of transitions
in morphological populations (Heindl et al., 2018). Examining
differences in inflammatory cell morphology changes induced by
ischemia, edema, intracerebral hemorrhage, or even in response
to therapy, may provide more descriptive information about the
pervasiveness of injury throughout the affected issue than solely
considering the direct lesioned area alone. To date, most HCI
neural analysis studies have focused primarily on individual cell

assessments of only a few hundred of the billions of brain cells
with an emphasis typically on one specific cell type such as
microglia/macrophages (Thored et al., 2009; Heindl et al., 2018),
neurons (Gonzalez and Kolb, 2003), or astrocytes (Wilhelmsson
et al., 2006; Mestriner et al., 2015). While these studies provide
significant detail into the changes of single cell-type features, they
neglect other key cell types and relationships between these cells
that contribute to normal and injured brain activity. For example,
morphological changes of IBA1+ microglia/macrophages and
GFAP+ astrocytes following activation has been documented
in many studies of neuroinflammation (Karperien et al., 2013;
Hovens et al., 2014) and stroke specifically (Heindl et al., 2018).
Activation of IBA1+ microglia/macrophages is associated with a
transition from ramified, extended cells with a large perimeter
to area ratio, to cells that are more ameboid, compact, and
have a smaller perimeter phenotype (Avignone et al., 2015;
Davis et al., 2017). Additionally, activation of GFAP+ astrocytes
proximal to the lesion site exhibit a stellate, hypertrophied
appearance with processes extending toward the ischemic core
at acute timepoints during glial scar formation (Ding, 2014).
However, the relationship between the morphological changes
in each of these cell types to each other has yet to be
quantitatively characterized. The improved understanding of
these relationships between cell types is likely to be important in
investigating novel cell interaction in the stroke environment and
discovering new therapeutic targets and mechanisms.

Utilizing animal models with similar neural cellular
composition and organization as humans in preclinical
stroke research is becoming increasingly important to improve
the potential of successful clinical translation (Kaiser and West,
2020). In this study, the porcine brain is utilized for HCI cellular
histological analysis following pMCAO due to similar white
matter content, size, and hierarchical organization to the human
brain (Platt et al., 2014). White matter is exceedingly vulnerable
to ischemic damage relative to gray matter due to the lack of
sufficient collateral circulation, excitotoxicity susceptibility, and
destruction of damaged oligodendrocytes by microglia and
infiltrating macrophages (Moxon-Emre and Schlichter, 2010).
Therefore, for translational purposes, it is imperative to quantify
morphological changes of inflammatory and neural cells in
large animal brains that show greater similarity to the human
stroke condition.

To comprehensively investigate quantitative cellular
morphological changes after stroke, a custom, semi-automated
HCI and CellProfiler analysis pipeline (Jones et al., 2009) was
used to capture 19 morphological features of 5 different cell
types in a pMCAO porcine model of ischemic stroke. While
the methodology and analysis pipeline presented here are
generalizable to small animal stroke models, it is especially useful
in the quantification of cells and associated aspects in large
animal models that have sizable brain mass, which historically
has made detailed quantitative analysis of discrete segments
challenging. This study demonstrated significant differences
in the morphology of microglia/macrophages, astrocytes,
neurons, neuronal precursors, and vasculature cells in the
stroked porcine brain. Additionally, significant correlations were
observed between morphological changes in these cell types
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following stroke, suggesting that this HCI histological analysis
approach can lead to new information on the dynamic interplay
between cytoarchitectural and inflammatory cell types in the
post-stroke brain.

MATERIALS AND METHODS

Study Design
All work involving the use of animals or animal tissue in
this study was performed in accordance with the National
Institutes of Health (NIH) Guidelines for Care and Use
of Laboratory Animals and was reviewed and approved by
the University of Georgia (UGA) Institutional Animal Care
and Use Committee (IACUC; Animal Use Protocol (AUP)
Number A2018 01-029-Y1-A5). Pigs were acquired from
Lonestar Laboratory Swine (Sioux Center, IA) and individually
housed in a Public Health Service (PHS) and Association
for Assessment and Accreditation of Laboratory Animal Care
(AAALAC) approved facility. Animal rooms were maintained
at temperature of approximately 27◦C with a 12-h light/dark
cycle. Pigs were fed standard UGA grower 1 diet with
daily enrichment through toys and human contact. Predefined
exclusion criteria included instances that would prevent the
animal from reaching the 4-week timepoint such as death
or euthanasia due to severe self- inflicted injuries, inability
to thermoregulate, uncontrolled seizure activity, respiratory
distress, and/or confounding infections at the incision. No pigs
reached the aforementioned exclusion criteria, and therefore all
animals were included in the analysis.

Porcine Ischemic Stroke Surgery
In this single-blinded study, sexually mature [>1 year] male and
ovariectomized (OVX) female Yucatan miniature pigs weighing
between 68 and 98 kg were randomly assigned to either non-
stroke (NS, n = 3 females, n = 2 males) or stroke (S, n = 3
females, n = 4 males) groups. Due to the global effect of the
ischemic injury on the entire brain, normal healthy animals
were selected to be used as the control group rather than
the contralateral hemisphere. The day prior to surgery, pigs
were administered antibiotics (Ceftiofur crystalline free acid;
5 mg/ kg intramuscular (IM); Zoetis) to prevent infection as
required by institutional guidelines. A right sided pMCAO
procedure was performed on all stroked animals by a trained
veterinary neurosurgeon as described in Platt et al. (2014).
Briefly, pre-induction analgesia and sedation was achieved
using xylazine (4 mg/kg IM; Vet-One), midazolam (0.3 mg/kg
IM; Heritage), and methadone (0.2 mg/kg IM; Henry Schein
Animal Health). Anesthesia was induced with propofol (to
effect; intravenous (IV); Zoetis) and prophylactic lidocaine
(1.0mL 2% lidocaine; VetOne) was applied to the laryngeal
folds to facilitate intubation. Anesthesia was maintained with
isoflurane (1.0–2.0%; Abbot Laboratories) in oxygen. Pigs were
determined to be at an adequate anesthetic depth when animals
displayed complete muscle relaxation and no longer responded
to a toe pinch or ear stimulation per AUP. For anesthetic
depth monitoring during anesthesia events, heart rate and
blood pressure were monitored using a stethoscope and/or

Doppler Probe every 5min, respiration rate was regulated
using a ventilator every 5min, and temperature was monitored
using a thermometer every 15min. Following a frontotemporal
craniectomy with orbital rim ostectomy and zygomatic arch
resection, the temporal fascia and muscle were elevated, and
the local dura mater was exposed. The middle cerebral artery
(MCA) and collaterals were then identified just distal to the
Circle of Willis. Permanent occlusion of the distal MCA and
associated branches was achieved by bipolar electrocauterization
resulting in territorial ischemia. The exposed brain was then
covered with a sterile oxidized cellulose hemostatic agent
(VetSpon). Following occlusion, the temporalis muscle and
epidermis were routinely re-apposed. Once the incision was
closed, anesthesia was discontinued, pigs were returned to their
pens, and extubated. Temperature, respiration, and heart rate
were monitored every 15min until vitals returned to a normal
range. Additionally, vitals were observed every 4 h for 24 h and
then pigs received health checks twice daily until completion of
the study. To control for postoperative pain, acute inflammation,
and fever management, banamine (2.2 mg/kg IM or IV; Merck)
was administered every 12 h for 24 h and every 24 h for 3 days
following surgery and methadone (0.2 mg/kg IM or IV; Henry
Schein Animal Health) was administered every 6 h for 24 h
following surgery.

Porcine Magnetic Resonance Imaging
Pigs underwent magnetic resonance imaging (MRI) at 1-day
post-pMCAO to confirm ischemic stroke and determine
brain infarct volume and patterning. MRI was acquired on
a GE Signa HDx 3.0 Tesla scanner using an 8-channel large
torso coil with the pig positioned in supine recumbency
under general anesthesia described during stroke surgery.
Fast Spin Echo (FSE) T2-Weighted (T2W) and Spin Echo
(SE) Diffusion Weighted Imaging (DWI) were acquired in
the multiplanar MRI protocol. Apparent diffusion coefficient
(ADC) maps were generated from DWI sequences. Using
OsiriX software (Version 10.0.5, Pixmeo SARL, Bernex,
Switzerland), hemisphere volumes were calculated utilizing
T2W sequences and ischemic lesion volumes were calculated
utilizing ADC maps, as previously described (Gerriets et al.,
2004). To control for edema in the brain due to the stroke,
DWI corrected lesion volumes were calculated according to
the following formula modified from Loubinoux et al. (1997)
and Webb et al. (2018). LVc = HVc+HVi-(HVc+HVi-
LVu)∗(HVc+HVi

2HVc ) where lesion volume corrected (LVc),
lesion volume uncorrected (LVu), contralateral hemisphere
volume (HVc), and ipsilateral hemisphere volume (HVi). A
representative MRI image of the ischemic lesion patterning is
demonstrated in Supplementary Figure 9A.

Porcine Histology
Four weeks after pMCAO, NS and S pigs were euthanized
by IV pentobarbital (1 mL/4.5 kg) injection. Brains from both
groups were removed and immersed in 10% buffered formalin
(Millipore Sigma). Next, brains were sectioned coronally using
a pig brain slicer (Zivic Instruments, Pittsburgh, PA). Right
(ipsilateral to pMCAO) hemisphere sections were formalin-fixed,
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embedded in paraffin, and sectioned for immunohistochemistry
(Leica RM2255, Germany). Following an enzyme block in 3%
H2O2 for 5min and Power Block (BioGenex) for 5min, 4µM
thick sections were incubated with primary antibodies for 1 h on
a Biocare Medical Nemesis 7200 Autostainer. Primary antibodies
used were GFAP (mouse 1:4,000, Biogenex MU020-UC, Clone
GA-5), IBA1 (rabbit 1:8,000, Wako, 019-19741), NeuN (guinea
pig 1:3,000, Millipore Sigma, ABN90), FactorVIII (rabbit, Cell
Marque, 250A-18), and DCX (rabbit, 1:4,000, Abcam, ab18723).
Secondary antibodies used were Biotinylated goat anti-rabbit
1:100, Vector Labs, BA-1000 for IBA1, Biotinylated horse anti-
mouse 1:100, Vector Labs, BA-2001 for GFAP, Biotinylated
goat anti-guinea pig 1:100, Vector Labs, BA-7000 for NeuN,
Biotinylated goat anti-rabbit 1:100, Vector Labs, BA-1000 for
FactorVIII, and Biotinylated goat anti-rabbit 1:100, Vector Labs,
BA-1000 for DCX. The substrate is DAB+ Chromogen (12min)
from Biocare and all were counterstained with hematoxylin.

Morphological Profiling
Each stained ipsilateral hemisphere slide was imaged using a
Cytation 5 Imaging Multi-mode reader (BioTek, Vermont) in
a 12 × 19–30 grid. This acquisition resulted in between 209
and 330 images per section, each representing a separate region
of interest (ROI) per ipsilateral section. Individual images from
each ipsilateral hemisphere were analyzed through a custom
CellProfiler pipeline for individual stains (Figure 1A). The
pipeline was run on a Dell 5820 Tower Workstation using a
Windows 10 Pro operating system and powered by a Xenon
W-2133 3.6 Gigahertz processor with 32 gigabytes (GB) of
memory and 256 GB of solid-state drive (SSD). CellProfiler
detailed 19 parameters including area occupied, count, perimeter,
shape area, compactness, eccentricity, Euler number, extent,
form factor, major axis length, max ferret diameter, area shape
maximum radius, area shape mean radius, area shape median
radius, min ferret diameter, area shape minor axis length,
orientation, area shape perimeter, and solidity per positive
area or cell. All units represented are either in pixels or are
unitless. Definitions and equations for each parameter are
defined in Supplementary Table 1 and examples are provided in
Figures 1B,C.

The values of each parameters for each positive area were
averaged for a given ROI. ROI averages were used for statistical
comparisons between NS and S groups. All ROIs per section
were used for ipsilateral hemispheric section comparisons (∼300
ROIs per animal), and only ROIs from the perilesional area were
used for perilesional comparisons (∼60 ROIs per animal). In
NS animals, an equal number of ROIs from the corresponding
neuroanatomical locations of S animals were used for perilesional
histological analysis. Principal component analysis (PCA) was
conducted including all of the morphological features previously
described. Each dot in the plot represents 1 ROI from 1 animal.

Whole processed and stitched images from each animal
for IBA1 (Supplementary Figure 4), GFAP (Supplementary

Figure 5), NeuN (Supplementary Figure 6), FactorVIII
(Supplementary Figure 7), and DCX (Supplementary Figure 8)
are displayed in Supplementary Materials.

Statistical Analysis
Morphological parameters from each positive area were recorded
and quantified. Per cell or per area analysis was then averaged
in each ROI captured. Average of each ROI (ranging from 100s
to 10,000s, depending on stain and location) was compared. A
normality test was conducted for each parameter and a Mann-
Whitney test was utilized for non-parametric data (GraphPad
Prism 8). For heatmap generation and correlation analysis, all
ROIs were averaged to a per-pig level to allow for comparison
of cell type-specific morphological variation within each pig. All
10 parameters of each treatment group were compared utilizing
PCA and Welch’s unpaired t-test to determine significant
differences between principal components of NS and S animals.
Simple linear regression analysis was conducted between each
pig’s lesion volume and area of each stain per whole section
(GraphPad Prism 8).

RESULTS

IBA1+ Areas Transitioned to a More

Ameboid and Swollen Morphology After

Stroke
Qualitatively, positive area outlines generated through
CellProfiler analysis revealed a visual difference in the size
of IBA1+ areas throughout the ipsilateral sections and
perilesional regions in S animals compared to NS animals
(Figures 2A,B). In addition, morphological changes of
individual IBA1+ cells in NS animals presented a more
extended, ramified appearance compared to S animals,
which presented a more rounded, ameboid appearance.
Quantification of morphological parameters of IBA1+ area
in the ipsilateral hemispheric section revealed significant
differences between S (n=1,860 ROIs) and NS (n=1,362
ROIs) animals. A significant increase in IBA1+ area occupied
(Figure 2C; Median NS = 72,843px, S = 96,963px, p < 0.0001),
IBA1+ area shape perimeter (Figure 2D; Median NS = 35.42px,
S = 38.99px, p < 0.0001), major axis length (Figure 2E;
Median NS = 12.19px, S = 12.93px, p < 0.0001), solidity
(Figure 2F; Median NS = 0.7781px, S = 0.7833px, p = 0.0008),
and mean radius (Figure 2G; Median NS = 1.254px,
S = 1.331px, p < 0.0001) in S compared to NS animals.
Additionally, there was a significant decrease in ipsilateral
hemispheric section IBA1+ area eccentricity (Figure 2H;
Median NS = 0.8382px, S = 0.8122px, p < 0.0001) in S
animals compared to NS animals. Collectively, this analysis
revealed an overall increase in IBA1+ area and transition to a
larger (increase in area occupied and major axis length) and
more amoeboid/rounded morphology (increases in solidity
and decreases in eccentricity) in the ipsilateral hemisphere
section of S animals compared to NS animals. Additional
significant differences of IBA1+ areas between S and NS
animals, as well as all other quantified stains, are detailed in
the (Supplementary Table 1). PCA (Figures 2I–L) revealed a
significant increase in ipsilateral section PC1-3 in S animals
compared to NS animals (p < 0.0001).
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FIGURE 1 | Automated high-content image processing pipeline and morphological parameters. Diagram of multiparametric HCI processing pipeline of cellular

features from S and NS animals (A). Explanation of 6 of the 19 morphological parameters measured for each cell per ROI (B). Representative NeuN stained ROI after

processing with outlines (red) of each positve cell area (C).

Quantification of morphological parameters of IBA1+ area
in the ipsilateral perilesional ROIs (S; n = 453 ROIs and NS;
n= 3 04 ROIs) showed similar findings to ipsilateral hemispheric
section analysis. A significant increase in IBA1+ area occupied
(Figure 3A; Median NS= 67,697px, S= 125,584px, p < 0.0001),
IBA1+ area shape perimeter (Figure 3B; Median NS = 34.76px,
S = 44.94px, p < 0.0001), major axis length (Figure 3C; Median
NS = 12.12px, S = 14.22px, p < 0.0001), and mean radius
(Median NS = 1.255px, S = 1.347px, p < 0.0001) as well as a
significant decrease in solidity (Figure 3D; Mean NS = 0.7838,
S = 0.7759, p < 0.0001) and eccentricity (Figure 3F; Mean
NS = 0.8406, S = 0.8106 p < 0.0001) were shown in S compared
to NS animals. IBA1+ area increased and transitioned to a more
ameboid/rounded (decrease in eccentricity), larger (increase in
major axis length, area occupied, and mean radius), morphology
in the perilesional region of S animals compared to NS animals.
There were additional significant differences between S and NS
animals (Supplementary Table 2). PCA (Figures 3G–J) revealed

a significant increase in perilesional PC1-3 between S and
NS animals.

GFAP+ Areas Transitioned to More

Sprawled and Extended Morphology After

Stroke
Positive area outlines revealed global visual differences between
S and NS animals with regard to the density of GFAP+ areas
in ipsilateral hemispheric sections (Figures 4A,B). Additionally,
qualitative morphological evaluations revealed smaller, more
rounded cells in NS animals and larger, more extended cells
in S animals. These qualitative observations are supported
by quantification of morphological parameters of GFAP+ in
the ipsilateral hemisphere section, which showed significant
differences between S (n= 1,848 ROIs) and NS (n= 1,668 ROIs)
animals. A significant increase in GFAP+ area shape perimeter
(Figure 4D; Median NS = 15.29px, S = 17.59px, p < 0.0001),
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FIGURE 2 | IBA1+ areas transitioned to a more ameboid and swollen morphology after stroke in the ipsilateral hemisphere. Visual differences in density and

morphological changes of IBA1+ areas were observed between NS and S animals (A,B). Arrows indicate location of stroke lesion (B). Significant (p < 0.0001)

increases in IBA1+ area occupied (C), perimeter (D), major axis length (E), solidity (F; p = 0.0008), and mean radius (G) were observed in hemisphere section of S

(n = 1,860 ROIs) compared NS (n = 1,362 ROIs). There was a significant (p < 0.0001) decrease observed in eccentricity (H) of IBA1+ ROIs in hemisphere section

analysis in S animals compared to NS animals. PCA (I) analysis showed significant (p < 0.0001) increases in PC1 - PC3 (I–L) in S compared to NS animals.

**p < 0.001 and ****p < 0.0001.
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FIGURE 3 | Stroke resulted in an amoeboid morphological transition of IBA1+ areas in perilesional tissue. Significant (p < 0.0001) increases in IBA1+ area occupied

(A), perimeter (B), major axis length (C), and mean radius (E) were observed in perilesional ROIs of S (n = 452 ROIs) animals compared NS (n = 304 ROIs) animals.

There was a significant (p < 0.0001) decrease in solidity (D), and eccentricity (F) of IBA1+ perilesional ROIs in S animals compared to NS animals. PCA (G) analysis

showed a significant (p < 0.0001) increase in PC1-3 (H–J) in S compared to NS animals. ****p < 0.0001.

major axis length (Figure 4E; MedianNS= 5.492px, S= 6.236px,
p < 0.0001), mean radius (Figure 4G; Median NS = 1.067px,
S = 1.085px, p < 0.0001) and a significant decrease in solidity
(Figure 4F; Median NS= 1.041px, S= 1.005px, p< 0.0001) were
discovered in S compared to NS animals. Significant differences
were not seen in ipsilateral section GFAP+ area occupied
(Figure 4C; Median NS= 77,435px, S= px, p76,282, p= 0.5642)
and eccentricity (Figure 4H; Median NS = 0.8009px, S = px,
p < 0.8040, p < 0.0001) in S animals compared to NS animals.
Collectively, GFAP+ area increased in S animals compared to NS
animals (evidenced by an increase in perimeter, major axis length,

and radius), and a transition to a less rounded and more ramified
A1-like reactive astrocyte in S compared to NS animals (decrease
in solidity) was observed. PC1-3 for GFAP+ areas significantly
increased in ipsilateral hemispheric sections (p < 0.0001) in S
animals compared to NS animals (Figures 4I–L).

Quantification of morphological parameters of GFAP+ area
in the perilesional region revealed a major difference from
ipsilateral section ROI showing an increase in area occupied by
GFAP+ area in S (n = 461 ROIs) relative to NS (n = 324 ROIs)
animals (Figure 5A; Median NS = 116,517px, S = 168,980px,
p < 0.0001). Similar to hemispheric section analysis, there was

Frontiers in Cellular Neuroscience | www.frontiersin.org 7 January 2021 | Volume 14 | Article 60044196

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


Spellicy et al. Porcine Stroke Brain Histological Evaluation

FIGURE 4 | GFAP+ areas transitioned to more sprawled and extended morphology after stroke in ipsilateral tissue. Visual differences in density and location of

GFAP+ areas were observed in ipsilateral sections, between S and NS animals (A,B). Arrows indicate location of stroke lesion (B). Significant (p < 0.0001) increases

in perimeter (D), major axis length (E), solidity (F; p = 0.0003), and mean radius (G) were observed in hemispheric section ROIs of S (n = 1,848 ROIs) animals relative

to NS (n = 1,668 ROIs) animals. There was a significant (p < 0.0001) decrease observed in GFAP+ area occupied (C) and solidity (F) of IBA1+ ROIs of in S animals

compared to NS animals. No significant difference was seen in eccentricity (H). PCA (I) analysis revealed a significant (p < 0.0001) difference in PC1-3 (J–L) in S

animals compared to NS animals. ****p < 0.0001.
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also a significant increase in compactness (Figure 5C; Median
NS = 1.412px, S = 1.507x, p < 0.0001) and major axis length
(Figure 5E; Median NS = 5.911px, S = 7.770px, p < 0.0001)
and a significant decrease in form factor (Figure 5B; Median
NS = 0.7143px, S = 0.6570px, p < 0.0001), solidity (Figure 5D;
Median NS = 1.032px, S = 0.9710px, p < 0.0001), and
orientation (Figure 5F; Median NS = 15.32px, S = 13.55px,
p = 0.0002) suggesting a transition of GFAP+ areas to a more
A1-like reactive astrocyte morphology in the perilesional region,
as well as a greater area occupied by GFAP+ in S compared to NS
animals. A significant increase in perilesional PC1 (p < 0.0001)
and PC3 (p = 0.0162), but no significant differences in PC2 of
GFAP+ ROIs was observed in perilesional tissue between S and
NS animals (Figures 5G–J).

NeuN+ Cells Transitioned to a Stressed

Phenotype After Stroke
While neuron loss is observed and expected at early time
points following stroke, ongoing inflammation perpetuates
a stressed/apoptotic state altering residual neuronal health.
The nuclear morphology of these residual cells undergoing
inflammatory stress even at chronic timepoints can indicate
overall neuronal health, evidenced by a quantifiable transition

to more apoptotic, stressed, morphology (
nuclear circumference

form factor
)

(Eidet et al., 2014), or nuclear pyknosis and fragmentation
(Zille et al., 2012) following stroke (Sairanen et al., 2005;
Paltsyn et al., 2013). A qualitative loss of NeuN+ area was
observed in perilesional regions in S compared to NS animals
(Figures 6A,B). The ipsilateral section sections of S (n = 2,230
ROIs) were significantly decreased when compared to NS
(n = 1,476 ROIs) in areas occupied by NeuN+ (Figure 6C;
Median NS = 57,883px, S = 38,475px, p < 0.0001), NeuN+ area
shape perimeter (Figure 6D; Median NS= 76.18px, S= 71.00px,
p< 0.0001), major axis length (Figure 6E; Median NS= 24.78px,
S = 22.65px, p < 0.0001), and eccentricity (Figure 6H; Median
NS= 0.8065px, S= 0.7872px, p < 0.0001). A significant increase
in solidity (Figure 6F; Median NS = 0.7841px, S = 0.7936px,
p < 0.0001) was observed in S animals compared to NS
animals. No significant difference was seen in mean radius
(Figure 6G; Median NS = 1.980px, S = 1.955px, p = 0.3949).
Collectively, there was an overall decrease in NeuN+ areas in
S animals compared to NS animals and a transition to smaller,
more compact and oblong cells (evideced by a decrease in
perimeter, major axis length, compactness, and eccentricity)
as is associated with nuclear morphological apoptosis. PCA
(Figures 6I–L) revealed a significant (p < 0.0001) increase in
ipsilateral section PC1 and a significant decrease in PC3 of
NeuN+ areas in S compared to NS animals.

Quantification of morphological parameters of NeuN+ cells
in the perilesional region of S (n = 452 ROIs) and NS (n = 304
ROIs) animals demonstrated differences from ipsilateral section
ROI quantification. While there was a significant decrease in area
occupied by NeuN+ cells (Figure 7A; Median NS = 70,417px,
S = 54,171px, p < 0.0001), as observed in hemisphere section
analysis, there was an increase in NeuN+ perimeter (Figure 7B;
Median NS= 67.52px, S= 85.73px, p< 0.0001), and eccentricity

(Figure 7F; Median NS = 0.7921px, S = 0.8260px, p < 0.0001)
contrary to directions seen in ipsilateral hemisphere analysis.
There was also a decrease in NeuN+ solidity (Figure 7D; Median
NS = 0.8184px, S = 0.6950px, p < 0.0001), and mean radius
(Figure 7E; Median NS = 2.067px, S = 1.771px, p < 0.0001)
which was opposite in direction to ipsilateral hemisphere analysis
as well. PCA (Figures 7G–J) revealed a significant (p < 0.0001)
increase in perilesional PC1 and a significant decrease in PC3 of
S animals compared to NS animals.

Disoriented FactorVIII+ Areas Increased in

Coverage but Decreased in Size After

Stroke
FactorVIII has previously been utilized to identify vasculature in
tissues and organs (Birner et al., 2001; Liang et al., 2007; Nag et al.,
2019). In this study, qualitative evaluation of FactorVIII+ areas
depict distribution and morphological differences in S animals
compared to NS animals (Figures 8A,B). FactorVIII+ areas in
perilesional regions in S animals displayed a dense distribution
and unique morphological changes compared to NS animals.
Quantification of morphological parameters of FactorVIII+ in
the ipsilateral section sections revealed a significant increase in
area occupied (Figure 8C; Median NS= 13,185px, S= 21,425px,
p < 0.0001), solidity (Figure 8F; Median NS = 0.6806px,
S = 0.6884px, p < 0.0001) and mean radius (Figure 8G; Median
NS = 1.407px, S = 1.419px, p < 0.0001) between S (n = 1,584
ROIs) and NS (n =1, 128 ROIs) animals. Additionally, a
significant decrease in area shape perimeter (Figure 8D; Median
NS = 76.68px, S = 72.86px, p < 0.0001), major axis length
(Figure 8E; Median NS= 23.98px, S= 23.30px, p< 0.0001), and
orientation (Figure 8H; Median NS = 8.728px, S = −4.177px,
p < 0.0001) were observed in S animal compared to NS animals.
Collectively, this analysis showed an overall increase in smaller,
more circular FactorVIII+ areas as well as a significant change
in orientation in S animals. PCA (Figures 8I–L) revealed a
significant (p< 0.0001) decrease in PC2 and a significant increase
in PC3 of FactorVIII+ area in ipsilateral section ROIs of S animals
compared to NS animals.

Quantification of morphological parameters of FactorVIII+

area in the perilesional ROIs in NS (n= 240 ROIs) and S (n= 334
ROIs) animals showed similar findings to ipsilateral section
ROI quantification. While in perilesional regions there was a
significant increase in area occupied by FactorVIII+ (Figure 9A;
Median NS = 5,667px, S = 16,598px, p < 0.0001) and a
decrease in major axis length (Figure 9C; Median NS = 26.60
px, S = 23.38px, p < 0.0001) and eccentricity (Figure 9F;
Median NS = 0.8917px, S = 0.8637px, p < 0.0001) in S animals
compared to NS animals similar to ipsilateral section analysis,
there was a contrasting decrease in solidity (Figure 9D; Median
NS =0.7550px, S = 0.7086px, p < 0.0001). No significant
differences were seen in area shape perimeter (Figure 9B; Median
NS = 75.01px, S = 70.62px, p = 0.0869) and mean radius
(Figure 9E; Median NS = 1.466px, S = 1.459px, p = 0.6348).
PCA (Figures 9G–J) resulted in a significant (p < 0.0001)
decrease in PC2 and increase in PC3 of S animals compared to
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FIGURE 5 | Stroke resulted in larger A1-like morphological changes of GFAP+ areas in perilesional tissue. Significant (p < 0.0001) increases in GFAP+ area occupied

(A), compactness (C), and major axis length (E) were observed in ROIs of S (n = 461 ROIs) animals compared NS (n = 324 ROIs) animals. There was a significant

decrease in form factor (B; p < 0.0001), solidity (D; p < 0.0001) and orientation (F; p = 0.0002) of IBA1+ ROIs in the perilesional region of S animals compared to NS

animals. Upon PCA (G) analysis, a significant increase was observed in PC1 (H; p < 0.0001) and PC3 (J; p = 0.0162), but no significant difference was observed in

PC2 (I). *p < 0.05, ***p < 0.001, and ***p < 0.0001.

NS animals in perilesional region analysis, similar to ipsilateral
section analysis.

Smaller Rounded DCX+ Areas Increased

After pMCAO
There were no stark visual differences of DCX+ areas
in the ipsilateral hemisphere section between S and NS
animals (Supplementary Figures 1A,B). Quantification of
morphological DCX+ parameters, however, did show a
significant increase in area occupied (Supplementary Figure 1C;
Median NS = 1,878px, S = 2,528px, p < 0.0001) and

solidity (Supplementary Figure 1F; Median NS = 0.9328px,
S = 0.9393px, p < 0.0001) of S (n = 2,004 ROIs) compared to
NS (n = 1,241 ROIs). Additionally, a significant decrease
in area shape perimeter (Supplementary Figure 1D;
Median NS = 18.98px, S = 18.40px, p < 0.0001), and
major axis length (Supplementary Figure 1E; Median
NS = 6.994px, S = 6.921px, p = 0.0029), and mean
radius (Supplementary Figure 1G; Median NS = 1.179px,
S= 1.165px, p< 0.0002). There were no significant differences in
orientation (Supplementary Figure 1H; Median NS= 0.1663px,
S = 0.3648px, p = 0.6869). Collectively, ipsilateral section ROI
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FIGURE 6 | NeuN+ cells transitioned to a stressed phenotype after stroke in the ipsilateral hemisphere. Visual differences in density and location of NeuN+ areas in

ipsilateral hemispheric sections were observed between NS and S animals (A,B). Arrows indicate location of stroke lesion (B). Significant (p < 0.0001) decreases in

area occupied (C), perimeter (D), major axis length (E), and eccentricity (H) were observed between ROIs of S (n = 2,230 ROIs) compared to NS (n = 1,476 ROIs)

(Continued)
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FIGURE 6 | animals. There was a significant (p < 0.0001) increase observed in solidity (F) between NS and S animals. No significant difference was seen in mean

radius (G). PCA (I) analysis demonstrated a significant (p < 0.0001) increase in PC1 (J) and decrease in PC3 (L) of NeuN+ cells in S animals compared to NS

animals, but no significant difference was observed in PC2 (K). ****p < 0.0001.

FIGURE 7 | NeuN+ morphological changes in perilesional tissues differed from those in the larger ipsilateral hemisphere. Significant (p < 0.0001) decreases in NeuN+

area occupied (A), perimeter (B), solidity (D), and mean radius (E) were observed in ROIs of S (n = 452 ROIs) animals compared NS (n = 354 ROIs) animals.

Significant (p < 0.0001) increases in major axis length (C) and eccentricity (F) were observed in S animals compared to NS animals. PCA (G) analysis showed a

significant (p < 0.0001) increase in PC1 (H) and decrease in PC3 (J; p < 0.0001) between S and NS animals, but no significant difference was observed in PC2 (I).

****p < 0.0001.

analysis showed a significant increase in DCX+ area occupied
with a transition to smaller (decrease in perimeter) rounder cells
(increase in solidity) in S animals compared to NS animals. PCA
(Supplementary Figures 1I–L) revealed a significant increase

in PC1 (p < 0.0001) and PC2 (p < 0.0001) in DCX+ areas of
ipsilateral section ROIs of S animals compared to NS animals.

Quantification of morphological parameters of DCX+ area
in the ipsilateral perilesional ROIs of NS (n = 93 ROIs) and
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FIGURE 8 | FactorVIII+ areas showed altered orientations and decreased size in the ipsilateral hemisphere following stroke. Visual differences in density and location

of FactorVIII+ areas in ipsilateral hemispheric sections were observed between NS and S animals (A,B) (Barreto et al., 2011; Mittelbrunn et al., 2011). Arrows indicate

location of stroke lesion (B). Significant (p < 0.0001) increases in area occupied (C), solidity (F), and mean radius (G) were observed between ROIs of S (n = 1,228

(Continued)
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FIGURE 8 | ROIs) compared to NS (n = 1,584 ROIs) animals. There were also significant (p < 0.0001) decreases in perimeter (D), major axis length (E), and

orientation (H) observed in between NS and S animals. PCA (I) analysis showed no difference in PC1 (J), but a significant (p < 0.0001) decrease in PC2 (K) and

increase in PC3 (L) of FactorVIII+ cells in S animals compared to NS animals. ****p < 0.0001.

FIGURE 9 | Stroke resulted in a decrease in size and solidity of FactorVIII+ areas in perilesional tissue. Significant (p < 0.0001) increase in NeuN+ area occupied (A),

and decreases in major axis length (C), solidity (D), and eccentricity (F) were observed in S (n = 334 ROIs) animals compared to NS (n = 240 ROIs) animals. No

significant differences were seen in perimeter (B) and mean radius (E). PCA (G) analysis showed no difference in PC1 (H), but a significant (p < 0.0001) decrease in

PC2 (I) and increase in PC3 (J) observed between S and NS animals. ****p < 0.0001.

S (n = 128 ROIs) revealed differences from ipsilateral section
ROI quantification. While in perilesional regions there was
a significant increase in solidity (Supplementary Figure 2D;

Median NS = 0.9348px, S = 0.9477px, p < 0.0001) and
eccentricity (Supplementary Figure 2F; Median NS = 0.7673px,
S = 0.7851px, p = 0.0008) and a decrease in perimeter
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(Supplementary Figure 2B; Median NS= 18.95px, S= 18.19px,
p < 0.0001) of S compared to NS animals, as seen in
ipsilateral section quantification, there was also a significant
decrease in major axis length (Supplementary Figure 2C;
Median NS = 6.875px, S = 6.528px, p < 0.0001), and
mean radius (Supplementary Figure 2E; Median NS = 1.192px,
S = 1.142px, p < 0.0001). There were no significant differences
in area occupied by DCX+ (Supplementary Figure 2A; Mean
NS = 3,162px S = 3,461px, p = 0.3344) of S compared to
NS animals. PCA (Supplementary Figures 2G–J) revealed a
significant decrease in PC1 (p < 0.0001) and PC2 (p= 0.0246) in
S animals compared to NS animals in perilesional region analysis.

In addition to ipsilateral section and perilesional ROI
quantification, DCX+ area in the subventricular zone (SVZ)
was also quantified as the SVZ is a recognized neural
stem cell niche in NS (Supplementary Figure 3A) and S
(Supplementary Figure 3B) animals. DCX+ cells were also
identified in the choroid plexus and included in the SVZ
ROI quantification in NS (Supplementary Figure 3A) and S
(Supplementary Figure 3B) animals. There was a significant
difference of DCX+ morphology identified between S (n = 93
ROIs) and NS (n = 128 ROIs). There was a significant
increase in area occupied by DCX+ (Supplementary Figure 3C;
Median NS = 2,060px, S = 3,461px, p < 0.0001), major
axis length (Supplementary Figure 3E; Median NS = 6.528x,
S = 7.003px, p < 0.0001), solidity (Supplementary Figure 3F;
Median NS = 0.9348px, S = 0.9477px, p < 0.0001), and
eccentricity (Supplementary Figure 3H; MedianNS= 0.7704px,
S = 0.7836px, p = 0.0015). There was also a significant decrease
in area shape perimeter (Supplementary Figure 3D; Median
NS = 18.90px, S = 17.24px, p < 0.0001) and mean radius
(Supplementary Figure 3G; Median NS= 1.192px, S= 1.142px,
p < 0.0001). PCA (Supplementary Figures 3I–L) revealed a
significant increase in PC2 (p = 0.0310) in S animals compared
to NS animals in SVZ analysis.

Relationships of Morphological

Parameters Across Cell Types Altered in

Stroked Yucatan Brain
PCA was conducted on NS and S ROIs labeled by DCX+ (red),
FactorVIII+ (light green), GFAP+ (dark blue), IBA1+ (tan), and
NeuN+ (dark green). While ellipses of NS animals for each stain
are well-delineated (Figure 10A), PCA ellipses of S ROIs were not
(Figure 10B).

The regional and inflammatory state-specific morphology of
IBA1+, GFAP+, and NeuN+ cell types have been documented,
making them excellent candidates to examine morphological
correlations between these cell types using this novel HCI analysis
approach. Heatmaps of each parameter measured (Gonzalez and
Kolb, 2003; Wilhelmsson et al., 2006; Brown Craig et al., 2008;
Thored et al., 2009; Chen et al., 2012; Karperien et al., 2013;
Morrison and Filosa, 2013; Hovens et al., 2014; Avignone et al.,
2015; Mestriner et al., 2015; Riordan et al., 2015; Savchenko
et al., 2016; Sporns Peter et al., 2017; Heindl et al., 2018;
Rayasam et al., 2018; Heo et al., 2020; Kaiser and West, 2020;
Virani Salim et al., 2020) were generated for IBA1+ vs. GFAP+

(Figure 10C), IBA1+ vs. NeuN+ (Figure 10D), and NeuN+ vs.
GFAP+ (Figure 10E) for hemispheric section and perilesional
regions of S and NS groups. Multiple correlations of cell type to
cell type S animal parameter comparisons (Figures 10C–E) were
significantly divergent, often switching direction of correlation
from NS animals regardless of location. In S animals, there
were 26

361 significant correlations of ipsilateral section and 49
361 in

perilesional tissue of IBA1+ morphology to GFAP+ morphology
compared to only 6

361 and 9
361 respectively in NS animals. In

correlations of IBA1+ morphology to NeuN+ morphology in
S animals, there were 21

361 in ipsilateral section and 16
361 in

perilesional analysis compared to only 14
361 and

2
361 in NS animals

respectively. Lastly, in S animals there were 45
361 significant

ipsilateral section and 64
361 perilesional correlations of GFAP+

morphology to NeuN+ morphology, compared to only 7
361 and

1
361 in S animals. Ultimately in comparisons of all stains and

locations, there were 221
2166 significant correlations in S animals

compared to 39
2166 in NS animals.

Linear correlations, representative of one square of
each heatmap, were evaluated to determine more specific
relationships between morphological changes in stained areas
(Figures 10F–H). While linear correlations between IBA1+

extent and GFAP+ mean radius are not significant between NS
and S animals in ipsilateral section comparison, it is significant
for S animals in perilesional comparisons (p = 0.0220) but not
NS animals (p = 0.6779) (Figure 10F). In hemisphere section
analysis, there was a significant linear correlation between IBA1+

major axis length and GFAP+ cell area in S animals (p= 0.0289),
but not in NS animals (p = 0.6402). While there was no
significant linear correlation between these parameters in either
group in perilesional analysis, the x-intercepts of each group line
were significantly different (p= 0.0119) (Figure 10G). There was
a significant linear correlation in hemispheric section GFAP+

eccentricity and IBA1+ solidity in NS animals (p = 0.0311), but
not S animals (p = 0.3103). In perilesional analysis, this was
reversed and there was a significant linear correlation in GFAP+

eccentricity and IBA1+ solidity in S animals (p= 0.0011), but not
NS animals (p = 0.7858) (Figure 10H). Quantified significant
correlations between stains and treatment groups can be found
in Supplementary Figure 10. These representative examples
show some of the ways these correlations between cell types are
regionally and injury dependent.

MRI analysis showed MCA territorial lesions with an
average volume of 5.36 ± 3.68 cm3 in stroked animals
(Supplementary Figures 9A,B). Simple linear regression
revealed a significantly negative correlation between lesion
volume and NeuN+ areas (Supplementary Figure 9E,
p = 0.0126) and a significantly positive correlation between
lesion volume and DCX+ areas (Supplementary Figure 9G,
p= 0.083) in whole hemispheric analysis.

DISCUSSION

Standard histological analysis of cell morphology in most
stroke studies have typically only examined a small subset
of cellular features and relied on manual counting and
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FIGURE 10 | Stroke alters relationship of morphological parameters across cell types. PCA of NS and S ROIs labeled by DCX (red), FactorVIII (light green), GFAP (dark

blue), IBA1 (tan), and NeuN (dark green). PCA ellipses for each stain are well-delineated in NS animals (A), but not in S animals (B). Heatmaps of each parameter

measured 1-19 were generated for GFAP vs. IBA1 (C), IBA1 vs. NeuN (D), and NeuN vs. GFAP (E) for each treatment group (S and NS) as well as each ROI location

(perilesional or hemispheric section). NS animals generally showed an increase in strength of correlations, positively or negatively, when comparing heatmaps of

perilesional areas and hemispheric section areas. In S animals, there often was a complete reversal of correlation directionality between perilesional and hemispheric

sections (C–E). Linear correlations, representative of one square of the heatmap showed significant correlations of perilesional IBA1 extent and GFAP mean radius in

S (p = 0.0220) but not NS animals (p = 0.6779) (F); in hemispheric section IBA1 major axis length and GFAP cell area in S animals (p = 0.0289), but not NS animals

(p = 0.6402); in hemispheric section ROIs of GFAP eccentricity and IBA1 solidity in NS animals (p = 0.0311), but not S animals (p = 0.3103) (G); and in perilesional

GFAP eccentricity and IBA1 solidity in S animals (p = 0.0011), but not NS animals (p = 0.7858) (H).
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analysis in a limited number of directly affected brain regions.
Leveraging the advantages of HCI in a translational pig
stroke model, semi-automated analysis of cell morphology was
used to significantly increase the number of morphological
features examined, eliminate the potential of user-bias, decrease
processing time, and altogether increase histological analysis
efficiency. Building from previous HCI studies, which detail
computationally ascertained morphological changes in a single
cell-type (Morrison and Filosa, 2013; Verdonk et al., 2016;
Fernández-Arjona Md et al., 2017; Morrison et al., 2017;
Heindl et al., 2018; York et al., 2018; Otxoa-de-Amezaga et al.,
2019), this study revealed significant post-stroke morphological
changes in 19 different cellular parameters in IBA1+, GFAP+,
NeuN+, FactorVIII+, and DCX+ areas post-pMCAO. From
all quantified parameters in both regions, perilesional and
ipsilateral hemisphere section (19 parameters per region), a
significant change in 38

38 measured IBA1+ parameters, 3438 GFAP
+

parameters, 32
38 NeuN+ parameters, 31

38 FactorVIII+ parameters,

and 28
38 DCX+ parameters were observed in injured animals.

While the p-values for many of these parameters indicated a
strong significant difference between stroked and non-stroked
animals, it is important to note that the large sample sizes
utilized in this analysis may result in statistically significant
results that may not be biologically significant. In light of
this, analysis was not only directed at identifying individual
parameter differences but also collective over-arching differences
between respective cells in non-stroked and stroked animals
through PCA. PCA demonstrated that these stroke-induced
morphological changes were highly significant and suggested
a stroke cell morphological fingerprint. Morphological analysis
also revealed significant relationships between IBA1+, GFAP+,
and NeuN+ areas with 1.8% of examined morphologies
between these areas correlating pre-stroke and 10.2% correlating
post-stroke. These correlative morphological changes suggest
coordinated interactions associated with stroke pathological
(e.g., immune and inflammatory responses) and recovery (e.g.,
neural reorganization) responses. However, additional studies
modulating key cell signaling and molecular events are needed
to further confirm the interplay between these cell types. The
adapted HCI cellular morphological analysis approach showed
that the stroke environmental effects led to comprehensive
changes in cell morphology. This approach can be used as a
platform technology to study unique cellular alterations due to
injury or therapeutic intervention even in challenging systems
such as the pig stroke model.

Identification of morphological correlations and relationships
will enable the connection of cell specific interactions previously
unknown. For example, here a positive correlation was observed
between IBA1+ solidity (more round) and GFAP+ eccentricity
(less round) in perilesional tissue in S animals, but not NS
animals. While the morphological changes of activated astrocytes
and microglia/macrophages have been described previously, in
many studies these morphological changes are not directly
quantified as in this study but rely on more qualitative
observation (Price et al., 2006; Zhou et al., 2013; Huang
et al., 2014; Hersh and Yang, 2018; Wang et al., 2019). The
analysis utilized here not only quantifies activation-specific

morphological changes through individual parameters, but also
utilizes data reduction techniques to provide an overall value
indicative of cellular change following stroke. This unbiased
high throughput technique can be utilized to better quantify
and demarcate discrete zones of activation stemming away from
the focal area of ischemia. Furthermore, while the presence
of DCX+ cells in the choroid plexus was unexpected in this
study, it is not without precedence. Previously, neuroblasts co-
labeled with DCX+ and BrdU+ were found to be present in the
choroid plexus in chick embryos (Prasongchean et al., 2015).
Additionally, Nestin and MAP2 expression has been shown
to increase in rodent choroid plexus epithelial cells following
exposure to traumatic human CSF, demonstrating the potential
for neural blast cells to be located in this region following
pro-inflammatory exposure (Hashemi et al., 2017). Moreover,
this multi-cellular morphological analysis approach allowed for
unique correlation analysis between post-stroke morphological
changes in different cell types. While there was a small number of
morphological correlations between cell types in the NS brain,
there was a substantial increase in the number of significant
correlations between cell types following stroke, indicating
a strong relationship between the changing morphologies of
immune and cytoarchitectural cells. In addition to understanding
basic cell interactions in the stroke environment, the enhanced
understanding of cell-to-cell morphological correlations may
serve as biomarkers for key stroke molecular and cellular
events or for therapeutic responses. Future studies utilizing
this high content analysis platform are needed to more closely
examine statistically significant changes in morphology for
biological relevance.

As part of this work, we developed a generalizable

morphological profiling pipeline that could serve as a platform

for future histological stroke studies. When using manual
processing approaches, stroke studies are often limited to a select

range of features such as the number of positive cells (Ito et al.,
2001; Hamzei Taj et al., 2016), cell body size (Zhan et al., 2008;
Fumagalli et al., 2013), and number of extensions or processes

(Masuda et al., 2011; Go et al., 2020). Previous semi-automated

systems, such as Sholl concentric circle analysis used to identify
cellular processes, ramification, and length of post-stroke
GFAP+ astrocytes, did provide additional morphology-specific

information, but lacked informative measures of ellipticity
and other measures often associated with ischemia-induced

immune cell alterations (Mestriner et al., 2015). These additional
measures provide further insight into the continuous spectrum
of cellular activation states outside of the previous bimodal
classifications (Hamby and Sofroniew, 2010). Additionally,
previous GFAP+ cell analyses also only provided information
on 3 unique features, which is less relative to standard HCI
studies (Carpenter et al., 2006; Caicedo et al., 2017). Traditional
methods often rely on trained users to either manually count
or trace cell outlines using image-based software, which can
lead to bias in these measurements. In addition to an increase
in bias, manual methods are more time consuming than more
robust computational or semi-automated methods. In previous
studies, automated processing of post-stroke microglia was
shown to decrease an average manual counting time of 4–5min
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per cell for a trained investigator to 5min for the entire data-set
of all cells (Heindl et al., 2018). Here, each individual pig (300
images per section, with 100s to 1,000s of cells per image) took
∼1 h to analyze 1 stain spanning the ipsilateral hemisphere for
19 features. In contrast, the traditional manual quantification
approach required up to 3.5 h per pig to analyze 1 stain in just the
lesion border for a single feature (e.g., positive cells). Ultimately,
when totaling the multiple stains per animal (5 stains) and
multiple regions (2 regions) analyzed, semi-automation allowed
for processing of approximately 160 million cells in 160 h for
16 animals, whereas analyzing the perilesional region alone
for 5 stains would take ∼280 h of manual counting. While this
analysis was completed utilizing a standard desktop computer,
the use of servers with faster processing speeds could drastically
improve the efficiency of this semi-automated method. Current
limitations of this study include the use of two-dimensional
image analysis, whereas in the future, thicker sections can be
utilized to capture more three-dimensional data. Given that
the porcine brain is approximately 87x larger than a mouse
brain, similar automated methods could increase the feasibility
and efficiency of large animal studies or even be useful in
histology-based clinical studies. As the large animal model is
becoming increasingly valuable in the stroke field (Herrmann
et al., 2019), the presented approach, which decreases bias by
removing the element of human error and increasing regional
sample size, is particularly valued for complex large animal
experiments that have been historically prone to bias. The
approaches shown herein can reduce bias which will improve
translatability and allow the benefits of the large animal model
to be used to its full potential. Further reduction of bias is vital
to the success of large animal studies, including reports of lesion
size variability, inclusion/exclusion criteria, randomization, and
blinded assessment of outcome (Kringe et al., 2020).

Efficiencies afforded through this semi-automated analysis
approach allowed for more robust quantification, interpretation,
and elucidation of detailed biologically relevant cellular features.
In this study, we evaluated 19 unique morphological features
and determined significant morphological differences between
IBA1+ areas in S and NS animals that demonstrated an increase
in area occupied, perimeter, and major axis length that indicate
a greater immune response in the perilesional area of S animals
at 4 weeks post-pMCAO. While lesion volume may peak in
early timepoints post-MCAO, rodent studies have demonstrated
increases in inflammatory cells and cytokines in the post-acute
stroke environment. For example, increases in neurotoxic factors
and neuronal cell death persist from 7 to 25 days in young and
aged rodent models of stroke (Aurel et al., 2007). In regard to
chronic inflammation, rodent studies have shown that resident
immune cells are persistently or sequentially activated at chronic
time points with M1 microglia peaking at around 21 days post
ischemic stroke (Jiang et al., 2020). Additionally, infiltrating
cells such as CD4+ and CD8+ T-cells were found in the peri-
infarct region of rodents 1 month after stroke in a transient
occlusion model (Xie et al., 2019). While there is a growing
body of evidence in rodent literature, there is a lack of data
surrounding post-MCAO inflammation at later timepoints in
the porcine literature. For these reasons, this later time point

was chosen. For GFAP+ perilesional areas, we observed an
opposite trend in the S animals compared to IBA1+, which aligns
with an activated immune response morphology (e.g., sprawled
and extended vs. rounded and ameboid, respectively) (Wang
et al., 2019). This data also supports that analyzing multiple cell
types in the post-stroke brain is informative because of unique
interactions between cell types. For example, microglia are highly
sensitive responders to central nervous system injuries with a
relatively low activation threshold. Microglia release cytokines
that influence the activation of GFAP+ cells resulting in glial scar
formation and are critical for neuron-glial communication after
ischemia (Price et al., 2006; Zhou et al., 2013; Huang et al., 2014;
Yang et al., 2020). While these interactions between microglia,
astrocytes (Hersh and Yang, 2018), neurons, and key factors in
the stroke environment (e.g., cytokines) (Barreto et al., 2011;
Becerra-Calixto and Cardona-Gómez, 2017; Li et al., 2020) have
been characterized in the post-stroke brain, ischemia-induced
morphological correlations between cells have not.

Ultimately, this study demonstrated for the first time
dynamic morphological changes in microglia/macrophages,
neurons, astrocytes, and vasculature after ischemic stroke
and simultaneously found significant relationships between
these morphological changes in these cell types in a preclinical
gyrencephalic pig model. Understanding these morphological
changes in specific cell populations in the stroke environment
is critically important as it may provide insight into key
cellular functions and biological responses. Future studies
warrant further investigation into the dynamic morphological
relationships between these cell types and specific signaling
factors (e.g., inflammatory or neurodegenerative signaling)
to better understand the interplay and organization of
important injury and recovery processes and to ensure
observed changes are not only statistically significant but
biologically significant. Directly correlating more easily
obtainable clinical data such as lesion volume from MRI to
post-mortem histology findings offers significant contributions
to further understanding the disease state at the cellular level
(Annese, 2012). Here, we found a significant relationship
between lesion volume and whole hemisphere section area
occupied for both NeuN+ and DCX+ cells, indicating that an
increase in DCX expression (neurogenesis) and a simultaneous
decrease in NeuN expression (neuronal death) is correlated
with overall stroke severity. Furthermore, correlating these
histological findings to advanced MRI findings, such as
functional MRI to observe neural reorganization, or to
behavioral phenotyping would strengthen HCI data conclusions.
The semi-automated HCI cellular morphology pipeline
developed in this study is an unbiased tool that offers increased
efficiency when evaluating cellular interactions in the stroke
environment and offers a unique opportunity for therapeutic
and biomarker discovery.
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Lipopolysacharide (LPS) pre-conditioning (PC), has been shown to exert protective

effects against cytotoxic effects. Therefore, we hypothesized, the tolerance produced

by LPS PC will be resulted by the alterations and modifications in gene and protein

expression. With reference to the results of MTT assays, AO/PI staining, and Annexin

V-FITC analyses of LPS concentration (0.7815–50µg/mL) and time-dependent (12–72 h)

experiments, the pre-exposure to 3µg/mL LPS for 12 h protected the differentiated PC12

cells against 0.75 mg/mL LPS apoptotic concentration. LPS-treated cells secreted more

inflammatory cytokines like IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-6, IL-17, IFN-γ, and TNF-α

than LPS-PC cells. The production of inflammatory mediators ROS and NO was also

higher in the LPS-induced cells compared to LPS-PC cells. Conversely, anti-inflammatory

cytokines (like IL-10, IL-13, CNTF, and IL-1Ra) were upregulated in the LPS-PC cells

but not in the LPS-induced cells. Meanwhile, the LPS initiated caspase-8 which in turn

activates effector caspase 3/7. When the activities of caspases in the LPS-induced

cells were inhibited using z-VADfmk and z-DEVDfmk, the expressions of c-MYC and

Hsp70 were increased, but p53 was reduced. The potential molecules associated with

protective and destructive effect was measured by RT2 Profiler PCR array to elucidate

the signaling pathways and suggested inhibition NF-κB/caspase-3 signaling pathway

regulates the cytoprotective genes and proto-oncogenes. In conclusion, this study

provides a basis for future research to better understand the molecular mechanism

underlying LPS pre-conditioning /TLR4 pre-activation and its functional role in offering

cytoprotective response in neuronal environment.

Keywords: Neuroinflammation, Lipopolysaccharide, Toll-like Receptor 4, Pre-conditioning, cytoprotective,

apoptosis, caspase, Nuclear Factor Kappa B
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INTRODUCTION

Brain diseases remain a clinical problem as we have incomplete
understanding of their pathogenesis. Indeed, cerebral ischemia
after cardiac arrest, focal occlusion of the brain vessel, traumatic
brain injury and ischemia brain damage after cardiac or brain
surgery causes adult disability and death of millions of people
worldwide (Feigin et al., 2010). Moreover, the brain has long
been deliberated as an immune-privileged site because of the
presence of blood brain barrier (BBB) and the deficiency of the
lymphatic system is also capable of inflammatory response. In
contrast, invading pathogens, trauma, and infections trigger
glial cells to secrete reactive oxygen species (ROS)/ reactive
nitrogen species (RNS) inflammatory mediators and neurotoxic
free radicals, which may contribute to brain inflammation
or neuroinflammation. Emerging evidence indicates that
neuroinflammation is closely associated with neurodegenerative
diseases. Therefore, regulation of neuroinflammation is essential
to maintain the environment in nervous tissue and prevent the
onset of neurodegenerative diseases.

Even though many pharmacological drugs appear promising
in animal models, not many pharmacological agents have
been successfully translated to human brain injury and other
neurodegenerative diseases. This could be due to the difficulty
of the drugs to pass through BBB, that is highly selective and
semipermeable and restricts the movement of drug molecules
into the brain (Loane and Faden, 2010). However, this is a
complex process how the drugs pass through BBB and the
reasons are unclear, yet to be proven. In spite of many promising
experimental studies, thus far, there is no effective treatment
to eliminate the pathological complications of the brain. These
could be explained that if acute neuroinflammation could not be
treated to maintain the homeostatic condition, then the chronic
complications would cause a complex of pathological processes
which includes massive inflammatory response, ischemia,
apoptosis, oxidative stress, and tissue necrosis.

Therefore, researchers have focused on triggering the
inflammatory response of the immune system natural adaptive
process, which confers neuroprotection and limits chronic
complications through certain signaling pathways. As a result,
there has been much interest in research regarding pre-
conditioning, which could be used as a therapeutic technique
by inducing tolerance and protection against stressors. Pre-
conditioning is a procedure by which a noxious stimulus near to
but below the threshold of damage is applied to the tissue, thereby
inducing tolerance or resistance (Dirnagl et al., 2009).

Take note, pre-conditioning in neuropathology has been
previously researched in different types of animal models and
diseases such as stroke, cerebral ischemia, Alzheimer’s disease,
Parkinson’s disease, multiple sclerosis, traumatic brain injury,
and other neurodegenerative diseases (Stetler et al., 2014).
There are various types of pre-conditioning including ischemic
pre-conditioning, oxygen pre-conditioning, temperature
pre-conditioning, pharmacological pre-conditioning,
neuroinflammatory agent pre-conditioning, systemic stress
pre-conditioning, and subcellular stress pre-conditioning. In
such studies, the animal models are pre-conditioned with various

endogenous or exogenous stimuli to adapt to the injury and
enhance the ability of the cells to survive (Dirnagl et al., 2009).

In addition to the type of pre-conditioned stimuli, time
window is also taken into consideration to provide protection.
It is possible that the time window could increase the tolerance
to the stimuli to confer the protection. The protective effects
have two windows of protection: (i) classical or early pre-
conditioning, which lasts for 4–6 h and (ii) late phase or delayed
pre-conditioning, which begins at 24 h and lasts for 72 h (Ramzy
et al., 2006). A study by Siddiq et al. (2008) showed that repetitive
hypoxic pre-conditioning is associated with time window and
is related to immune tolerance, inducing neuroprotection in
the retina and lasting for many weeks. Rapid pre-conditioning
seems to be practical in clinical practices and could be applied
therapeutically in the same settings of chronic complications.
Therefore, it is important to induce protection against lethal
injury at an ultra low dose or concentration, depending on the
time frame (Doyle et al., 2008).

Most pre-conditioning studies are short with limited periods
of survival. Moreover, the strategy of inducing immunological
tolerance in CNS is complicated as the particular drug have
difficulties to pass through BBB where it has to compromise
with BBB. But, if the CNS immune response is completely
suppressed, it may not provide the protective mechanism. Other
than that, animal models may not respond to a particular drug as
humans do due to genetic variations (pharmacogenomics) and
physiological differences. Therefore, in vitro models could be
useful to expose the cells directly to the drug and manipulate the
environmental factors to modulate cell response (Jucker, 2010).
Pre-conditioning with sublethal dose or concentration preserves
cell viability against apoptosis or lethal injury. Thus far, pre-
conditioning has been studied in HEK 293 cells derived from
human embryonic kidney, HIT-T15 cells from Syrian hamster
pancreatic islets, and C2C12 cells from mouse skeletal muscle
(Liu et al., 1996).

On the other hand, LPS is widely used in experimental
models to activate the innate immunity which induces microglial
activation and neuroinflammation (Rosenzweig et al., 2004).
In the 16th century, Paracelsus, a toxicologist, posited that
“the dose makes the poison.” He found that administration
of low LPS dose induces a protective state against a higher
dose of LPS which has the tolerance state. This phenomenon is
known as “LPS pre-conditioning,” where pre-stimulation to a low
concentration of LPS could prevent the cells from undergoing
apoptosis in response to subsequent stimulation with LPS at
higher concentration, suggesting a role for TLR4 pre-activation
in the signaling pathway of LPS-induced neuroprotection (Stetler
et al., 2014). Moreover, researchers have found that LPS pre-
conditioning attenuates apoptosis, protects against cytotoxic
effects in stroke, facilitates microglial activation after spinal cord
injury, confers neuroprotection against axonal injury, mediates
tolerance to ischemic injury, and reduces post-injury, gliosis, and
other neuropathology diseases (Hayakawa et al., 2014).

Even though it is well known that apoptosis contributes
to neuronal cell death in various neurodegenerative diseases
with the activation of caspases (Shi, 2004), in contrast, the
inhibition of caspase activity provides neuroprotection. Several
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studies have suggested that apoptosis inhibition could be a
therapeutic option in acute and chronic neurodegenerative
diseases (Wellington and Hayden, 2000). As caspases are
the downstream molecules of TLR4 signaling pathway, it
would be of interest to investigate if LPS pre-conditioning is
associated with caspases and NF-κB inhibition, which provide
cytoprotection. The findings by Rosenzweig et al. suggested that
the protective state is known as pre-conditioning phenomenon
or tolerance, which modulates the inflammatory response and
confers neuroprotection (Rosenzweig et al., 2007). In contrast, it
is also possible that the inhibition of caspase and NF-κB could
promote oncogene expressions (Karin and Lin, 2002).

However, to date, to the best of our knowledge, there is
poor understanding regarding in vitro research on LPS pre-
conditioning. On top of that, the way in which low concentration
of LPS binds the TLR4 signaling pathway and induces the
cytoprotective response is also poorly understood. To achieve the
understanding of the cellular and molecular mechanisms of LPS
pre-conditioning, we demonstrated that LPS pre-conditioning
confers cytoprotection against LPS-induced apoptosis.

Therefore, in the present study, LPS pre-conditioning will be
performed in vitro with the hypothesis that the caspase-3/NF-κB
signaling pathway could have a dual role of protecting the cells
against apoptosis or promoting oncogene expression. The details
linking the caspases activation and inhibition, which are linked
to the apoptosis mechanism and oncogene expression, will be
discussed further in this research.

For that reason, we used differentiated PC12 cells as a model
to study LPS pre-conditioning and investigate how it confers
protection against apoptosis. Yet, thus far, no research has been
done on LPS pre-conditioning in PC12 cell line. Therefore,
we will explore the underlying molecular mechanisms involved
in LPS pre-conditioning in differentiated PC12 cells, which
confer protection against LPS-induced apoptosis mechanism in
detail. Other than that, proper pre-conditioning setup is needed
especially on the important principles such as concentration
or dose along with the time frame to provide protection. In
order to achieve that, the goals of our research were (1) to
optimize the concentration and the exposure duration of LPS
pre-conditioning that will induce protection against apoptosis in
differentiated PC12 cells, (2) to investigate the effect of LPS pre-
conditioning on the expression and/or production of cytokines,
chemokines, reactive oxygen species (ROS), nitric oxide (NO),
as well as pro-apoptotic proteins and genes, and (3) to elucidate
the downstream signaling pathway involved in LPS-induced
responses in in vitro differentiated PC12 cells.

MATERIALS AND METHODS

PC12 Cell Culture and Differentiation
Pheochromocytoma (PC12) cells, a cell line derived from rat
adrenal medulla, were obtained from the Pasteur Institute of
Iran (Tehran, Iran). The cells were grown in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 1000mg/L glucose,
pyruvate, 3.7 g NaHCO3/L, 10% heat-inactivated horse serum,
and 5% fetal bovine serum. Nerve growth factor (NGF)
(50 ng/mL) was added to themedium every other day up to 6 days

of culture period to induce neuronal phenotype. The cultures
were maintained at 37◦C in humidified 5% CO2 atmosphere.

PC12 cell line was chosen because it has been demonstrated
to be a well-established model for studying the NGF network of
signal transduction pathways in neuronal cells (Khodagholi et al.,
2012). However, adding NGF to the culture media will end the
proliferation of the cells and extend the neurites, which are either
axons or dendrites (Greene, 1977). Indeed, many researchers
have used PC12 to study neurite outgrowth, toxicity, and the
protective effect (Radio and Mundy, 2008).

Passaging PC12 Cells (Accutase)
Once the PC12 cells reached 80% confluency, the media was
removed and the cells were rinsed with PBS thrice. Then,
Accutase was added to detach the cells, depending on the volume
of cells for 10min. To stop Accutase action, double the volume of
media was added. The suspension was transferred into a Falcon
tube and centrifuged at 1,500 rpm for 5min. The supernatant was
discarded and the pellet was resuspended in new complete media.
Finally, the cells were seeded for subsequent experiments at their
third passage.

Counting the Cells
The PC12 cells were counted using a Neubauer hemocytometer.
First, the hemocytometer was cleaned with 70% ethanol. Then,
10 µL of cells were diluted with 990 µL of trypan blue. Next, 10
µL of the sample was pipetted onto the hemocytometer and the
cells were counted from the four quadrants of hemocytometer.
Ninety percent of the cells were viable upon determination by
trypan blue.

PREPARATION OF LPS TO INDUCE

DIFFERENTIATED PC12 CELLS

Experimental Groups With LPS Stimulation
In vitro differentiated PC12 cells were treated with serial
range of concentrations 0.7815, 1.563, 3.125, 6.25, 12.5, 25,
and 50µg/mL LPS for 12, 24, 48, and 72 h to optimize the
appropriate pre-conditioning concentration. Based on these
results, 85% of the cell viability concentration were chosen
for subsequent experiments. Next, the differentiated PC12 cells
were treated with LPS at pre-conditioning concentrations 3,
6, 9, and 12µg/mL LPS for 12, 24, 48, and 72 h with 0.75
mg/mL LPS at higher concentration for 12, 24, 48, and 72 h.
Then, the differentiated PC12 cells were assigned to four main
groups. The optimized concentration of LPS from Escherichia coli
O55:B5 (Sigma Aldrich, USA) was used to induce differentiated
PC12 cells as follows: (1) Control group: Differentiated PC12
cells were incubated in DMEM solution, (2) LPS-induced cells:
Differentiated PC12 cells were induced with 0.75 mg/mL LPS for
24 h, and (3) LPS-pre-conditioned cells: Differentiated PC12 cells
were pre-treated with 3µg/mL LPS for 12 h and post-incubated
with 0.75 mg/mL LPS for 12 h as mentioned in schematic
figure, (4) caspase inhibition group: the differentiated PC12
cells were incubated in DMEM in the presence of Z-VAD-FMK
(pan-caspase inhibitor) and Z-DEVD-FMK (selective caspase-3
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SCHEME 1 | Schematic representation of the experimental timescale.

inhibitor) for 3 h and followed by induction with 0.75mg/mL LPS
(Scheme 1).

Cell Viability Assay
To obtain the cell viability, the differentiated PC12 cells were
seeded in 96-well culture plates at ∼5 × 103 cells/well and
maintained in a CO2 incubator at 37◦C overnight. The cells
were treated with serial range of concentrations (0.7815, 1.563,
3.125, 6.25, 12.5, 25, and 50µg/mL) LPS for 12, 24, 48, and
72 h to optimize the appropriate pre-conditioning concentration.
Based on these results, 85% of the cell viability concentration
were chosen for subsequent experiments. Then, cells were
induced with LPS at pre-conditioning concentrations (3, 6, 9,
and 12µg/mL) for 12 h and post-incubated with 0.75 mg/mL
LPS for 12, 24, 48, and 72 h. The cytotoxic effects of LPS
on differentiated PC12 cells were examined with the 3-[4,5-
dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT)
assay. Briefly, 10 µL of 5 mg/mL MTT was added to the medium
and incubated for 4 h at 37◦C. After removal of the culture
medium, the insoluble purple formazan crystals were dissolved in
100 µL DMSO to result in a violet solution. The absorbance was
measured at 570 nm with a microplate reader (Tecan Infinite M
200 PRO, Männedorf, Switzerland). To determine the apoptotic
concentration, the inhibitory concentration (IC50) was then
calculated. Untreated cells were used as the negative control.
Cell viability was expressed as a percentage in comparison to
the control group. The results were analyzed based on three
independent experiments.

Acridine Orange and Propidium Iodide

(AO/PI) Staining
Double-fluorescent dye acridine orange and propidium iodide
staining method was used to analyze the cell viability and the
morphological changes occur during apoptosis of differentiated
PC12 cells with LPS at pre-conditioning concentrations (3, 6, 9,
and 12µg/mL) for 12 h and post-incubated with 0.75mg/mL LPS
for 12, 24, 48, and 72 h. The treated cells were harvested and
washed twice using phosphate-buffered saline (PBS) to remove
the remaining media. The cell pellets were resuspended in PBS,
followed by the addition of 10µg/mL of each dye. Stained cells
were observed with an Inverted Research Microscope (ECLIPSE

Ti-S, Nikon) at 10× magnification within 30min before the
fluorescence signal started to fade. The criteria for identification
were as follows: (a) green intact nucleus: viable cells, (b) dense
green areas of chromatin condensation in the nucleus: early
apoptosis, (c) dense orange areas of chromatin condensation: late
apoptosis, and (d) orange intact nucleus: secondary necrosis. The
results were analyzed based on three independent experiments.

Cell Cycle Analysis
To monitor the cell cycle phase, differentiated PC12 cells were
seeded in 6-well plates at 2 × 105 cells/well and treated with
LPS at pre-conditioning concentrations (3, 6, 9, and 12µg/mL)
for 12 h and post-incubated with 0.75 mg/mL LPS for 12, 24,
48, and 72 h. After each incubation period, cells were detached
and washed with PBS three times by spinning down the cells.
The resulting pellet was fixed with 80% ethanol and stored at
−20◦C for one week. Fixed cells were washed with PBS, followed
by the addition of 50µg/mL RNAse and staining with 50µg/mL
propidium iodide (PI) (Sigma-Aldrich, USA). PI binds to DNA
as well as RNA. Thus, the addition of RNAse was essential
to allow PI to bind to RNA directly to obtain an accurate
cell-cycle profile. The cells were incubated for 30min under
dark conditions. Sample acquisition was performed using a flow
cytometer (Becton Dickinson, USA). The cell distributions in
phases of SubG0/G1, G0/G1, S, and G2/M were analyzed using
a FACSCalibur flow cytometer (Becton Dickinson, USA) from
three independent experiments.

Phosphatidylserine Externalization

Analysis
Annexin V-FITC (fluorescein isothiocyanate)/PI dual staining
was used to determine the number of cells undergoing
apoptosis within a population based on a previously published
protocol using the Annexin-V-FITC Apoptosis Detection Kit
(BD Pharmingen, USA). Differentiated PC12 cells were seeded
in 6-well plates at 2 × 105 cells/well and incubated overnight
to allow attachment. Then, the LPS-induced cells and LPS-
pre-conditioned cells were stained with 5 µL FITC-conjugated
Annexin-V and 5 µL PI according to the manufacturer’s
instructions. The stained cells were resuspended and incubated
for 15min at room temperature in the dark before being
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subjected to flow cytometry analysis using a FACSCalibur
flow cytometer. The results were analyzed based on three
independent experiments.

Image Analysis for NF-κB Translocation
The NF-κB translocation in LPS-induced and LPS-pre-
conditioned cells were determined by using the NF-κB activation
kit according to manufacturer’s instructions (Cellomics,
Thermo Scientific, USA). Briefly, the LPS-induced and LPS-pre-
conditioned cells were fixed with formalin, permeabilized with
0.1% Triton X-100 in TBS for 10min at room temperature, and
blocked with 1% Blocker BSA for 15min at room temperature.
Cells were probed with NF-κB/p65 polyclonal antibody at a
dilution of 1:50 for at least 1 h at room temperature, washed
with PBS, and incubated with DyLight 488 goat anti-rabbit
IgG secondary antibody at a dilution of 1:400 for 30min at
room temperature. Hoechst dye was used to stain the nuclei
(blue). Fluorescent images were observed and captured at 20×
magnification using Inverted Research Microscope (ECLIPSE
TI-S, Nikon). The differences between the fluorescence intensity
of nuclear and cytoplasmic NF-κB were quantified from three
independent experiments.

Measurement of Cytokines and

Chemokines Production
Cytokine and chemokine production was measured in LPS-
induced and LPS-pre-conditioned cell culture supernatant
using the Proteome Profiler Rat Cytokine Array Kit (R&D
system, USA). The extracted proteins from LPS-induced and
LPS-pre-conditioned cells were mixed with a cocktail of
biotinylated detection antibodies. The sample/antibody mixture
was incubated with the Rat Cytokine Array Panel A membrane.
The cytokine/detection antibody complex presented with its
cognate immobilized antibody that was captured on the
membrane. This was followed by a wash to remove unbound
material Streptavidin-HRP. Next, chemiluminescent detection
reagents were applied. The cytokine array was quantified by
scanning the membrane on a Biospectrum AC ChemiHR 40
(UVP, Upland, CA). The array images collected from two
independent replicates were analyzed using an image analysis
software according to manufacturer’s instruction.

Measurement of Reactive Oxygen Species

(ROS) Production
The LPS-induced and LPS-pre-conditioned cells were incubated
with 10mM DCFH-DA for 30min at 37◦C, then washed with
PBS twice. The production of ROS was measured using 2′,7′-
dichlorofluorescein diacetate (DCFH-DA) which passively enters
the cells and reacts with ROS to form the highly fluorescent
compound dichlorofluorescein (DCF). The relative levels of
fluorescence were quantified using fluorescence microplate
reader (Tecan InfiniteM 200 PRO,Mannedorf, Switzerland) with
excitation at 485 nm and emission at 520 nm. Three independent
experiments were performed.

Measurement of Nitric Oxide (NO)

Production
Accumulation of nitrite in the medium was determined by
Griess assay. The LPS-induced and LPS-pre-conditioned cells
were added in media without phenol red. A total of 100 µL of
culture supernatant was reacted with an equal volume of Griess
reagent (2.5% phosphoric acid [Merck, Darmstadt, Germany],
1% sulfanilamide [Sigma, St. Louis, Missouri, USA], 0.1% N-
(1-napthyl)ethylenediamine dihydrochloride [Sigma, St. Louis,
Missouri, USA]) in 96-well cell culture plates for 10min at
room temperature in the dark. Nitrite concentrations were
determined using standard solutions of sodium nitrite prepared
in cell culture medium. The absorbance was determined using
a microplate reader (Tecan Infinite M 200 PRO, Mannedorf,
Switzerland) at 530 nm. Each assay was repeated in three
independent experiments.

Caspase Assay
To investigate the role of caspases in LPS-pre-conditioned, LPS-
induced apoptosis, and LPS-induced apoptosis with caspase
inhibitors. Caspase-3/7, caspase-8, and caspase-9 activities were
measured based on a published protocol using the Caspase-Glo R©

assay kit (Promega, Madison, USA). The differentiated PC12 cells
were seeded at 1 × 105 cells/well in 96-well plates and allowed
to attach overnight. The cells were then induced with (i) 0.75
mg/mL LPS for 24 h, (ii) pre-treated with 3µg/mL LPS for 12 h
and post-incubated with 0.75 mg/mL LPS for 12 h, and (iii) pre-
treated with Z-VAD-FMK, a pan-caspase inhibitor and Z-DEVD-
FMK, a selective caspase-3 inhibitor for 3 h and post-incubated
with 0.75 mg/mL LPS. At the end of the treatment period,
100 µL of Caspase-Glo-3/7, Caspase-Glo-8∗, and Caspase-Glo-
9 reagents were added to each well. The plates were gently shaken
using a plate shaker, and the luminescence signal was measured
after 30min using a microplate reader (Infinite M200 Pro Tecan,
Austria). The caspase activities were expressed as a fold of the
untreated control treatment. Three independent experiments
were performed.

Western Blotting of Cytoplasmic Proteins

and Nuclear Protein
The differentiated PC12 cells were induced with (i) 0.75
mg/mL LPS for 24 h, (ii) pre-treated with 3µg/mL LPS
for 12 h and post-incubated with 0.75 mg/mL LPS for
12 h and (iii) pre-treated with Z-VAD-FMK, a pan-caspase
inhibitor and Z-DEVD-FMK, a selective caspase-three inhibitor
for 3 h and post-incubated with 0.75 mg/mL LPS. After
treatment, the total proteins of cells were extracted by using
Universal Protein Extraction Reagent (Bioteke Corporation)
containing 20mM Tris (pH 7.5), sodium chloride (NaCl),
ethylenediaminetetraacetic acid (EDTA), sodium pyrophosphate,
special non-ionic detergents, complete phosphatase inhibitors,
and 1% protease inhibitor cocktail. The protein concentrations
were quantified by BCA protein assay kit (Bioteke Corporation).
Briefly, a standard plot was generated by using bovine serum
albumin (BSA) and equivalent amounts (25 µg) of each sample
were subjected to 12% sodium dodecyl sulfate-polyacrylamide
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gel electrophoresis (SDS-PAGE) to separate the proteins based
on their molecular weight and were transferred onto PVDF
membranes. The membranes were incubated with 5% non-fat
dry milk (Amersham ECL Advance blocking agent) in TBST
for 90min. Then, the membranes were incubated with primary
antibodies (anti-TNF-α, Bax, Bcl-2, anti-caspase-3, p53, c-MYC,
and Hsp70 proteins) (Santa Cruz Biotechnology, INC, CA, US)
in 1:1000 dilution at 4◦C overnight, followed by incubation
with secondary antibodies for 2 h at room temperature. The
immunoblots were visualized by enhanced chemiluminescence
procedure using ClarityTM Western ECL Substrate western
blotting kit (Bio Rad, USA). The densitometry of the gel
bands, including beta actin loading control, was analyzed
using ImageJ (NIH). Each immunoblot was repeated in three
independent experiments.

Extraction of Nuclear NF-κB for Western

Blot
The differentiated PC12 cells were induced with (i) 0.75
mg/mL LPS for 24 h, (ii) pre-treated with 3µg/mL LPS
for 12 h and post-incubated with 0.75 mg/mL LPS for
12 h, and (iii) pre-treated with Z-VAD-FMK, a pan-caspase
inhibitor and Z-DEVD-FMK, a selective caspase-three inhibitor
for 3 h and post-incubated with 0.75 mg/mL LPS. After
treatment, the nuclear and cytosolic protein of the cells were
extracted as previously described. The supernatants containing
cytosolic proteins were removed and stored at −80◦C and the
nuclear pellet was resuspended in cold PBS (20mM Tris (pH
7.5), sodium chloride (NaCl), ethylenediaminetetraacetic acid
(EDTA), sodium pyrophosphate, special non-ionic detergents,
and phosphatase inhibitors (Universal Protein Extraction
Reagent, Bioteke Corporation) containing complete 1% protease
inhibitor cocktail on ice. After centrifugation at 13,000 rpm for
20min at 4◦C, supernatants containing nuclear proteins were
removed and stored at−80◦C (Abdi et al., 2011).

ELISA
Commercially available ELISA assays (United States Biological,
Massachusett, US) were used to measure the expressions of
p53, c-MYC, and Hsp70 proteins. Cell culture supernatants
were collected from the differentiated PC12 cells that had been
stimulated with (i) 0.75 mg/mL LPS for 24 h, (ii) pre-treated with
3µg/mL LPS for 12 h and post-incubated with 0.75 mg/mL LPS
for 12 h, and (iii) pre-treated with Z-VAD-FMK, a pan-caspase
inhibitor and Z-DEVD-FMK, a selective caspase-3 inhibitor for
3 h and post-incubated with 0.75 mg/mL LPS. Induced cells
were added to three different 96-well microplates. The plates
were pre-coated with monoclonal anti-Hsp70, anti-c-MYC, and
anti-p53 antibodies for 1 h. After the incubation period, the
wells were decanted and washed five times. Then, the wells
were incubated with a substrate for HRP enzyme. Finally, stop
solution was added to terminate the reaction. The intensity of
color wasmeasured spectrophotometrically at 450± 10 nm using
a microplate reader (Infinite M200 Pro Tecan, Austria). The
protein concentrations in each sample were interpolated from the
standard curve. The assay was performed in triplicate.

RNA Extraction, cDNA Synthesis, and

Real-Time PCR
Total ribonucleic acid (RNA) was extracted using RNeasy Plus
Mini Kit (Qiagen, Germany) from the differentiated PC12 cells
induced with (i) 0.75 mg/mL LPS for 24 h, (ii) pre-treated with
3µg/mL LPS for 12 h and post-incubated with 0.75 mg/mL LPS
for 12 h, and (iii) pre-treated with Z-VAD-FMK, a pan-caspase
inhibitor and Z-DEVD-FMK, a selective caspase-3 inhibitor for
3 h and post-incubated with 0.75 mg/mL LPS. Briefly, cells were
dislodged from the bottom of the flask using a cell scraper and
transferred into a 15mL centrifuge tube. Cells were centrifuged
at 1,800 g for 5min. Then, the cells were lysed with a lysis
solution that disrupted cell membranes and was capable of
protecting the RNA from endogenous RNases. Subsequently, the
cells were homogenized by pipetting vigorously and vortexing.
The homogenate was then mixed with ethanol thoroughly and
centrifuged at 10,000 g for 30 s through a microfilter cartridge
supplied with silica-based membrane that selectively binds RNA.
The impurities were effectively removed by a specific washing
step. Finally, total RNA was eluted by running the elution
solution through an elution cartridge. Homogenates were kept
on ice to prevent RNase activity. Purified RNA was used for
reverse transcription. The concentration and purity of RNA
were measured using NanoDropTM (Thermo Scientific, USA).
Then, cDNA was synthesized by RT2 First Strand Kit (Qiagen,
Germany) and followed by adding the cDNA to RT2 SYBR Green
Mastermix (Qiagen, Germany). These PCR component mixes
were dispensed into a 96-well plate RT2 Profiler PCR Arrays
(Qiagen, Germany) which contained 84 wells of disease-focused
genes, five wells of housekeeping genes, one well of genomic DNA
control, three wells of reverse-transcription controls, and three
wells of positive PCR controls. The plates were placed in a real-
time cycler (Biosystem StepOne Plus, Thermo Scientific, USA).
The data were analyzed by using SABiosciences PCR Array Data
Analysis (www.SABiosciences.com/pcrarraydataanalysis.php).
All samples were processed in triplicate.

Data Analysis and Statistics
All data were obtained based on two or three independent
experiments and expressed as mean ± SEM. The results were
analyzed by Graphpad Prism 6 using two-way ANOVA followed
by Bonferroni post-hoc comparison test. The symbols ∗p < 0.05,
∗∗p< 0.01, ∗∗∗p< 0.001, and ∗∗∗∗p< 0.0001 indicate a significant
difference. Western blot results were evaluated using computer-
based ImageJ software, and the densities were calculated in
arbitrary units.

RESULTS

The Morphology of PC12 Cells
The morphology of PC12 cell lines was observed from cells
grown in a T25 flask (Figure 1). The cell body was distinct from
neighboring cell bodies. Figures 1c,d show PC12 cells induced
by nerve growth factor (NGF) to differentiate into neuron-like
cells with elongated neurites. However, specific parameters for
the morphology were not measured.
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Effect of LPS on Viability of Differentiated

PC12 Cells
Differentiated PC12 cells were treated with serial concentrations
of LPS for 12 to 72 h and MTT assay was conducted to determine
the cell viability. No significant cell death was observed in

FIGURE 1 | The phase contrast microscopy images of PC12 cells. PC12 cells

with absence of nerve growth factor (NGF) at (a). 12 h and (b). 24 h and PC12

cells with NGF at (c). 48 h and (d). 72 h. Pictomicrographs were taken with

original magnification (10×); the scale bar represents 100 µm.

cells treated with 0.7815, 1.563, 3.125, and 6.25µg/mL LPS at
12 h (Figure 2A). At 24 h, cells were still viable in response to
0.7815, 1.563, and 3.125µg/mL LPS where the treatment did not
affect 85% of the cell viability, but there was cell death at this
time point in response to 6.25µg/mL LPS onwards (Figure 2B).
However, at 48 and 72 h, cell viability decreased significantly in a
concentration-dependent manner (Figures 2C,D respectively).

Effect of LPS Pre-conditioning on

Differentiated PC12 Cells
Based on our observations from MTT assay, we performed
further studies by stimulating differentiated PC12 cells with 3,
6, 9, and 12µg/mL LPS for 12 h to obtain the appropriate
pre-conditioning concentration for the cells. Following that,
the cells were exposed to a higher concentration of LPS, 0.75
mg/mL, which has been shown to induce apoptosis in these
cells. Cell viability was measured using MTT assay following 12,
24, 48, and 72 h of LPS stimulation. Interestingly, no significant
toxicity was observed for the cells treated with 3µg/mL LPS for
12 h compared to the control cells (Figure 3A). Although cell
viability was not affected in response to 3µg/mL LPS at 12 h,
cell viability decreased significantly at 6µg/mL LPS onwards at
12 h (Figure 3A). For the cells treated with 3, 6, 9, and 12µg/mL
LPS at 24 (Figure 3B), 48 (Figure 3C), and 72 h (Figure 3D), the
cell viability was not maintained and decreased significantly in a
concentration-dependent manner.

FIGURE 2 | The differentiated PC12 cells were exposed to 50, 25, 12.5, 6.25, 3.125, 1.563, and 0.7815µg/mL LPS for (A). 12, (B). 24, (C). 48, and (D). 72 h. Cell

viability was determined by MTT assay. Bars represent mean data ± S.E.M from three independent experiments. Data were analyzed using one-way ANOVA, followed

by a Bonferroni post-hoc test. Percentage of cell viability of LPS-stimulated cells was compared to control. *p < 0.05, **p < 0.01, ***p < 0.001 considered to be

statistically significant.
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FIGURE 3 | The differentiated PC12 cells were exposed to 3, 6, 9, and 12µg/mL LPS for (A). 12, (B). 24, (C). 48, and (D). 72 h. Cell viability was determined by MTT

assay. Bars represent mean data ± S.E.M from three independent experiments. Data were analyzed using one-way ANOVA, followed by a Bonferroni post-hoc test.

Percentage of cell viability of LPS-stimulated cells was compared to control. *p < 0.05, **p < 0.01, ***p < 0.001 considered to be statistically significant.

Effect of LPS Pre-Conditioning on Cell

Viability Observed From Acridine Orange

and Propidium Iodide (AO/PI) Staining
To validate our findings, we examined themorphological changes
of LPS-pre-conditioned cells using AO/PI staining method.
Pre-conditioned cells with LPS 3µg/mL for 12 h followed by
post incubation with 0.75 mg/mL LPS prominently exhibited
intact green nuclear structure and had well-preserved cellular
morphology as control cells (Figure 4B). Perhaps, the cells
treated with 3 µg/mL LPS after 24 h showed pre-early apoptosis
(Figures 4C,D). However, the cells treated with 3µg/mL LPS
after 72 h showed blebbing of the plasma membrane (Figure 4E).
Notably, the cells pre-treated with other concentrations of LPS
(6, 9, and 12µg/mL) for 12 h followed by post-incubation with
0.75mg/mL LPS for another 12 h showed typical morphologies of
apoptotic cells such as blebbing; condensation of chromatin; loss
of membrane integrity; yellow-, orange-, and red-colored cells in
a time-dependent manner, which indicate early (after 24 h) and
late apoptosis (48 and 72 h) (Figures 5–7). The orange-reddish
cells indicate late apoptosis and necrosis which occurred at 72 h
(Figure 7). The AO/PI double staining method confirmed that
LPS pre-conditioning with 3µg/mL LPS for 12 h protected the
cells against the apoptotic concentration of LPS.

Cytoprotective Effect of LPS

Pre-Conditioning at G0/G1 Phase in

Differentiated PC12 Cells
To further validate our findings, we narrowed down the LPS pre-
conditioning concentration to investigate cell cycle progression.

Differentiated PC12 cells pre-treated with 3, 6, and 9µg/mL
LPS for 12 h and subsequently exposed to 0.75 mg/mL LPS for
another 12, 24, 48, and 72 h were analyzed via flow cytometry.
From the result, the number of cells treated with 3 µg/ml LPS
at 12 h exhibited similar patterns as control cells (Figure 8B).
Nonetheless, the number of cells stimulated with 3 µg/ml LPS at
24, 48, and 72 h (Figures 8C–E) decreased in a time-dependent
manner compared to the control cells as shown in Figure 9.
Yet, the number of cells treated with 6 and 9µg/mL showed
an increase in subG0/G1 and a decrease in G0/G1, S, and G2/M
in a time-dependent manner (Figures 10, 11). In line with
our findings from MTT assay and AO/PI double staining, we
chose pre-exposure to 3µg/mL of LPS for 12 h as the protective
condition for the cells.

LPS Pre-conditioning Inhibits Cell

Apoptosis
Annexin V-FITC staining is a standard procedure to monitor
the progression of apoptosis. The LPS-induced and LPS-pre-
conditioned cells were stained with Annexin V-FITC, in which
early apoptotic cells showed Annexin V+ and PI– whereas late
(end-stage) apoptotic cells will demonstrate Annexin V+/PI+.
As shown in Figure 12A, the pre-conditioned cell population
are found in the lower left quadrant as control cells. However,
the population of LPS-induced cells shifted from the left lower
quadrant to the lower right quadrant followed by the upper right
quadrant. It is obvious that the LPS-pre-conditioned cells are
protected from cell death against the apoptotic concentration;
this result is consistent with our findings from MTT assay,
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FIGURE 4 | Acridine orange and propidium iodide (AO/PI) nucleic acid binding

dyes in LPS-stimulated cells. Cells were stimulated with 3µg/mL LPS for (A).

Control, (B). 12, (C). 24, (D). 48, and (E). 72 h. Cells were stained with AO/PI

to examine their morphological changes, where the green color represents

AO, which stains live and dead nucleated cells while the red color represents

PI, which stains dead nucleated cells. Representative fluorescence images

from inverted fluorescence microscope. Field of views for each time point from

three independent experiments. Purple arrow shows plasma membrane

blebbing. Pictomicrographs were taken with original magnification (10×); the

scale bar represents 100 µm.

AO/PI double staining, and cell cycle study. This further
justifies that 3µg/mL LPS for 12 h is the most appropriate
pre-conditioning concentration that can offer cytoprotective
effect in differentiated PC12 cells and hence, this was used as
pre-conditioning concentration for subsequent experiments in
this study.

LPS-Induced NF-κB Nuclear Translocation
NF-κB is a transcription factor which has a role in inflammation,
neuronal survival, differentiation, apoptosis, neuron outgrowth,
and synaptic plasticity. To observe the translocation of NF-κB, an
immunofluorescence assay was conducted which was correlated
with the secretion of inflammatory cytokines. As shown in
(Figure 13), in LPS-induced cells, NF-κB fluorescence intensity
in the cytoplasm was absent and instead was predominantly
observed in the nucleus, which indicates the translocation of
NF-κB from the cytoplasm into the nucleus. However, the LPS-
pre-conditioned cells exhibited higher NF-κB fluorescence signal
in the cytoplasm and lower in the nucleus, which indicates no
translocation of NF-κB from the cytoplasm into the nucleus.
In the control cells, NF-κB fluorescent signal was intensified in

FIGURE 5 | Acridine orange and propidium iodide nucleic acid binding dyes in

LPS-stimulated cells. Cells were stimulated with 6µg/mL LPS for (A). Control,

(B). 12, (C). 24, (D). 48, and (E). 72 h. Cells were stained with AO/PI to

examine their morphological changes, where the green color represents AO,

which stains live and dead nucleated cells while the red color represents PI,

which stains dead nucleated cells. Representative fluorescence images from

inverted fluorescence microscope. Field of views for each time point from three

independent experiments. The cells lost membrane integrity with yellow to

orange color change, indicating pre-early and early apoptosis.

Pictomicrographs were taken with original magnification (10×); the scale bar

represents 100µm.

the cytoplasm but absent in the nucleus, indicating that NF-κB
translocation did not occur in these cells.

LPS Pre-conditioning Suppresses the

Expression of Pro-inflammatory Cytokines

and Chemokines
We investigated whether pre-exposure to LPS would have
an impact on the expression of pro- and anti-inflammatory
cytokines, which are critical in the immune and inflammatory
response of the neuronal cells. Equal amount of 300 µg of
protein from the LPS-induced and LPS-pre-conditioned cells
were lysed and the inflammatory cytokines were screened using
Proteome Profiler Rat Cytokine Array Kit (R & D system,
Inc.). Interestingly, pro-inflammatory cytokines interleukin-1
alpha (IL-1α), interleukin-1 beta (IL-1β), interleukin-2 (IL-2),
interleukin-3 (IL-3), interleukin-4 (IL-4), interleukin-6 (IL-6),
interleukin-17 (IL-17), interferon-gamma (IFN-γ), and tumor
necrosis factor-alpha (TNF-α) were highly expressed in LPS-
induced cells compared to LPS-pre-conditioned cells (Figure 14).
However, anti-inflammatory cytokines interleukin-10 (IL-10),
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FIGURE 6 | Acridine orange and propidium iodide nucleic acid binding dyes in

LPS-stimulated cells. Cells were stimulated with 9µg/mL LPS for (A). Control,

(B). 12, (C). 24, (D). 48, and (E). 72 h. Cells were stained with AO/PI to

examine their morphological changes, where the green color represents AO,

which stains live and dead nucleated cells while the red color represents PI,

which stains dead nucleated cells. Representative fluorescence images from

inverted fluorescence microscope. Field of views for each time point from three

independent experiments. The cells lost membrane integrity with yellow to

orange color change, indicating pre-early and early apoptosis, and

orange-reddish, indicating late apoptosis. Pictomicrographs were taken with

original magnification (10×); the scale bar represents 100µm.

interleukin-13 (IL-13), and interleukin-1 receptor antagonist
(IL-1Ra) and chemokine ciliary neurotrophic factor (CNTF)
were downregulated in LPS-induced cells compared to LPS-pre-
conditioned cells. Our results suggest that LPS-pre-conditioned
cells repress the activation of pro-inflammatory cytokines which
facilitates cytoprotection and attenuates apoptosis.

LPS Pre-conditioning Inhibits ROS

Production
The effects of reactive oxygen species (ROS), an important
mediator of inflammatory responses and oxidative stress-induced
cell death, was studied in LPS-induced and LPS-pre-conditioned
cells. The production of oxidative stress wasmeasured using 2′,7′-
dichlorofluorescein diacetate (DCFH-DA) and the relative levels
of fluorescence were quantified using a fluorescence microplate
reader. LPS-induced cells showed a significant increase in the
production of ROS (p < 0.0001) compared to the LPS-pre-
conditioned cells and control cells (Figure 15).

FIGURE 7 | Acridine orange and propidium iodide nucleic acid binding dyes in

LPS-stimulated cells. Cells were stimulated with 12µg/mL LPS for (A).

Control, (B). 12, (C). 24, (D). 48, and (E). 72 h. Cells were stained with AO/PI

to examine their morphological changes, where the green color represents

AO, which stains live and dead nucleated cells while the red color represents

PI, which stains dead nucleated cells. Representative fluorescence images

from inverted fluorescence microscope. Field of views for each time point from

three independent experiments. The cells lost membrane integrity with

orange-reddish color, indicating late apoptosis; red cells indicate necrosis.

Pictomicrographs were taken with original magnification (10×); the scale bar

represents 100µm.

LPS Pre-conditioning Attenuates NO

Production
NO is considered to be a pro-inflammatory mediator and
excessive release of NO has been shown to be toxic to neurons
as it activates neuroinflammation which eventually leads to
neurodegeneration. As shown in (Figure 16), the production
of NO in the LPS-induced cells was significantly higher (p <

0.0001) compared to the control and LPS-pre-conditioned cells.
Therefore, these findings indicate that NO synthesis could be
prevented through pre-conditioning which confers a protective
effect by inhibiting the release of pro-inflammatory mediators.

LPS Pre-conditioning Downregulates Bax

and TNF-α and Upregulates Bcl-2
TNF-α has been documented to have a dual role, mediating
apoptosis or cell survival and proliferation. We investigated
whether TNF-α modulation of the expression of Bax (pro-
apoptotic protein) and Bcl-2 (anti-apoptotic protein) may occur
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FIGURE 8 | Cell cycle distribution analysis in LPS-preconditioned cells by using flow cytometry. Cells were treated with 3µg/mL LPS for (A). Control, (B). 12, (C). 24,

(D). 48, and (E). 72 h. Representative flow cytometry patterns from three independent experiments are shown.

FIGURE 9 | Quantitative analysis of cell cycle distribution analysis in

LPS-preconditioned cells by using flow cytometry. The differentiated PC12

cells were exposed to 3µg/mL LPS for 12, 24, 48, and 72 h. Cell cycle phase

distribution based on the DNA content was determined by cell cycle assay.

Bars represent mean data ± S.E.M from three independent experiments. Data

were analyzed using one-way ANOVA, followed by a Bonferroni post-hoc test.

Percentage of LPS-stimulated cells was compared to the control. *p < 0.05,

****p < 0.0001 considered to be statistically significant.

through NF-κB activation, which could modulate apoptosis
and cell survival. We used western blotting to detect Bax,
Bcl-2, and TNF-α expressions in LPS-induced and LPS-pre-
conditioned cells. Expression of both Bax and TNF-α increased
in LPS-induced cells compared to the LPS-pre-conditioned cells.
Notably, TNF- α expression was also expressed in the LPS-pre-
conditioned cells. On the contrary, significant in the expression of
Bcl-2 was observed in the LPS-pre-conditioned cells compared to
the LPS-induced cells (Figure 17). The previous result confirmed
the translocation of NF-κB from the cytoplasm into the nucleus
and this could activate the secretion of pro-inflammatory
cytokines and pro-apoptotic protein in LPS-induced cells.
On the other hand, the inhibition of NF-κB translocation
upregulated the expressions of anti-inflammatory cytokines and
anti-apoptotic proteins. Therefore, this result confirmed that
TNF-α is an inflammatory cytokine that forces cells to undergo
programmed cell death which is probably modulated by the
upregulation of Bax, leading to enhanced pro-apoptotic effects.
However, the inhibition of NF-κB translocation upregulated Bcl-
2, leading to cytoprotective effect.
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FIGURE 10 | Cell cycle distribution analysis in LPS-preconditioned cells by using flow cytometry. Cells were treated with 6µg/mL LPS for (A). Control, (B). 12, (C).

24, (D). 48, and (E). 72 h. Representative flow cytometry patterns from three independent experiments are shown.

Caspase Activation
Caspases, also known as cysteine aspartic proteases, are the
central components of the apoptotic response. The apoptotic
caspases are divided into two classes: (i) initiator caspases
(caspase 8 and 9) and (ii) effector caspases (caspase 3 and 7).
Caspase regulation was investigated by evaluating caspase 3/7,
8, and 9 activities by using Caspase-Glo R© assay kit (Promega
Corp., USA) in LPS-induced cells, LPS-pre-conditioned cells,
and LPS-induced cells in the presence of synthetic non-specific
caspase inhibitors. As shown in Figure 18, caspase 8 showed
significant increase, followed by caspase 3/7 and caspase 9. The
results showed that LPS activates apoptosis pathway via caspase
8 (extrinsic pathway) followed by the activation of caspase 3/7,
which is involved in intrinsic pathway.Moreover, the cells treated
with caspase inhibitors showed suppression of caspase activity,
which resulted in the inhibition of apoptosis pathway.

LPS Pre-conditioning Represses

Caspase-3 Expression
Caspase-3 is an executioner caspase which is activated in the
intrinsic (mitochondrial) and extrinsic (death ligand) apoptotic
mechanism. We investigated the expression of caspase-3 in
the cell lysates of LPS-induced cells, LPS-pre-conditioned
cells, and LPS-induced cells in the presence of synthetic
non-specific caspase inhibitors by western blot analysis. LPS-
induced cells showed a significant increase in the expression
of caspase-3 (p < 0.05) compared to the control cells, LPS-
pre-conditioned cells, and LPS-induced cells in the presence
of a synthetic non-specific caspase inhibitor (Figure 19). This
confirmed that caspase-3 expression was successfully inhibited
by using a synthetic non-specific caspase inhibitor Z-VAD-
FMK (pan-caspase inhibitor) and Z-DEVD-FMK (selective
caspase-3 inhibitor).
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FIGURE 11 | Cell cycle distribution analysis in LPS-preconditioned cells by using flow cytometry. Cells were treated with 9µg/mL LPS for (A). Control, (B). 12, (C).

24, (D). 48, and (E). 72 h. Representative flow cytometry patterns from three independent experiments are shown.

LPS Effect on Translocation of Nuclear

Factor-kappa B (NF-κB) From Cytosol to

Nucleus
To confirm the translocation of NF-κB from the
immunofluorescence assay and evaluate the role of apoptosis, we
inhibited apoptosis by using caspase inhibitors and measured the
amount of NF-κB translocation from the cytosol to the nucleus
in LPS-induced cells, LPS-pre-conditioned cells, and LPS-
induced cells in the presence of synthetic non-specific caspase
inhibitors, through western blot technique. In the LPS-induced
cells, translocation of NF-κB from the cytoplasm into the
nucleus (Figure 20) was observed and this was validated by the
immunofluorescence results as shown in (Figure 13), however,
the cells treated with caspase inhibitors showed significant
downregulation of nuclear expression of NF-κB. The LPS-pre-
conditioned cells had reduced expression of NF-κB in the nucleus
in whichmost of the translocation confirming factor was retained

in the cytoplasm, which was verified by the immunofluorescence
staining method.

Caspase Inhibition Downregulates p53 and

Upregulates c-MYC and Hsp70

Expressions
Inflammation is generally beneficial. However, extensive and
prolonged inflammation is highly detrimental. One of the
proteins involved in the cellular and molecular even of
carcinogenesis is a tumor suppressor protein, p53, which is
a key regulator of DNA repair, cell cycle progression, and
apoptosis. Besides that, c-MYC is a transcription factor of proto-
oncogenes and Hsp70 is a chaperone protein which is involved
in cell cycle regulation and differentiation and is a hallmark
protein in cancers. To probe this issue, we inhibited caspase
activity in differentiated PC12 cells by using caspase inhibitors
to exaggerate the inflammatory response and measured p53,
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FIGURE 12 | Quantitative analysis of apoptosis progression within population in LPS-preconditioned cells by using flow cytometry. Annexin V-FITC and PI staining of

the LPS-induced and LPS-preconditioned cells at the indicated time point earlier measured by flow cytometry. (A). There is a distinct and gradual cell population shift

from the lower left quadrant to the lower right, upper right, and upper left, indicating a gradual increment of cells with exposed phosphatidylserine. Q1 is the Annexin

V-FITC–/PI– quadrant (intact cells), Q2 is the Annexin V-FITC+/PI– quadrant (early apoptotic cells), Q3 is the Annexin V-FITC+/PI+ quadrant (late apoptotic cells), and

Q4 is the Annexin V-FITC–/PI– quadrant (dead cells). Bars represent mean data ± S.E.M from three independent experiments. (B). Data were analyzed using one-way

ANOVA, followed by a Bonferroni post-hoc test. Percentage of LPS-stimulated cells was compared to the control. ****p < 0.0001 considered to be statistically

significant.

c-MYC, and Hsp70 proteins by western blotting. As shown in

Figure 21, Hsp70 was highly expressed in LPS-induced cells in

the presence of synthetic non-specific caspase inhibitors and was
also significantly higher in LPS-pre-conditioned cells compared

to control cells. However, p53 expression was significantly

higher in LPS-induced cells and was not altered in LPS-pre-
conditioned cells and in LPS-induced cells with synthetic non-
specific caspase inhibitors. In contrast, we observed significantly
higher c-MYC expression in LPS-induced cells with synthetic
non-specific caspase inhibitors and in LPS-pre-conditioned cells
compared to control cells. For further validation, Hsp70, p53,
and c-MYC proteins were measured using ELISA as shown
in Figure 22, which had similar expressions as the western
blot results.

LPS Pre-conditioning Provides

Cytoprotective Effect via TLR4/NF-κB

Signaling Pathway
We demonstrated that LPS pre-conditioning protected the cells
from undergoing apoptosis. Next, we investigated the potential
mechanism associated with this response. We speculated that
this might occur through the pre-activation of TLR4 signaling
pathway which inhibits caspase-3/NF-κB signaling pathway.
However, caspase-3/NF-κB signaling pathway inhibition may
also promote oncogene expression, suggesting that this pathway
might be involved in either protective or destructive effect. A
96-well plate RT2 Profiler PCR array was performed for LPS-
induced cells, LPS-pre-conditioned cells and LPS-induced cells
with synthetic non-specific caspase inhibitors. Collectively, the
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FIGURE 13 | Immunofluorescence analysis of NF-κB activation. The nuclear translocation was determined by the blue fluorescence (Hoechst staining) and the

NF-κB/p65 subunit by its green fluorescence. Representative fluorescence images from inverted fluorescence microscope. Field of views for each time point from

three independent experiments. The translocation of NF-κB/p65 from the cytoplasm into the nucleus indicated the activation of the transcription factor.

Pictomicrographs were taken with original magnification (20×); the scale bar represents 100µm.

gene expressions (in green and red box) elucidated the possible
molecular signaling pathway and we concluded that LPS pre-
conditioning exerts a protective effect via TLR4/caspase-3/NF-κB
signaling pathway (Figure 23).

DISCUSSION

The present study evaluated the concentration and time period
which confer cytoprotective potential of LPS pre-conditioning
against apoptosis in differentiated PC12 cells. We found that pre-
conditioning with 3µg/mL for 12 h protected the differentiated
PC12 cells against subsequent exposure to 0.75 mg/mL apoptotic
concentration of LPS, which can be explained as endotoxin
tolerance. To date, our study is the first preliminary study to
be established as an in vitro model of LPS pre-conditioning in
differentiated PC12 cells which show that LPS pre-conditioning
causes significant protection against subsequent exposure to
apoptotic concentration of LPS.

Before starting the experiment, optimization of the
concentration and time was conducted as a preliminary
study to determine the optimal LPS concentration and time.
Therefore, in our study, differentiated PC12 cells were exposed to
50, 25, 12.5, 6.25, 3.125, 1.563, and 0.7815µg/mL LPS for 12, 24,
48, and 72 h. Even though 1.563 and 0.7815µg/mL were lower
than 3µg/mL and maintained the cell viability at 100%, we chose
the highest concentration among these three concentrations. As
such, the highest low concentration of LPS which exhibited cell
viability of 100% (3µg/mL) was chosen for subsequent study.

Furthermore, the inhibitory concentration (IC50) was
determined with LPS concentrations of 1, 0.5, 0.25, and 0.125
mg/mL for 12, 24, 48, and 72 h. We found that 0.75 mg/mL
for 12 h was our IC50, which inhibited 50% of the cell viability
(data not shown). However, there is no direct evidence to
evaluate whether this concentration is suitable as the apoptotic
concentration. Therefore, we modified and optimized the
concentration and time point. The findings for pre-treatment
of PC12 cells with 3, 6, 9, and 12µg/mL LPS for 12, 24, 48, and
72 h and subsequent exposure with 0.75 mg/mL LPS for 12,
24, 48, and 72 h confirmed that pre-conditioning with 3µg/mL
LPS protected the cells against apoptosis. Surprisingly, based
on our MTT results, the pre-conditioning concentration of
3µg/mL LPS at 12 h significantly inhibited apoptosis against
subsequent LPS challenge (0.75 mg/mL LPS for 12 h) and
maintained cell viability, indicating that there was no significant
cytotoxicity in the pre-conditioned cells. In contrast, when the
cells were induced with 6, 9, and 12µg/mL LPS concentration,
the cytoprotective effect disappeared and the treatment became
deleterious. Even though the cells were pre-conditioned with
low LPS concentration, subsequent LPS challenge at apoptotic
concentration for longer hours became toxic to the cells and
caused them to lose viability.

This is further confirmed by assessing the morphology of
the cells where the LPS-pre-conditioned cells displayed normal
cellular structures as the control. Moreover, the cell cycle analysis
confirmed that at the G1 phase, the cells progressively lost
viability, died over time, and did not enter the cell cycle.
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FIGURE 14 | Quantitative analysis of inflammatory cytokines and chemokines. (A) The Rat Cytokine Array detects multiple analytes in LPS- induced cells,

LPS-preconditioned cells, and control cells. Spot densities were analyzed by scanning the membrane on a Biospectrum AC ChemiHR 40 densitometer, and data

were normalized to control and expressed as fold change relative to the control. (B) Quantitative analysis in the arrays showed differences in cytokine and chemokine

expression in LPS-induced cells, LPS-preconditioned cells, and control cells. Each experiment was performed in duplicate.

FIGURE 15 | LPS activates pro-inflammatory mediators, ROS. The release of

ROS in LPS-induced and LPS-preconditioned cells were measured using

DCFH-DA. Bars represent mean data ± S.E.M from three independent

experiments. Data were analyzed using one-way ANOVA, followed by a

Bonferroni post-hoc test. Relative release of fluorescence intensity in

LPS-induced cells were compared to the control. ****p < 0.0001 considered

to be statistically significant.

FIGURE 16 | LPS activates pro-inflammatory mediators, NO. The release of

NO in LPS-induced and LPS-preconditioned cells were measured using

Griess assay. Bars represent mean data ± S.E.M from three independent

experiments. Data were analyzed using one-way ANOVA, followed by a

Bonferroni post-hoc test. Relative release of nitrite in LPS-induced cells were

compared to the control. ****p < 0.0001 considered to be statistically

significant.
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FIGURE 17 | Effect of LPS on TNF-α, Bax, and Bcl-2 protein expressions in LPS-induced and LPS-preconditioned cells. The expressions of inflammatory cytokine,

TNF-α; pro-apoptotic protein, Bax; and anti-apoptotic protein, Bcl-2 were determined in whole cell lysates by western blotting. (A) Band densities were measured by

densitometric analysis, and data were normalized to control and expressed as fold change relative to beta-actin. (B) Bars represent data from three independent

experiments. TNF-α, Bax, and Bcl-2 expressions in cells that were stimulated with LPS were compared to control. *p < 0.05, **p < 0.01 as determined by one-way

ANOVA with Bonferroni’s correction.
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FIGURE 18 | Caspase activity in intrinsic and extrinsic apoptosis pathway.

Fold changes in caspase 3/7, caspase-8, and caspase-9 activities in

LPS-induced cells, LPS-preconditioned cells, and LPS-induced cells with

caspase inhibitors compared to control cells based on the relative

luminescence units generated through the cleavage of substrate after

treatment. Data were analyzed using two-way ANOVA, followed by a

Bonferroni post-hoc test, **p < 0.01 ****p < 0.0001 vs. control cells. Data are

expressed as mean ± S.E.M of three independent experiments.

Further analysis with Annexin V-FITC also confirmed that
LPS-pre-conditioned cells with 3µg/mL offered cytoprotective
effect where the cells were shown to be populated in the lower
left quadrant, similar to the control. Therefore, a single low
concentration of 3µg/mL LPS conferred cytoprotection against
LPS-induced apoptosis.

This is supported by a recent novel finding which showed a
single low dose of 0.2 mg/kg LPS pre-conditioning successfully
prevented neurodegeneration by reducing post-injury gliosis
response near the corpus callosum. The authors found that a low
dose of LPS pre-conditioning is protective in a closed-headmodel
of diffuse axonal injury. They also observed that a low dose of LPS
pre-conditioning regulated glial activity, which protected against
diffuse axonal injury and recovered completely by time of injury
(Turner et al., 2017).

In addition, Hickey et al. (2011) reported that a low dose
of LPS pre-conditioning provided a delayed protection against
brain injuries, which is related to hypothermic circulatory arrest
in piglet model. They pre-conditioned with LPS at 20 mg/kg
for 3 days before the brain injury. They found that LPS pre-
conditioning conferred global cerebral protection by reducing
injury in the cortex, basal ganglia, and hippocampus.

Rosenzweig et al. (2007) found that mice treated with various
doses of LPS between 0.05 and 0.2 mg/kg showed significant

FIGURE 19 | Expressions of caspase-3. (A) The expressions of caspase-3

was determined in whole cell lysates by western blotting. Band densities were

measured by densitometric analysis, and data were normalized to the control

and expressed as fold change relative to beta-actin. (B) Bars represent data

from three independent experiments. Caspase-3 expressions in LPS-induced

cells, LPS-pre-conditioned cells, and LPS-induced cells with caspase

inhibitors were compared to the control. *p < 0.05, as determined by one-way

ANOVA with Bonferroni’s correction.

protection compared to saline-treated controls. They also pre-
conditioned mice with LPS for different time intervals before
middle cerebral artery occlusion (MCAO) and stroke outcome.
Interestingly, they observed LPS-induced neuroprotection within
a day. The authors reported the specific dose range and time
frame of LPS pre-conditioning in mice (Rosenzweig et al., 2007).
In line with that, the study supports our findings that LPS
pre-conditioning provides cytoprotection against apoptosis in
subsequent challenges, depending on concentration and time.
Therefore, these studies provide guidelines and literatures for
our study where various concentration and time points should
be considered.

The LPS pre-conditioning effect provides cytoprotection
depending on the concentration and time. It should be taken
into consideration that in animal models, a single systemic
dose of 0.05–1 mg/kg is normally administered but the dose is
highly toxic for humans. However, in in vitro models, the low
dose of 1 mg/mL LPS pre-treatment for 24 h protected cortisol
neurons from oxygen/glucose deprivation (OGD)-induced cell
death (Lastres-Becker et al., 2006). Therefore, the doses vary
according to the cells and models.
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FIGURE 20 | Analysis of cytoplasmic and nuclear expression of NF-κB by western blot. The cytoplasmic (A). and nuclear (B). NF-κB in LPS-induced cells,

LPS-pre-conditioned cells, and LPS-induced cells with caspase inhibitors from the cell lysates. The expressions were determined by western blot. Band densities were

measured by densitometric analysis, and data for the expression of cytoplasmic and nuclear NF-κB was normalized to the control while the expression was expressed

as fold change relative to beta-actin. Bars represent data from three independent experiments. NF-κB expression in LPS-induced cells, LPS-preconditioned cells, and

LPS-induced cells with caspase inhibitors was compared to control. *p < 0.05 and **p < 0.01, as determined by one-way ANOVA with Bonferroni’s correction.

Another factor to be considered in conferring protection
apart from the concentration of the stimulus is the time period.
In our present study, the initial time point to provoke the
inflammatory cascade was 12 h. The second pre-conditioning
stimulus to provide protection, referred to as the second window
of protection (SWOP), was also 12 h. The period which confers
protection occurs between 12 and 72 h after the first stimuli. The
time period within SWOP that provides cytoprotection could
be due to protein synthesis and post-translational modifications.
Thus, it could be explained that LPS provokes the inflammatory
response, which triggers the cell surface receptors and initiates
the signaling cascade of events (Marber et al., 1993; Yellon
and Downey, 2003). Perhaps, the time frame for induction of
tolerance in LPS-induced cells is required for the secretion of
cytokines and chemokines (Lapidot and Petit, 2002). Other than
that, both LPS-pre-conditioned and LPS-induced apoptotic cells
share the same signaling pathway by promoting or inhibiting
particular proteins. For that reason, the specificity of proteins
is studied and explained later. Together, these results confirmed
that the pre-conditioning concentration of 3µg/mL LPS for 12 h
was able to offer protection against apoptosis in response to
subsequent exposure to 0.75 mg/mL LPS for 12 h. However, the
concentration, time window of tolerance, and pre-conditioning
phenomenon will be different with primary stimuli, secondary
insults, and window period, and thus might give different results
with different models.

In our research, we were interested to understand the NF-
κB signaling pathway in LPS-pre-conditioned and LPS-induced
cells. Multiple factors contribute to neuroprotection following
LPS-induced pre-conditioning. Translocation of NF-κB induces
the expression of pro-inflammatory cytokines and in contrast, the
inhibition of NF-κB provides neuroprotection.

In our study, we showed that in LPS-induced cells, NF-κB was
translocated from the cytosol into the nucleus and this was then
associated with the induction of various inflammatory genes.
NF-κB represents a family of inducible transcription factors and
regulates a large array of genes involved in different processes
of the immune and inflammatory responses (Oeckinghaus and
Ghosh, 2009; Liu et al., 2017). Therefore, we detected the
expression of NF-κB activation via the reduction of IκB in our
current study.

Although we did not investigate this at the receptor level,
LPS is a well-known ligand for TLR4 (Park and Lee, 2013)
and we speculate that LPS binding to TLR4 receptor triggers
the activation of a central adapter protein for the TLR family,
MyD88 (Troutman et al., 2012). This initiates the activation
of the extrinsic pathway through caspase 8, which then cleaves
and activates effector caspase 3/7, leading to apoptosis. We
showed herein that this was associated with the secretion of
various inflammatory cytokines and chemokines including TNF-
α, which is a potent inducer of LPS (Kikkawa et al., 1998).
The cytoprotection afforded by TNF-α in LPS-pre-conditioned
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FIGURE 21 | Expressions of Hsp70, p53, and c-MYC. (A) The expressions of Hsp70, p53, and c-MYC were determined in whole cell lysates by western blotting.

Band densities were measured by densitometric analysis, and data were normalized to the control and expressed as fold change relative to beta-actin. (B) Bars

represent data from three independent experiments. Hsp70, p53, and c-MYC expressions in LPS-induced cells, LPS-preconditioned cells, and LPS-induced cells

with caspase inhibitors were compared to the control. *p < 0.05, **p < 0.01, as determined by one-way ANOVA with Bonferroni’s correction.
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FIGURE 22 | Expressions of Hsp70, p53, and c-MYC. The expressions of Hsp70, p53, and c-MYC were determined in whole cell lysates by ELISA. Bars represent

data from three independent experiments. Hsp70, p53, and c-MYC expressions in LPS-induced cells, LPS-preconditioned cells, and LPS-induced cells with caspase

inhibitors were compared to the control. *p < 0.05, **p < 0.01, ***p < 0.001 as determined by one-way ANOVA with Bonferroni’s correction.

cells, and in contrast, detrimental effects shown in LPS-induced
apoptotic cells, prove the dose-related protective and deleterious
effects. Remarkably, the effect of TNF-α depends upon which
receptor, TNFR 1 or TNFR 2, is being activated. TNF-α may
promote the activation of two different pathways: one of the
pathways could cause cell death via p55 TNF receptor (TNFR 1),
while the other pathway results in neuronal survival through p75
TNF receptor (TNFR 2), depending on the expression of a wide
array of genes that it induces, which are genes involved in either
cell death or cell survival (Papadakis and Targan, 2000; Aggarwal,
2003; Chen and Palmer, 2013). Besides, the level of activation
of TNF-α may be important in determining the deleterious or

beneficial effect contributing to the dose-related protective effect
of LPS in the brain (Bordet et al., 2000).

We also showed that inhibition of NF-κB translocation
results in secretion of various anti-inflammatory cytokines
such as IL-1Ra, IL-10, CNTF, and IL-13. Pre-exposure to
low concentration of LPS could confer a protective state
against cellular apoptosis following subsequent stimulation
with LPS at higher concentration, suggesting a role for TLR-
4 pre-activation in the signaling pathway of LPS-induced
cytoprotection (Vartanian et al., 2011). This result suggests
that anti-inflammatory cytokines are potential molecular targets,
although future study is warranted to clarify their role and
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FIGURE 23 | The Heat Map array provides visualization of fold changes in expression. (A) The fold changes in expression between LPS-induced and

LPS-preconditioned cells (in green) for every gene in the array in the context of the array layout of three independent experiments. (B) The fold changes in expression

between LPS-induced cells and LPS-induced cells with caspase inhibitors (in red) for every gene in the array in the context of the array layout of three independent

experiments. The table provides the fold regulation data used for the map.
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the underlying mechanism regulating their expression and/or
secretion in pre-conditioned cells.

Moreover, our results demonstrate that NF-κB is present
in the cytoplasm in an inactive form and gets translocated
into the nucleus upon LPS stimulation. Then, the inhibitory
kappa B (IκB) gets phosphorylated by inhibitory kappa B kinase,
causing the activation of inflammatory gene transcription (Shih
et al., 2015). We postulated that LPS induces inflammation via
TLR4/NF-κB signaling pathway, which induces the secretion of
cytokines and chemokines and apoptosismechanism via extrinsic
pathway. Indeed, the apoptosis mechanism mediated via death
receptor which recruits caspase 8 is a critical mediator for the
extrinsic pathway, which in turn activates caspase 3/7 and finally
results in apoptosis.

In addition, ROS and NO also activate NF-κB signaling
pathway, which leads to the upregulation of pro-inflammatory
cytokine expression in LPS-induced cells (Yamamoto and
Gaynor, 2001). In line with that, we showed that the secretion
of ROS and NO upregulated Bax protein, a pro-apoptotic protein
which contributes to neuroinflammation (Block et al., 2007; Glass
et al., 2010; Lull and Block, 2010).

The excessive production of the inflammatory mediators
may cause chronic neuroinflammatory diseases such as
neurodegenerative diseases including Alzheimer’s disease,
Parkinson’s disease, and stroke (Glass et al., 2010). However,
our results show that LPS-pre-conditioned cells attenuated
the production of inflammatory mediators ROS and NO
against LPS-induced apoptosis. Yet, more efforts are needed to
understand the mentioned mechanism.

LPS-induced cells activate the death ligand pathway and
ultimately the mitochondrial apoptotic pathway, which leads to
neuroinflammation and interferes with the Bcl-2 family (Reed,
2002; Wennersten et al., 2003). Bax has a distinct homology
with Bcl-2, but the function of Bax is contradicted by Bcl-2
anti-apoptotic members. Indeed, Bax causes mitochondrial outer
membrane permeabilization (MOMP) by destabilizing the lipid
bilayer, creating pores or interacting channels. Several studies
have indicated that upregulation of Bax and downregulation of
Bcl-2 trigger cytochrome c release from the mitochondria into
the cytosol, leading to apoptosis and eventually may contribute
to the pathogenesis of neurodegenerative diseases (Savory et al.,
2003; Lin and Beal, 2006). The cytochrome c activates executioner
caspase-3, which will be discussed. We believe the protection
was correlative with upregulation Bcl-2. However, it is not
known whether more apoptosis pathways and molecules are
involved in LPS-induced cross-tolerance in neuroinflammation
and future studies are needed to address this issue. This LPS-
induced apoptosis model can activate inflammatory cascade in
vitro, upregulating pro-inflammatory cytokines, inflammatory
mediators, and pro-apoptotic proteins. In contrast, LPS-pre-
conditioned cells secrete anti-inflammatory cytokines and anti-
apoptotic proteins to attenuate the detrimental process.

We speculated that low concentration of the LPS binds
to TLR4, which reprograms TLR4 signaling in response to a
subsequent apoptotic concentration of LPS. Interestingly, the
cells which were re-exposed to LPS were characterized by
a reduction in pro-inflammatory cytokines; in other words,

pre-conditioned cells were protected and have increased cell
resistance. Therefore, LPS pre-conditioning can be protective
with anti-inflammatory cytokines such as IL-1Ra, IL-10, CNTF,
and IL-13 being secreted as feedback inhibitors to terminate
the LPS response (Shpargel et al., 2008; Vartanian et al.,
2011). Among the anti-inflammatory cytokines, IL-10 has been
suggested as the principal mediator of endotoxin tolerance and
can be protective against inflammatory damage. Besides, a study
by Nayak et al. (2009) supported our study, where a high
expression level of IL-10 was observed among stroke-recovering
patients. However, the exact mechanism of pre-conditioning
remains to be explored.

Furthermore, the study by Lin et al. (2009) found
that low dose of LPS pre-conditioning in neonatal rats
suppressed hypoxic ischemia-induced neuroinflammation and
conferred neuroprotection against behavioral and pathologic
abnormalities. Therefore, their findings are parallel to our
study where they elucidate the protective mechanism of LPS
pre-conditioning, even though the experimental settings
were different.

In addition, Kumral et al. (2012) presented that their first
study to evaluate the role of LPS pre-conditioning-induced white
matter in injury model. The author also posited that the most
critical point about pre-conditioning is the period between the
non-injurious dose and the lethal dose. They also suggested that
inflammatory stimulation by LPS induces antioxidant enzyme
expression in the immature brain.

Our main findings of our investigation showed LPS pre-
stimulation may protect the cells from undergoing apoptosis.
This may occur via the extrinsic pathway through caspase 8
activation, which, in turn, activates effector caspase 3/7. We
speculated that this might occur through the pre-activation of
TLR4 signaling pathway leading to the inhibition of caspase-
3/NF-κB pathway. In addition, LPS pre-conditioning may
also contribute to the cytoprotective effect against apoptosis
through increased production of anti-inflammatory cytokines
and expression of anti-apoptotic protein.

Therefore, this study provides a basis for future research
to better understand the molecular mechanism underlying LPS
pre-conditioning/TLR4 pre-activation and its role in immune
tolerance in neuronal environment. It is speculated that the
low dose of LPS suppresses caspase pathway and increases
the anti-apoptotic protein, production which is correlated
with neuroprotection and endotoxin tolerance by suppressing
neuroinflammatory cascade.

On the other hand, chronic neuroinflammation is the
pathogenesis of many other neurodegenerative diseases. The
CNS has been experimentally and clinically proven to modulate
the inflammatory response to attenuate damages and confer
neuroprotection (Lucas et al., 2006). There are various evidence
supporting that glial cells in CNS play dual role as they both could
have neurotoxic or neuroprotective effects. Consequently, pro-
inflammatory and anti-inflammatory cytokines being secreted
via multiple signaling pathways and their activities could also
be overlapping (Block et al., 2007). Therefore, our study
elucidates the signaling pathway involved in detrimental and
cytoprotective mechanisms.
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To achieve our objective of elucidating the signaling pathway
that provides cytoprotection and induces oncogene expression,
we performed gene expression array. Among the 84 genes,
we were interested to identify the genes involved in the
downstream signaling pathway which regulates the receptors,
adaptor proteins, transcription factor, inflammatory cytokines,
tumor suppressor genes, and oncogene. The studied genes were
TLR4, MyD88, NF-κB, TNF, Faslg, Bcl-2, IL-10, p53, and c-
MYC. We found that LPS binds to TLR4, which mediates the
downstream signaling pathway.

Although previous studies have shown and mimicked
inflammatory pathway, the mechanism is not fully studied.
Combining all the theories, LPS has the ability to bind to PAMPs
especially TLR4/MyD88 (Kawai et al., 2001; Kawai and Akira,
2010). This induces the downstream signaling pathway, which
leads to cytokine and chemokine production. Moreover, the
translocation of NF-κB into the nucleus triggers the transcription
of genes involved in inflammation. Therefore, TLR4 can promote
the production of inflammatory mediators, especially TNF-
α, which have been implicated in neuroinflammation and
apoptosis. We postulated that LPS induces inflammation via
TLR4/MyD88/NF-κB signaling pathway, which induces the
secretion of cytokines and chemokines and apoptosis mechanism
via the extrinsic pathway (Rahimifard et al., 2017). Indeed, the
apoptosis mechanismmediated via death receptor which recruits
caspase-8 is a critical mediator for the extrinsic pathway, which in
turn activates caspase 3/7 and finally results in apoptosis (Danial
and Korsmeyer, 2004).

LPS pre-conditioning is a well-established method for
immune modification, which has been shown to attenuate
neuronal damages in animal models. Kigerl et al. (2009) found
that the M1 phenotype (activated microglia) is activated by TLR
or IFN-γ, which has a toxic effect. In contrast, M2 phenotype
is activated by 1L-4, IL-10, and IL-13 which has regenerative
effect in vitro and in vivo. Furthermore, Yamamoto et al. (2003)
discovered that TLR4, the receptor for LPS, binds to MyD88 and
TRIF, the two main adapter proteins, and activates MyD88–NF-
κB signaling pathway and TRIF-(Interferon Regulatory Factor)
IRF pathway and this is supported by the findings of Honda et al.
(Yamamoto et al., 2003; Honda and Taniguchi, 2006). Samanta
et al. (2008) and Biswas et al. (2007) reported that IL-10, an
anti-inflammatory cytokine, is regulated by IRF-3. Therefore,
collectively we could conclude that LPS pre-conditioning induces
LPS/TLR4 signaling pathway via TRIF-IRF pathway and secretes
IL-10 cytokines.

Vartanian et al. (2011) showed that LPS pre-conditioning
suppressed NF-κB activity and enhanced IRF-3 activity and
anti-inflammatory gene expression in an in vivo model of
ischemic brain. In fact, they provided the first evidence that
LPS pre-conditioning stems from TRIF signaling, the cascade
which is associated with IRF3 activation via MyD88 independent
signaling pathway.

Recently, much attention has been given to therapeutic
strategies for neuroprotection which are targeted to inhibit
the deleterious effects. Therefore, LPS pre-conditioning was
introduced, which has been shown to have neuroprotective
effects in many studies (Dirnagl et al., 2009). Our present study

findings are consistent with those of previous studies. Our results
demonstrate that administration of a low concentration of LPS
is effective in reducing the consequences of apoptotic responses
via TLR4/MyD88 signaling in the extrinsic apoptotic pathway. As
a downstream signal, the anti-inflammatory and anti-apoptotic
cytokine Bcl-2 is implicated to attenuate the pro-inflammatory
cytokines and pro-apoptotic protein Bax (Bolondi, 2012).
Moreover, Bcl-2 provides protection through the inhibition of
cytochrome c release from mitochondria, thus preventing the
activation of apoptotic pathways (Ouyang and Giffard, 2004).
Even though Bcl-2 acts as an anti-apoptotic protein, it is also
known as an oncoprotein. However, overexpression of Bcl-2
alone is not significant to cause cancer (Coultas and Strasser,
2003).

LPS pre-conditioning reduces the expression of caspase-3,
an apoptotic marker which is driven as inhibition of caspase
pathway and upregulates anti-apoptotic protein (Sun et al., 2015).
Genomic expression patterns revealed that LPS pre-conditioning
leads to protection against apoptosis via a process called
“reprogramming.” This could be explained as by the exposure
to low concentration of LPS, where the cell modulates and
secretes anti-inflammatory cytokines upon the higher exposure
LPS concentration. This protective state known as tolerance and
it is not well understood, although emerging evidence suggests
that modulation of inflammatory response plays a role (Gidday,
2006; Rosenzweig et al., 2007).

Besides the TLR4/MyD88 signaling pathway, Faslg and TNF
were also expressed in LPS-induced, LPS-pre-conditioned, and
LPS-induced with caspase inhibitors cells. Faslg and TNF are key
pro-apoptotic molecules which are expressed by inflammatory
cells. Both proteins could induce inflammation through the
production of various cytokines and chemokines (Hallenbeck,
2002).

FasL is a member of TNF superfamily of cytokines. The
extrinsic pathway is triggered by ligation of the death receptor
such as FasL and TNF and mediated by direct activation of
caspases (Wajant, 2002). Even though genetic and environmental
factors are responsible for various disorders, they have a shared
mechanism of intrinsic and extrinsic pathway of neuronal
apoptosis. Unfortunately, little is known about the intrinsic
apoptosis mechanism in CNS. FasL is expressed in normal CNS
and significantly elevated in inflamed and degenerated brains.
Perhaps, FasL should be considered as a double-edged sword in
the CNS, which maintains the immune regulation and induces
neuronal cell death and inflammation in brain diseases (Choi and
Benveniste, 2004; Tian et al., 2009).

From our findings, TNF and FasL were involved to induce
the extrinsic pathway. It requires the recruitment of adaptor
proteins such as FADD and TRADD (not measured in our study)
to induce and mediate the caspase-8. Consequently, caspase-8
cleaves the Bcl-2 family and subsequently activates the intrinsic
pathway of apoptosis (Kantari and Walczak, 2011). Therefore,
the extrinsic apoptosis pathway is cross-linked with the intrinsic
apoptosis pathway. Unfortunately, we did not measure TNFR
family in our study to understand the depth of the mechanism.
As a result, we could not clearly explain the protectivemechanism
that involves TNFR 2. Recent finding suggests that TNFR 2 plays
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an essential role in cell survival, but the mechanism is far more
elusive in revealing its signal transduction pathways (Marchetti
et al., 2004).

The molecular and cellular events that characterize apoptosis
require the activation of caspases which mediate cell death.
However, during the development, the activity of caspases is
taken care by Inhibitors of Apoptosis Proteins (IAP), which
allows the survival of cells. Importantly, initiation of apoptosis
requires the inhibition of the IAPs, which can be triggered by
various inducing agents (Fulda and Vucic, 2012). Therefore,
in the present study, we inhibited caspase activity using a
pan-caspase inhibitor (Z-VAD-FMK) and selective caspase-3
inhibitor (Z-DEVD-FMK) to investigate the role of caspase-3
in inflammation and oncogene expressions (Abdi et al., 2011).
We found that inhibiting caspase-3 reduced the expression of
nuclear NF-κB expression. Thus, it could be postulated that
caspase-3 is one of the important molecules in NF-κB activation.
Caspase-3 is the main executioner caspase in apoptotic cell
death and plays an important role in apoptosis, contributing
to neuroinflammation and neurodegeneration (Mukherjee and
Pasinetti, 2001; Krady et al., 2005). Besides, caspase-3 is an
important molecule for NF-κB activation; hence, inhibiting
caspase-3 prevents the degradation of IκB (inhibitor of kappa B),
leaving NF-κB in its inactivated form in the cytosol (Xu et al.,
2006).

Therefore, the inactivated NF-κB in the cytosol resulted in
its reduction in the nucleus. Furthermore, it could be explained
that apoptosis and NF-κB activation regulate the apoptosis
mechanism in neuroinflammation, where NF-κB acts as a pro-
apoptotic protein (Milani et al., 2003). Collectively, we speculated
that there is a link in mediating apoptosis via caspase-3 and NF-
κB regulation. Inhibiting caspases by caspase inhibitors could
result in the inhibition of apoptosis, an increase in the production
of oncogenes, and a downregulation of tumor suppressor gene
(Indran et al., 2011).

Following caspase inhibition, we measured total caspase-3,
p53, c-MYC, and Hsp70 expressions. In addition, we also
measured NF-κB expression in the cytoplasm and nucleus of
the cells. Our results showed that caspase inhibition inhibited
NF-κB translocation and activated c-MYC and Hsp70 but
downregulated p53. p53 is a tumor suppressor protein that
regulates multiple signaling pathways triggered by diverse
cellular stresses, including DNA damage and oncogenic events
(Jebelli et al., 2014).

In addition, Hsp70 is a chaperone protein, found
most abundantly in cells and is a major stress-induced
cytoplasmic chaperone. In contrast, it should be mentioned
that overexpression of Hsp70 plays a role in brain ischemia
and ischemic tolerance, which can exert beneficial effects in
neurodegenerative diseases (Turturici et al., 2011). In in vivo
models of pre-conditioning, it has been reported that Hsp70 is
highly expressed and many studies have implicated that Hsp70
is an important player in the pre-conditioning process (Yeh
et al., 2010). Besides, our results show that caspase inhibition
in LPS-induced cells inhibited the translocation of NF-κB and
resulted in the overexpression of Hsp70. Indeed, researchers have
also found that Hsp70 is highly expressed in malignant tumors

which are linked to cancer (Garrido et al., 2003; Chen et al.,
2006). However, a study by Sabirzhanov et al. (2012) suggested
that Hsp70 expression increased through the pre-conditioning
method is a promising therapeutic approach for treatment of
neurodegenerative diseases.

On the other hand, c-MYC is a transcription factor and proto-
oncogene which is highly regulated in cancers. It is also involved
in cell growth, cell division, metabolism, and differentiation
(Dang et al., 2009). Dysregulation of c-MYC causes cancer
when caspase activity is disrupted. When the apoptosis pathway
is disrupted by caspase inhibitors, the expression of c-MYC
promotes tumorigenesis (Fabregat et al., 2007). Therefore, we
conclude from the findings that caspase inhibition increases the
expression of Hsp70 and c-MYC proteins and downregulates p53,
which suggests that caspase inhibition prevents NF-κB activity
by blocking the NF-κB translocation from cytosol to nucleus.
In addition, there are a large number of studies suggesting that
cytokines and chemokines are candidates that link inflammation
and oncogene expression (Mantovani et al., 2008; Mantovani,
2010).

Inhibition of apoptosis mechanism could be linked to chronic
inflammation and oncogene expressions. In line with that,
many studies have demonstrated the crosslink between chronic
inflammation and cancer. Inhibiting the apoptosis mechanism
can result in chronic inflammatory diseases, autoimmune
diseases, and cancers. This is because the inhibition cell death
will lead to excessive cellular proliferation, resulting in malignant
tumors and expression of oncogenes (Igney and Krammer, 2002;
Okada and Mak, 2004).

Besides, genes that regulate the cell cycle alter the molecular
mechanisms, which create some confusion as to their significance
in the genesis and progression of cancer by activating oncogenes
and inactivating tumor suppressor genes. In these scenario,
we could conclude that there is a crosslink between chronic
inflammation and oncogene expressions (Evan and Vousden,
2001; Sherr, 2004; Colotta et al., 2009). However, further studies
are needed to understand the mechanism of genetic complexity
in the downstream molecular signaling pathway.

Therefore, our study suggests that LPS pre-conditioning
demonstrates cytoprotective effect by suppressing caspase-3
and NF-κB activity, leading to inhibition of pro-inflammatory
cytokines and chemokine production in pre-conditioned cells.
This suggests that LPS pre-conditioning has a protective
effect by promoting endotoxin tolerance and suppressing
neuroinflammatory cascade (Yokobori et al., 2013; Wang et al.,
2015). From our study, we discovered that the inhibition
of caspase-3/NF-κB signaling pathway could have a dual
role of protecting the cells against apoptosis or promoting
oncogene expression.

Finally, our study may helpful to set a platform for more
in-depth studies about the cytoprotective mechanism conferred
by LPS pre-conditioning against LPS-induced apoptosis
in differentiated PC12 cells. Our study also sheds light on
the mechanism of neuroprotection and neuroinflammation
pathogenesis and the molecules involved in downstream
signaling pathways. Our preliminary study could resolve and
explain exceptions related to neuroprotection provided by
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LPS pre-conditioning via anti-inflammatory cytokines and
anti-apoptotic protein in future in vivo studies. The experimental
approach of LPS pre-conditioning has potential clinical
applications by identifying the regenerative mechanism and
pathways. Collectively, pre-conditioning-based strategies might
have potential advantage of modulating the immune cascades to
induce protection against neuropathology diseases.

Currently, stem cell transplant is a potential regenerative
therapy for many diseases particularly for neurodegenerative
diseases. Stem cells and progenitor cells provide trophic supports
and regulate regenerative mechanisms. Many different stem cells
are under pre-clinical and clinical investigations for various
disorders. Yet, many problems remain unsolved such as ethical
concerns, cell-specific differentiation, homing into lesion sites,
and neural network complications. However, recent findings
have shown that combining pre-conditioning with stem cell
therapy provides the opportunity of clinical applications of
hypoxic pre-conditioning. Exposure of stem cells or progenitor
cells with sublethal hypoxia or any other pre-conditioning
stimulants have been shown to increase the cells resistance
against multiple injurious insults after transplantation. The pre-
conditioned stem cells and progenitor cells showed improvement

in cell survival, neuronal differentiation along with the secretion
of trophic support, and enhancement of the homing to the lesion
site. Therefore, the combination of pre-conditioning in stem cells
will definitely attract more attention in stem cell and regenerative
translational research, which will broaden the possibility for
clinical applications (Hu et al., 2008; Theus et al., 2008; Ogle et al.,
2009; Yu et al., 2013).

In conclusion, we found that LPS pre-conditioning has a
cytoprotective effect on PC12 cell lines against LPS-induced
apoptosis. The present study provides new insights into the effect
of LPS-induced caspase inhibition in chronic neuroinflammation
in vitro as shown in Figure 24. From this study, we suggest
that the modulation of the immune system through LPS
pre-conditioning could be widely applicable to many other
neurodegenerative diseases that involve neuroinflammation.
However, further studies are required before LPS treatment in
clinical settings can be practically applied.

CONCLUSION

In conclusion, the pre-conditioning technique could be
used to identify the proteins and genes involved in the

FIGURE 24 | Overview of the molecular signaling pathway. It is involved in LPS-preconditioned cells, LPS-induced cells, and LPS-induced cells incubated with

caspase inhibitors via TLR4/caspase-3/NF-κB signaling pathway in differentiated PC12 cells. Transcriptional factor NF-κB and caspase-3 are associated with

cytoprotection, inflammation, and activation of oncogene expressions.
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LPS-signaling pathway and their functional roles in
offering cytoprotective response. The technique offers an
unbiased approach to induce robust protection against
subsequent lethal injuries. This dataset could be used as
a reference in future studies to better understand the
mechanism of neuroprotection and neuroinflammation
and may also help in finding new specific molecular
signaling pathways that could promote neuroprotection or
reverse/inhibit neuroinflammation.
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As a physiological response to injury in the internal body organs, inflammation
is responsible for removing dangerous stimuli and initiating healing. However,
persistent and exaggerative chronic inflammation causes undesirable negative effects
in the organs. Inflammation occurring in the brain and spinal cord is known as
neuroinflammation, with microglia acting as the central cellular player. There is increasing
evidence suggesting that chronic neuroinflammation is the most relevant pathological
feature of Alzheimer’s disease (AD), regulating other pathological features, such as the
accumulation of amyloid-β (Aβ) and hyperphosphorylation of Tau. Systemic inflammatory
signals caused by systemic disorders are known to strongly influence neuroinflammation
as a consequence of microglial activation, inflammatory mediator production, and the
recruitment of peripheral immune cells to the brain, resulting in neuronal dysfunction.
However, the neuroinflammation-accelerated neuronal dysfunction in AD also influences
the functions of peripheral organs. In the present review, we highlight the link between
systemic inflammatory disorders and AD, with inflammation serving as the common
explosion. We discuss the molecular mechanisms that govern the crosstalk between
systemic inflammation and neuroinflammation. In our view, inflammation spreading
indicates a negative spiral between systemic diseases and AD. Therefore, “dampening
inflammation” through the inhibition of cathepsin (Cat)B or CatS may be a novel
therapeutic approach for delaying the onset of and enacting early intervention for AD.

Keywords: systemic inflammation, macrophages, neuroinflammation, Alzheimer’s disease, cathepsin, cytokines,
systemic inflammatory disorders

INTRODUCTION

Alzheimer’s disease (AD), the most common type of dementia, is becoming an international
public health problem with the growth of the aged population worldwide. Developing effective
approaches for preventing and enacting early intervention for AD is an urgent issue, as relatively
little progress in crafting new therapies to combat AD has been made. Chronic neuroinflammation
is well accepted as the most relevant pathological features of AD, regulating other pathological
hallmarks of AD, such as the accumulation of amyloid-β (Aβ) and hyperphosphorylation of Tau,
both of which are involved in the neuronal dysfunction in AD (Carlyle et al., 2014; Chen, 2015).
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However, there is a great deal of evidence suggesting the
important role of systemic inflammation in the pathogenesis
of AD, especially in neuroinflammation. Neuroinflammation,
and indeed, inflammation in general, is widely considered a
major contributor to the onset as well as the pathological
process of AD (Holmes, 2013). Therapies aimed at reducing
systemic inflammation in individuals with mild cognitive
impairment (MCI) and AD have proven beneficial by delaying
the cognitive decline in these individuals, suggesting that
recognition of the cross-talk between systemic inflammation
and neuroinflammation has important implications for AD
therapeutic strategies (Ide et al., 2016; Zhu et al., 2018).

It is well accepted that the pro-inflammatory mediators,
including interleukin (IL)-1β, IL-6, and tumor necrosis factor
(TNF)-α, are co-related factors involved in both systemic
inflammation and neuroinflammation and affecting their
sustainment and convergence. In contrast, intracellular enzymes,
such as lysosomal cathepsins, mediate the production of
pro-inflammatory mediators from both the periphery and brain
(Voet et al., 2019).

The present review highlights the available evidence that
inflammation spreading indicates a negative spiral between
systemic disorders and AD. We also discuss the molecular
mechanisms underlying the crosstalk between systemic
inflammation and neuroinflammation. We believe that
‘‘dampening inflammation’’ may be a novel therapeutic approach
for delaying the onset of and enacting early intervention for AD.

NEUROINFLAMMATION IN AD

Microglia and Neuroinflammation in AD
Making up 5%–10% of the cells in the brain, microglia are
the most abundant of the resident macrophage populations
in the central nervous system (CNS). Microglia are involved
in surveillance and are characterized by branching with small
cell bodies and long protrusions (Michell-Robinson et al.,
2015). Under this homeostatic condition, microglia can secrete
growth factors to support and protect the electrophysiological
functions of neurons, thereby maintaining CNS homeostasis
and dynamically monitoring the synaptic function through
synaptic contact. Also, microglia have been reported to maintain
the normal synaptic function through trimming or clearing
damaged or redundant synapses (Wake et al., 2013). Following
an insult or injury, microglia become activated and adopt
different states, and this polarization has resulted in the common
categorizations of M1-like microglia, which are suggested to have
a more ‘classic’ role in the inflammatory response, and M2-like
microglia, which exert an anti-inflammatory role to resolve
and suppress inflammatory responses (Ni et al., 2015, 2019a;
Ransohoff, 2016). The elimination and repopulation of resident
microglia in aged mice significantly improved spatial memory
and increased both neurogenesis and dendritic spine densities
(Elmore et al., 2018). However, sustained microglial elimination
impaired the parenchymal plaque development in an AD mouse
model (Spangenberg et al., 2019). These observations suggest that
microglia are a critical causative factor in the development and
progression of aging and AD.

Neuroinflammation, an inflammatory reaction in the CNS,
is usually characterized by microglial activation and collateral
brain damage and is caused by a strong inflammatory reaction.
The excessive activation of microglial cells resulted in the
release of a large number of proinflammatory factors, which
aggravated brain damages (Spangenberg et al., 2016). In addition
to microglia, astrocytes, which constitute another type of glial
cells in the CNS, are also involved in neuroinflammation. In
a bioinformatics analysis, aging-related genes in the microglia
were associated with the inflammatory response, whereas these
genes in astrocytes included wildly recognized AD risk genes
(Pan et al., 2020). In the progress of AD, microglia are activated
and secrete neuroinflammatory factors, including IL-1β, IL-6,
and TNF-α, which can kill pathogens and promote tissue repair
by enhancing phagocytosis. However, the excessive release of IL-
1β, IL-6, and TNF-α induces chronic neuroinflammation and
aggravates brain damage (Voet et al., 2019). IL-1β, a master
regulator of neuroinflammation, is a very potent signaling
molecule that is expressed normally at low levels but is induced
rapidly in response to local or peripheral insults (Basu et al.,
2004). In AD, IL-1β, IL-6, and TNF-α are involved in causing
neurodegenerative changes (Griffin et al., 1998; Paganelli et al.,
2002; Uslu et al., 2012). These proinflammatory mediators are
largely produced by microglia in the CNS, while exhibiting
distinct activity pathways (Ni et al., 2015, 2019b).

Neuroinflammatory Mediators and
Neuronal Dysfunction
Under conditions of neuroinflammation, proinflammatory
cytokines, such as IL-1β, IL-6, and TNF-α, are released by
activated microglia to promote a neuroinflammatory state. The
proinflammatory cytokines can either directly affect neurons
or indirectly regulate the expression of many other genes and
consequently affect neurons, resulting in neuronal dysfunction.
In the hippocampus, high concentrations of IL-1β act on
neurons to inhibit synaptic strength and long-term potentiation
(LTP). The classical downstream signaling pathways are activated
following IL-1β/IL-R binding. One of these pathways involves
the phosphorylation and subsequent degradation of the IκB
subunit of nuclear factor κB (NF-κB), leading to the nuclear
translocation of NF-κB and its gene expression. Another pathway
is the activation of mitogen-activated protein kinases (MAPKs),
extracellular signal-regulated kinase (ERK), and p38. Among
these, p38 and MAPK were reported to be activated in neurons
(Srinivasan et al., 2004), while alternative signaling involving Src
kinase has also been reported to be activated by IL-1β/IL-R in
hippocampal neurons (Viviani et al., 2003). Primary cultured
neurons exposed to recombinant IL-1β showed a significant
decrease in the level of the synaptic vesicle protein synaptophysin
and in the number of synaptic sites (Li et al., 2003). Also, IL-
1β regulates dendritic spine morphology by upregulating the
transcriptional factor methyl CpG binding protein 2 (MeCP2) in
a mechanistic target of rapamycin (mTOR)-dependent manner
(Tomasoni et al., 2017), leading to an excitatory/inhibitory
unbalance by delaying the developmentally regulated switch of
gamma-aminobutyric acid (GABA) signaling (Corradini et al.,
2018). Unlike IL-1β, IL-6 can stimulate microglia and astrocytes
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to release a cascade of proinflammatory cytokines and acute-
phase proteins, such as C-reactive protein (CRP; Querfurth and
Laferla, 2010). In the hippocampus, the distribution of IL-6
receptor (IL-6R) is modest in glia but prominent in perikaryon
and outlining the apical dendrites in neurons. IL-6R subunits in
the rat cerebral cortex showed that both IL-6R and its subunit are
localized in pre-and postsynaptic membranes (D’arcangelo et al.,
2000). Several downstream signaling partners are associated
with IL-6R activation, including Janus kinase (JAK), signal
transducer and activator of transcription 3 (STAT3), MAPK,
and phosphoinositide 3-kinases (PI3K), which are located
with postsynaptic density at hippocampal synapses (Nicolas
et al., 2012; Murase and Mckay, 2014). Therefore, IL-6/IL-6R
and associated signal transduction molecules are appropriately
positioned to influence the synaptic function. TNF-α interacts
with two cognate receptors, TNF receptor (TNF-R) I and TNF-
RII. These receptors are expressed on various cell types, including
neurons, throughout the CNS. The binding of homotrimeric
TNF-α to either receptor can activate three major signaling
cascades: the Fas/caspase-8, NFκB, and c-Jun N-terminal kinase
(JNK) pathways (Park and Bowers, 2010). TNF-RI is a member
of the death receptor family, the activation of which may result in
the death of neurons.

Neuroinflammatory Mediators and AD
Pathologies
In AD models, the neuroinflammatory cytokines have been
found to modulate the expression of amyloid precursor protein
(APP), which leads to increased Aβ production. A previous study
reported that exposure to IL-1β increased the mRNA expression
of APP in neuronal cells (Forloni et al., 1992). Similarly,
exposure to TNF-α upregulated APP in both neurons and
astrocytes. Neuroinflammatory cytokines have also been shown
to increase APP metabolic enzymes, including the β- and γ-
secretase enzymatic activity (Yamamoto et al., 2007). In addition
to evidence concerning the effects of neuroinflammation on
the APP and its processing in AD, neuroinflammation has also
been reported to affect Tau tangle formation. A recent study
suggested that hippocampal synaptic pathology and microgliosis
might be the earliest manifestations of neurodegeneration related
to tauopathies, and indeed, immunosuppression in the AD
model mice diminished the tau pathology and increased the
animal’s lifespan (Yoshiyama et al., 2007). Activated microglia
may promote neurodegeneration; however, they also play
neuroprotective roles. For example, local chronic upregulation
of microgliosis in AD mice ameliorated plaque pathology, and
brain microgliosis induced by the peripheral administration of
colony-stimulating factor led to the attenuation of Aβ plaque
and improved learning and memory in AD mice (Shaftel
et al., 2007; Boissonneault et al., 2009). The dual effects of
microglia-induced neuroinflammation may be attributed to a
diverse set of ‘‘activation’’ phenotypes—what one may call the
‘‘two faces’’ of disease-associated microglia. The first face is
an immunosuppressive phenotype with an anti-inflammatory
function and which is involved in the phagocytosis of Aβ. This
type of microglia is seen as a defensive or neuroprotective factor
linked to amyloid clearance (Cherry et al., 2015; Onuska, 2020).

The other face of microglia appears in more advanced stages of
AD and has been shown to cause extensive inflammation and
neurodegeneration. Nevertheless, the sustained overexpression
of IL-1β exacerbated tau pathology despite a reduced amyloid
burden in AD mice (Ghosh et al., 2013). Although the roles of
microglia in the initiation and progression of AD are heavily
debated, other reports describe the protective contribution of
microglia to AD. Thus, the involvement of microglia in AD
pathologies has generated strong interest.

The presence of neuroinflammation-accelerated neuronal
dysfunction in AD may influence the functions of the peripheral
organs. It is considered that neuronal dysfunction in AD
negatively impacts the peripheral organs through peripheral Aβ

accumulation; high levels of Aβ has been found in the peripheral
circulation of AD patients; this is attributed to a reduction of
peripheral Aβ clearances as well as peripheral Aβ production (Nie
et al., 2019; Gu et al., 2020). Bone is influenced by high peripheral
levels of Aβ. It is reported that Aβ induces the differentiation
and activation of osteoclasts, resulting in the promotion of bone
destruction (Cui et al., 2011; Li et al., 2016). Indeed, neuronal
dysfunction with the brain structure changes in AD has been
suggested to reduce the bone mass (Loskutova et al., 2010,
2019). This is supported by the high incidence of fracture in
AD patients with a low bone mineral density (Friedman et al.,
2010; Wang et al., 2014). IL6 and IL17 are considered to be
the factors linking bone destruction and neuronal dysfunction
in AD (Gu et al., 2020). The gut is influenced by peripheral
Aβ. It is suggested that peripheral Aβ promotes the intestinal
inflammatory process, resulting in a reduction in the barrier
function of the gut (Wang et al., 2017). Recent research suggests
that other peripheral organs, such as the liver and gums are
also influenced by peripheral Aβ. Aβ increases macrophages to
produce IL-1β to enhance systemic inflammation, resulting in
a reduction in the phagocytosis ability of macrophages, which
delays recovery from the pathology (Nie et al., 2019). The impact
of other pathologies of AD in the peripheral organs needs to be
explored in further studies.

SYSTEMIC INFLAMMATORY DISORDERS
AND AD

Chronic systemic inflammatory conditions may be associated
with increased AD risk and accelerated AD progression (Perry
and Holmes, 2014), and a positive link between systemic
inflammation and AD has been considered through the
deregulation of the inflammatory cascade.

Bone-Related Inflammation and the Risk
of AD
Rheumatoid arthritis (RA), the most common inflammatory
bone disease, has a prevalence of approximately 1% among
adults, and RA patients have higher levels of systemic
inflammation than those without RA (Mason et al., 2018). A
relationship between RA and AD has been reported since the
early 1990s (Mcgeer et al., 1990). A meta-analysis including
17 epidemiological studies demonstrated that Non-Steroidal
Anti-Inflammatory Drugs (NSAIDs) protect against AD onset
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(Mcgeer et al., 1996), and a prospective study of 7,000 healthy
subjects showed that the long-term use of non-steroidal
anti-inflammatory drugs (NSAIDs) protected against AD
development (In T’ Veld et al., 2001). A systematic review of
multiple prospective and non-prospective studies further showed
that NSAID exposure was associated with a decreased risk of
AD (Szekely et al., 2004). More recently, research has shown
that usage of classical disease-modifying antirheumatic drugs,
especially methotrexate, reduced the AD risk in RA patients
(Judge et al., 2017). Indeed, the incidence of AD in RA patients is
higher than in the general population (Lin et al., 2018), which
was consistent with the finding that AD was more prevalent
among RA patients than among those without RA in a nested
case-control study analyzing more than 8.5 million commercially
insured adults (Chou et al., 2016). A 21-year follow-up of the
association between RA or arthritis and dementia/AD in several
case-control and hospital- and register-based studies further
showed that the presence of joint disorders, especially RA, in
midlife appears to be associated with cognitive decline in later
life (Wallin et al., 2012).

Oral Inflammation and the Risk of AD
Periodontitis, the most common chronic oral inflammatory
disorder in adults with alveolar bone loss, has been recognized
as a risk factor for AD (Kamer et al., 2008) since morbidity
of periodontitis is positively correlated with both the onset and
pathological progression of AD clinically (Kamer et al., 2015; Ide
et al., 2016). Porphyromonas gingivalis (P. gingivalis), a keystone
pathogen for periodontitis, is recognized as the major linking
factor between periodontitis and AD since P. gingivalis DNA as
well as its virulence factors, including lipopolysaccharide (LPS)
and gingipain, have been detected in the cortex and cerebrospinal
fluid (CSF) of AD patients (Poole et al., 2013; Dominy et al.,
2019), and antibodies to P. gingivaliswere shown to be elevated in
the serum of AD patients (Kamer et al., 2015). Recent preclinical
studies have suggested that periodontitis may contribute to the
onset of AD, as exposure to P. gingivalis and its LPS induced
hallmarks of AD-like pathology, including Aβ accumulation,
neuroinflammation, and memory decline, in middle-aged mice
(Wu et al., 2017; Nie et al., 2019; Gu et al., 2020; Zeng et al., 2020).
Therefore, bone-related inflammation may increase the risk of
AD (Wu and Nakanishi, 2015).

Gut Inflammation and the Risk of AD
Gut inflammation and dysbiosis are directly associated with
gut barrier dysfunction and increased intestinal permeability,
and the interruption of the barrier causes the translocation of
bacteria and the introduction of harmful substances into the
bloodstream, resulting in systemic inflammation (Bischoff et al.,
2014; König et al., 2016). An abundance of mucin-degrading
bacteria Akkermansia muciniphila is known to improve the
gut barrier function and reduce systemic inflammation (Alkasir
et al., 2017), and probiotic strains, such as Lactobacillus
Plantarum, Escherichia coli Nissle, and Bifidobacterium infantis,
enhance the intestinal barrier, increasing the expression of
proteins that form tight junctions (Bischoff et al., 2014). In
contrast, E. coli strains, Salmonella, and Escherichia/Shigella

Clostridium mediate intestinal permeability by reducing the
formation of tight junctions (König et al., 2016). The influence
of gut microbiota on AD has been investigated. A recently
conducted study revealed that the increased abundance of
proinflammatory Escherichia Shigella and decreased abundance
of anti-inflammatory Eubacterium rectale might be associated
with systemic inflammation in AD patients (Cattaneo et al.,
2017). Another study showed that the fecal microbiota profile
in AD patients was characterized by reduced microbial diversity,
a decreased abundance of Firmicutes and Bifidobacterium, and
an increased abundance of Bacteroidetes (Vogt et al., 2017).
The relative bacterial abundance correlated with the increase in
CSF markers of AD pathology (Vogt et al., 2017). In addition
to alterations in the gut microbiota composition, the increased
number of bacteria in the small intestine also influences the
permeability, which has been seen in AD patients (Kowalski
and Mulak, 2019). Gut microbiota may play a regulatory
role in the pathogenesis of AD (Szablewski, 2018), with the
relative bacterial abundance correlating with increases in CSF
markers of AD pathology (Vogt et al., 2017). Increased intestinal
permeability can lead to an approximately three-fold increase
in levels of serum LPS in AD patients compared to healthy
controls (Zhang et al., 2009). Individuals with irritable bowel
syndrome, a condition characterized by microbial dysbiosis,
are at a 1.8-fold greater risk for developing AD than the
general population (Chen et al., 2016), while ulcerative colitis
patients have a 2.4-fold higher rate of mortality due to
AD (Caini et al., 2016). DW2009, a Lactobacillus Plantarum
C29-fermented soybean, was found to improve cognitive
performance in individuals with mild cognitive impairment
(MCI) in a double-blind, randomized clinical trial. Despite
the possible large variance in gut microbiota composition
between individuals, the consumption of DW2009 significantly
increased the number of lactobacilli in the gut bacterial
composition through stimulation of the proliferation of the
gut lactobacilli population (Hwang et al., 2019). Therefore, the
microbial dysbiosis that causes increased barrier permeability
and systemic inflammation may act synergistically to accelerate
AD pathology.

Infection and the Pathologies in AD
It has been demonstrated that brain infection with herpes
simplex virus type 1 (HSV1), Chlamydia pneumonia, spirochetes
as well as fungal in AD patients (Hammond et al., 2010;
Itzhaki, 2014; Miklossy, 2015; Pisa et al., 2015), suggesting
that microbial infection in the etiology of AD, which is
advocated as pathogen theory of AD (Itzhaki et al., 2016).
More recently, research has shown that P. gingivalis infection
of the brain is involved in the pathology of AD (Liu et al.,
2017; Dominy et al., 2019). The routes of microbial infection
of the brain have been discussed. The olfactory nerve, which
leads to the lateral entorhinal cortex, is a route of entry
of HSV1 as well as Chlamydia pneumonia into the brain
(Little et al., 2005; Mori et al., 2005), which is supported
by olfactory dysfunction is an early symptom of AD. Indeed,
the olfactory bulb has been known as the initial site from
which characteristic AD pathology subsequently spreads through
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the brain (Ball et al., 2013). The brainstem is known to
harbor latent HSV, and brainstem virus reactivation would
affect AD (Braak and Del Tredici, 2015). Brain microbial
infection is involved in the pathology of AD through the
induction of neuroinflammation and brain Aβ accumulation.
It has been reported that brain infection by P. gingivalis
provokes gingipain-dependent neuroinflammation by increasing
microglial migration to produce IL-6 and TNF-α (Liu et al.,
2017), inducing neurotoxic effects. This is demonstrated by the
finding that gingipain inhibition reduced P. gingivalis brain
infection and neuroinflammation, resulting in the blocking
of Aβ1–42 production (Dominy et al., 2019). Moreover, P.
gingivalis LPS has been found to induce the neuroinflammation-
dependent cellular accumulation of Aβ1–42 in neurons, and thus
to contribute to memory decline in mice (Wu et al., 2017). These
observations suggest that the prevention of infection could be
beneficial for delaying neurodegeneration in AD. However, Aβ

is also known as an antimicrobial peptide with potent activity
against multiple bacteria and viruses, even in the brain (Bourgade
et al., 2015; Kumar et al., 2016). Taken together, these findings
suggest that systemic inflammatory disorders influence AD by
amplifying inflammatory cascades (Figure 1).

TRANSFER ROUTES OF SYSTEMIC
INFLAMMATORY SIGNALS TO
NEUROINFLAMMATION

Systemic inflammation can initiate or exacerbate brain
pathology, even in the absence of the overt invasion of bacteria
into the brain. Therefore, cellular transfer routes of systemic
inflammatory signals into the brain have been intensively
investigated. According to previous studies, these routes are
as follows: (1) a direct pathway through the circumventricular
organs, which lack a blood-brain barrier (BBB); (2) activation
of the brain endothelial cells; (3) activation of a transporter
across the BBB; and (4) interaction with the vagus nerve
(Perry et al., 2003). In addition to the above classical routes,
leptomeningeal cells, which cover the cortex of the brain,
are considered a new route between systemic inflammation
and neuroinflammation, as leptomeningeal cells produce
proinflammatory mediators to induce neuroinflammation
(Wu et al., 2005, 2007; Liu et al., 2013).

The BBB
The BBB is composed of specialized endothelial cells, glial cells,
pericytes, and a basement membrane that prevents immune cell
migration and soluble molecule diffusion from the circulation
into the CNS, such as the brain (Perry et al., 2003; Perry,
2004). Brain endothelial cells are responsible for transferring
systemic signals into the brain, as these cells express functionally
significant amounts of receptors, including Toll-like receptor
(TLR)4, and are capable of producing inflammatory mediators
(Danese et al., 2007). Repeated systemic LPS challenges, a
simple model of systemic inflammation, reportedly induce
the rapid upregulation of the expression of cell adhesion
molecules, including vascular cell adhesion protein (VCAM)-
1 and intercellular adhesion molecule (ICAM)-1, as well as the

prolonged upregulation of major histocompatibility complex
(MHC) I and MHCII expression on cerebral capillaries. LPS
induces long-lasting changes to cerebral vasculature for BBB
permeability, resulting in the induction of neuroinflammation
(Puntener et al., 2012).

Brain Endothelial Cells and Their
Transporter
Systemic inflammation induced by bacteria and LPS alters the
Aβ transport in brain endothelial cells, resulting in brain Aβ

accumulation (Jaeger et al., 2009; Erickson et al., 2012; Zeng
et al., 2020). Low-density lipoprotein receptor-related protein-1
(LRP-1) and p-glycoprotein (Pgp) are the efflux transporter
of Aβ, while receptor for advanced glycation endproducts
(RAGE) is the influx transporter for Aβ across the BBB (Deane
et al., 2003, 2004). Researchers have found that the systemic
administration of LPS inhibits Aβ efflux transport out of the
brain by downregulating the expression of both LRP-1 and
Pgp in the brain endothelial cells (Jaeger et al., 2009; Erickson
et al., 2012). In contrast, we recently found that the systemic
administration of P. gingivalis promotes Aβ influx into the brain
by upregulating the expression of RAGE in brain endothelial cells
(Zeng et al., 2020).

Moreover, ligation of RAGE triggers a series of cellular
signaling events, including the activation of NF-κB, leading
to the production of proinflammatory cytokines, and causing
inflammation. RAGE could also activate MAPK signaling
cascades, which thereby release and activate NF-κB downstream
(Wang et al., 2020). The fact that RAGE-knockout mice appear
to be healthy and developmentally normal suggests RAGE
inhibition to be a safe therapeutic approach. FPS-ZM1, a
high-affinity RAGE-specific inhibitor, has been reported to
effectively control neuroinflammation and the progression of
Aβ-mediated neurodegeneration. These observations further
support the notion that the activation of transport into brain
endothelial cells transfers systemic inflammatory signals for
inducing or promoting lesions in the brain. A recent study
showed that systemic inflammation induced neuroinflammation,
in turn contributing to BBB dysfunction (Haruwaka et al., 2019).

Vagus Nerve
The vagus nerve (VN) transfers systemic inflammatory
signals into the brain, which is involved in modulating
neuroinflammation. Specifically, 80% of the VN is composed
of sensory afferent fibers (Berthoud and Neuhuber, 2000)
and primary sensory afferents have been proposed to serve
as an anatomical substrate conveying systemic inflammatory
messages, triggered by locally inflammatory mediators, to the
brain (Watkins et al., 1995). Activation of glutamate afferents in
the brainstem medulla oblongata has been considered as the first
step of the involvement of the VN in the communication pathway
from the systemic LPS and IL-1β to the brain (Mascarucci et al.,
1998) because A2 neurons are located within the nucleus tractus
solitaries (located in the brainstem and medulla oblongata),
which receive direct synaptic contacts from the vagal afferents
(Herrera-Marschitz et al., 1996). As the longest nerve in the
body, the VN is distributed in the oral cavity, neck, internal
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FIGURE 1 | Systemic inflammatory disorders influence Alzheimer’s disease (AD) by amplifying inflammation. Periodontitis, rheumatoid arthritis (RA), and gut
inflammatory diseases induce/amplify systemic inflammation as well as amyloid β (Aβ) formation to induce/prolong pathological changes in the brain, including
microglia-related neuroinflammation, Aβ formation, and tau hyperphosphorylation. These events contribute to the cognitive decline in AD.

chest, and the internal abnormal organs. It transfers systemic
inflammatory signals from the organs to which it is distributed
into the brain, including the prefrontal cortex (Buijs and Van
Eden, 2000). Because the TLR4 are expressed on VN afferent
fibers (Goehler et al., 1999), VN afferent fibers can sense bacterial
products, such as LPS, to activate the brain (Lal et al., 2001).
On the other hand, anti-inflammatory effects have been shown
after VN activation. A recent report showed that VN stimulation
prevented systemically LPS-induced hippocampal microglial
activation-related neuroinflammation by reducing ionized
calcium-binding adapter molecule 1 (Iba-1) immunoreactivity,
resulting in the amelioration of cognitive dysfunction in
mice (Huffman et al., 2019). Also, VN stimulation attenuated
the upregulation of IL-6 and TNF-α in the brainstem of rat
pups caused by the systemic administration of LPS (Johnson
et al., 2016). The anti-inflammatory effects of the VN may be
related to acetylcholine, the principal vagal neurotransmitter,
because acetylcholine can attenuate the release of IL-1β,
TNF-α, and IL-6 in LPS-stimulated cells (Borovikova et al.,

2000). Therefore, VN afferents transfer systemic inflammatory
messages to the brain and may also be involved in the reduction
in neuroinflammation.

Leptomeningeal Cells
Leptomeningeal cells transduce systemic inflammatory signals
into the brain by producing IL-1β, TNF-α, and IL-6 (Wu et al.,
2005, 2007, 2008), as leptomeningeal cells express TLR2 and
TLR4 that could bind to bacteria and their components (Liu
et al., 2013). Leptomeningeal cell-produced IL-1β is involved
in the reduction in the expression of tight junction proteins,
including occludin, resulting in the amplification of systemic
inflammatory signals to enhance neuroinflammation (Wu et al.,
2008). Using an in vitro cellular culture system, we found
that the production of IL-1β and TNF-α in leptomeningeal
cells was induced by treatment with the conditioned medium
from P. gingivalis LPS-stimulated macrophages; the levels of
these proteins were significantly higher than those induced by
treatment with P. gingivalis LPS alone. Also, the production of
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IL-1β and TNF-α in microglia was upregulated by treatment
with the conditioned medium from P. gingivalis LPS-treated
leptomeningeal cells, resulting in levels were significantly higher
than those induced by treatment with P. gingivalis LPS alone (Liu
et al., 2013). These previous findings indicate that leptomeningeal
cells transfer systemic inflammatory signals from macrophages
to induce microglia-related neuroinflammation in response to
systemic inflammatory signals.

Taken together, the above evidence suggests that chronic
inflammation associated with systemic inflammatory disorders is
involved in promoting the initiation and pathological processes
of AD.

CO-RELATED PRO-INFLAMMATORY
MOLECULES BETWEEN SYSTEMIC
INFLAMMATION AND
NEUROINFLAMMATION

Since inflammation is a common feature of both AD and
systemic inflammatory disorders, the existence of co-related
pro-inflammatory molecules could explain the link between
systemic inflammatory disorders and AD. Understanding the
inflammatory cascade pathways would thus help identify
effective approaches for regulating AD. As mentioned above,
inflammation is a common feature of both AD and systemic
inflammatory disorders. Pro-inflammatory cytokines, such as IL-
1β, IL-6, and TNF-α, are representative co-related molecules
involved in the induction and regulation of the inflammatory
cascade in systemic inflammatory disorders, including RA,
periodontitis, and gut inflammatory diseases.

IL-1β
IL-1β is a critical inducer of pathogenesis and tissue damage. It
is considered to induce inflammatory bone disorders, including
RA and periodontitis (Zwerina et al., 2007; Kim et al., 2009) since
its presence reduces the activation of osteoblasts (Hengartner
et al., 2013) but increases the activation of osteoclasts (Kulkarni
et al., 2012). Clinically, IL-1β is used as a biomarker to
assess the therapeutic outcomes of patients with chronic
periodontitis (Buduneli and Kinane, 2011). Elevated IL-1β levels
are associated with an increase in inflammatory bowel disease
(IBD) severity (Coccia et al., 2012). The involvement of IL-1β in
gut inflammation has been evidenced by the fact that deletion of
IL-1β from monocytes consequently attenuated dextran sulfate
sodium (DSS)-induced colitis (Seo et al., 2015), and direct
inhibition of IL-1β signaling reduced intestinal inflammation
in DSS-induced colitis with the chronic granulomatous disease
(De Luca et al., 2014). IL-1β is thus considered to act in
conjunction with IL-6 and TNF-α to induce inflammation in IBD
(Mao et al., 2018).

IL-6
IL-6, a pro-inflammatory cytokine with pleiotropic biological
activities, plays a key role in RA (Kim et al., 2015) and
periodontitis (Nibali et al., 2012). IL-6 contributes to the
induction and maintenance of the inflammatory process by
promoting T-helper 17 (Th17) cell differentiation, which is

involved in bone distribution (Navarro-Millán et al., 2012). Also,
IL-6 is important due to its involvement in IBD, and anti-IL-
6 agents have been used clinically for RA and IBD treatment
(Kim et al., 2015). A cohort study showed that the serum
IL-6 levels significantly increased from about 5 years before
the onset of AD (Tilvis et al., 2004), and elevated serum IL-6
levels in middle age increased the risk of developing AD in
the next 10 years by about 2-fold (Singh-Manoux et al., 2014).
Furthermore, IL-6 contributes to the induction and maintenance
of the inflammatory process by promoting Th17 differentiation
(Navarro-Millán et al., 2012; Dekita et al., 2017; Gu et al., 2020).

TNF-α
As a key molecule involved in the induction and maintenance
of inflammation, TNF-α induces local inflammation, resulting
in bone destruction in RA and periodontitis by enhancing the
receptor activator of nuclear factor kappa-B ligand (RANKL)
expression (Marahleh et al., 2019). The application of therapies
targeting TNF-α has considerably improved the treatment of RA
(Chou et al., 2016). A clinical study showed that the serum levels
of TNF-α were associated with cognitive decline in AD patients.
An increase in the serum levels of TNF-α resulted in a two-fold
increase in the rate of cognitive decline over 6 months, and high
baseline levels of TNF-αwere associated with a four-fold increase
in the rate of cognitive decline (Holmes et al., 2009). Our recent
clinical research showed that the intake of propolis, a resinous
mixture produced by honey bees, for 2 years prevented the
cognitive decline in elderly individuals by decreasing the serum
levels of IL-1β, IL-6, and TNF-α. This suggests that systemic
inflammation may be a potential target for preventing AD and
developing new therapies (Zhu et al., 2018).

Preclinical studies have shown that systemic inflammation
induces age-dependent differential microglia-related
neuroinflammation. Using a stable chronic inflammatory
rat model of adjuvant arthritis (AA), we found that microglia in
the proximity of the leptomeninges produce anti-inflammatory
cytokines, such as IL-10 and transforming growth factor-β1
(TGF-β1), in young adult AA rats (Wu et al., 2005, 2007, 2008).
In contrast, microglia, close to the leptomeninges in middle-aged
AA rats produce pro-inflammatory mediators, including IL-
1β and to a lesser degree IL-10 and TGF-β1, indicating that
microglia are primed even in middle age by ‘‘microglia aging’’
(Nakanishi and Wu, 2009). Evidence of microglial aging was
first identified in the brains of aged individuals based on
morphological and immunohistochemical analyses, the aging
microglia have been found to have an altered surveillance
phenotype with less dendritic branching and reduced process
motility, and to exhibit lower migration rates andmore sustained
pro-inflammatory responses to injury or infection (Damani et al.,
2011). The alterations in dynamic microglial behavior reveal
an aspect of the microglial aging phenotype wherein senescent
microglia may drive features of disease progression in the aging
nervous system. A comparison of single-nucleus transcriptomics
between humans and mice revealed a remarkable difference. For
example, variants of the microglial receptor TREM2 increase
the AD risk and activation of ‘‘disease-associated microglia’’
(DAM) is dependent on TREM2 in AD mice. In human AD,
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FIGURE 2 | Key roles of cathepsins in regulating systemic inflammation and neuroinflammation. Cathepsin B is involved in the production of IL-1β and TNF-α, and
cathepsin S is involved in the production of IL-6 in systemic cells (monocytes/macrophages), interfacing cells (leptomeningeal cells, brain endothelial cells), and
neural cells (microglia).

the microglia acquire a quite distinct signature characterized
by the increased expression of ‘‘homeostatic’’ genes along with
genes that are absent in the DAM signature (Zhou et al., 2020).
Using single-cell RNA sequencing of live microglia purified from
the human cerebral cortex, researchers have found at least one
subset of cortical microglia that may be related to AD (Olah
et al., 2020). Thus, the subset of cortical microglia related to AD
should be prioritized in further validation efforts.

Cellular Enzymes for Regulating
Co-related Pro-inflammatory Molecules
Cathepsin (Cat) B (EC 3.4.22.1) is a lysosomal cysteine protease
that is expressed constitutively and which is linked to general
protein turnover in lysosomes. The expression and activity
of CatB have been reported to be associated with several
pathologies, including Alzheimer’s disease. In addition to its
role in the cleavage of amyloid precursor protein at the
wild-type β-secretase site (Hook et al., 2008), its regulation of
neuroinflammation has also received attention. CatB has been

primarily reported to leak from lysosomes and subsequently
trigger the activation of the NLR family pyrin domain containing
3 (NLRP3) inflammasomes in microglia after phagocytosis of
Aβ (Halle et al., 2008). Besides, it has also been reported
to be involved in the activation and processing of pro-
caspase-1 and pro-IL-1β in an NLRP3-independent manner
(Terada et al., 2010). Since inflammasomes play either causative
or contributing roles, and also exaggerate the pathology in
responses to host-derived factors, the inhibition of CatB
may dampen neuroinflammation through the inactivation of
NLRP3 inflammasomes. In studies using aged or middle-aged
mice, CatB was found to activate NFκB by degrading inhibitory
κBα, an endogenous inhibitor of NFκB, via an autophagic-
lysosome pathway and mitochondrial oxidative stress (Wu et al.,
2017; Ni et al., 2019a), and the persistent activation of NFκB
induced chronic neuroinflammation, which can damage neurons
through highly toxic pro-inflammatory mediators and trigger the
breakdown of the BBB, resulting in the migration of peripheral
immune cells into the CNS. Also, the production of Aβ1–42

Frontiers in Cellular Neuroscience | www.frontiersin.org 8 February 2021 | Volume 15 | Article 638686147

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


Ni and Wu Inflammation Links Periphery and CNS

and Aβ3–42 was inhibited by pretreatment with a CatB inhibitor
in macrophages after P. gingivalis infection. This suggests
that increased levels of Aβ in the circulation may be further
transported to the CNS, as P. gingivalis infection induced the
upregulation of receptor for the advanced glycation end product
in cerebral endothelial cells, a process that is CatB-dependent
(Nie et al., 2019; Zeng et al., 2020). CatB is also involved
in the trafficking of TNF-α-containing vesicles to the plasma
membrane in macrophages (Ha et al., 2008). Taken together,
CatB plays critical roles in the regulation of inflammation and
the inflammatory crosstalk between the periphery and the CNS
via the BBB; thus, CatB appears to be a target through which the
‘dampening inflammation’ may occur (Figure 2).

CatS (EC 3.4.22.27) is also a lysosomal cysteine protease
with routine physiological digestion functions in antigen-
presenting cells (APC). It was reported that cortical microglia
contain an intrinsic molecular clock and exhibit the circadian
expression of CatS. The genetic ablation of CatS in mice induced
hyper locomotor activity due to failure to reduce the synaptic
strength during sleep (Hayashi et al., 2013). Disturbed microglial
circadian rhythms induced chronic inflammation in the brain
(Ni et al., 2019b), and the increased expression of CatS was
also found in the brains of AD mice, suggesting that CatS
may indirectly induce neuroinflammation via disturbance of the
microglial circadian clock. Additionally, CatS-mediated cleavage
of protease-activated receptor-2 (PAR2) results in its activation
and can cause the occurrence of inflammation in mice (Zhao
et al., 2014). We previously found that CatS played a critical
role in driving splenic DC-dependent Th17 polarization through
the upregulation of IL-6 by activating PAR2 after exposure
to components of periodontal bacteria (Dekita et al., 2017).
Therefore, the inhibition and direct targeting of CatS could be
useful for the treatment of inflammation-associated pathological
processes in AD (Figure 2).

CLINICAL TRIALS OF
ANTI-INFLAMMATORY TREATMENT

On November 2, 2019, Green Valley announced that sodium
oligomannate (GV971), a marine-derived oligosaccharide, had
received conditional marketing approval in China to improve
the cognitive function in patients with mild to moderate
AD. GV971 was reported to restore the gut microbial profile
to normal and to lessen brain immune cell infiltration and
inflammation in AD mice (Wang et al., 2019), and was
demonstrated to improve the cognitive function in patients with
mild-to-moderate Alzheimer’s disease as early as week 4 in a
phase III trial. Therefore, targeting the gut microbiota proved
to be an effective and feasible therapy for AD. Moreover, small
molecule gingipain inhibitor ameliorated infection, reduced
Aβ42 and neuroinflammation, and protected neurons from

gingipain toxicity (Dominy et al., 2019). Cortexyme Inc. has
completed phase 1 clinical trials of COR388 (a gingipain
inhibitor) and will run a phase 2/3 study to determine
whether it can improve cognition in patients with mild
to moderate AD. In addition to interventions targeting the
microbiota or periodontal pathogens, some small molecules
directly targeting inflammation are being investigated in
phase 2/3 trials, including ALZT-OP1 from AZTherapies Inc.,
Azeliragon from Pfizer, Epigallocatechin Gallate from Taiyo
International, Etanercept from Amgen Inc., and Thalidomide
from Celgene Corporation.

On the other hand, recently, in a 2-year double-blind
randomized placebo-controlled trial that enrolled 195 cognitively
intact elderly participants with a family history of AD, low-dose
naproxen did not significantly reduce the progression of the
Alzheimer Progression Score (APS), which is a composite
indicator of pre-symptomatic AD (Meyer et al., 2019). This
work suggested the reconsideration of inflammatory disease as
a possible explanation for the reduced incidence of AD among
NSAID users in observational studies. Even naproxen had no
benefit on any of the APS components, and to date anti-amyloid
treatment strategies for AD have largely shown unimpressive
results. Thus, interest in alternative therapeutic targets, including
anti-inflammatory strategies, is likely to continue to increase in
the coming years.

CONCLUSION

In conclusion, evidence shows that inflammation is the source
of linkage between systemic diseases and AD. AD is considered
a multifactorial disease affected by the negative spiral of
spreading inflammation. Therefore, ‘‘dampening inflammation’’
may be useful as a novel therapeutic approach for delaying
the onset of and enacting early intervention for AD. Inhibition
of CatB and CatS, in particular, maybe an effective target for
dampening inflammation.
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Age-related macular degeneration (AMD), especially neovascular AMD with choroidal
neovascularization (CNV), is the leading cause of blindness in the elderly. Although
matrix metalloproteinases (MMPs) are involved in pathological ocular angiogenesis,
including CNV, the cellular origin of MMPs in AMD remains unknown. The present
study investigated the role of microglial MMPs in CNV. MMP activities were analyzed
by gelatin zymography in aqueous humor samples from patients with CNV and laser-
induced CNV mice. Active MMP-9 was increased in the aqueous humor samples
from neovascular AMD patients compared with control subjects. In the retinal pigment
epithelium (RPE)/choroid from CNV mice, active MMP-9 increased, beginning 1 h
post-CNV induction, and remained upregulated until Day 7. In RPE/choroid from CNV
mice, active MMP-9 was suppressed by minocycline, a known microglial inhibitor, at 6 h
and 1-day post-CNV induction. Flow cytometry revealed that the proportion of activated
microglia increased very early, beginning at 1 h post-CNV induction, and was maintained
until Day 7. Similarly, immunohistochemistry revealed increased microglial activation and
MMP-9 expression on CNV lesions at 6 h and 1-day post-CNV induction. SB-3CT, an
MMP inhibitor, decreased vascular leakage and lesion size in laser-induced CNV mice.
These findings indicated nearly immediate recruitment of activated microglia and very
early MMP-9 activation in the RPE/choroid. The present study newly identified a potential
role for early microglial MMP-9 expression in CNV, and furthermore that modulating
microglial MMP expression is a novel putative therapeutic for CNV.

Keywords: age-related macular degeneration (AMD), choroidal neovascluarization, matrix metalloproteinase,
microglia, aqueous humor
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INTRODUCTION

Age-related macular degeneration (AMD) is the leading cause
of blindness in the elderly (Gehrs et al., 2006). Its prevalence
is expected to increase as aging populations expand, with
approximately 288million people worldwide affected by AMDby
2040 (Wong et al., 2014). Neovascular AMD is characterized by
the invasion of neovessels originating from the choroid through
breaks in the Bruch’s membrane into the subretinal space in
the process of choroidal neovascularization (CNV). CNV occurs
during late-stage advanced AMD and can lead to severe vision
loss (Ferris et al., 2013).

For pathological angiogenesis to occur, the basement
membrane surrounding endothelial tubes must be degraded
to facilitate migration and proliferation of endothelial cells
(Hanahan and Folkman, 1996), which is modulated in part
by matrix metalloproteinases (MMPs; Pepper, 2001). MMPs
are extracellular endopeptidases that cleave extracellular matrix
proteins to regulate pathological tissue remodeling in disease
states, including inflammation (Nagase and Woessner, 1999).
Prior studies reported that in normal tissues, basal MMPs
are absent or weakly expressed (Pepper, 2001). MMPs are
upregulated in endothelial cells and immune cells in response
to a variety of pathological events, including inflammation and
angiogenesis (Lambert et al., 2002; O’Grady et al., 2007). Among
the large MMP family, MMP-2 and MMP-9 are of particular
interest to CNV, as their substrates include type IV collagen,
a component of the Bruch’s membrane (Alcazar et al., 2007).
In the murine laser-induced CNV model, MMP-9 and MMP-2
expression are upregulated on Days 3 and 5 post-CNV induction,
when neovascular lesions are already present, and synergistically
promote CNV in this context (Lambert et al., 2002, 2003).
However, potential early changes of MMP expression prior to
3 days post-CNV, and therefore the role of MMPs in initiation
of the angiogenic response, have not been reported. Further, the
cell types that secrete active MMP-9 during early CNV formation
have not been identified, which is paramount to the development
of targeted approaches to treatment.

Microglia are resident immune cells in the retina that
significantly contribute to the inflammatory processes of
age-related retinal pathologies and are known sources of MMPs
(Chen and Xu, 2015). In the healthy retina, inactive microglia
retain a stable state characterized by a ramified morphology.
However, in response to injury or degeneration, microglia are
activated, assuming an amoeboid morphology and migrating to
disease lesions (Karlstetter et al., 2015). This has been observed
in pathological retinal angiogenesis (Connor et al., 2007),
retinal detachment (Okunuki et al., 2018), retinal degeneration
(Peng et al., 2014), and autoimmune uveitis (Okunuki et al.,
2019). Because activated microglia affect lesion sites by creating
an inflammatory microenvironment, modulating microglial
function is a potential therapeutic approach for inflammatory
chorioretinal diseases (Aslanidis et al., 2015).

Although previous studies have reported the effect of
tetracycline derivatives, including doxycycline, in CNV,
these studies focused on FasL expression in the retinal
pigment epithelium (RPE; Roychoudhury et al., 2010) or

macrophage infiltration (Huang et al., 2013), rather than MMPs.
Moreover, although minocycline is a known microglial inhibitor
(Yrjanheikki et al., 1999), the mechanism behind this inhibition
has not been fully elucidated, and the effect of minocycline
on the microglial MMP secretion has not yet been evaluated.
We, therefore, hypothesized in the present study that CNV
disease severity could be alleviated by suppressing microglial
MMP activity.

MATERIALS AND METHODS

Experimental Animals
All animal experiments were conducted following the guidelines
of the Association for Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthalmic and Vision
Research and were approved by the Animal Care Committee
of Kyungpook National University (Approval No. 2019-0104-
01). C57BL/6J mice purchased from The Jackson Laboratory
were used for all in vivo experiments. Mice were allowed free
access to standard laboratory chow and tap water in a climate-
controlled room with a 12 h light/dark cycle. Anesthesia was
induced by i.p. injection of 250 mg/kg 2,2,2-tribromoethanol
(Sigma–Aldrich, St. Louis, MO, USA) at a dosage of 250mg/kg in
survival procedures and 400 mg/kg in non-survival procedures.

Minocycline and SB-3CT Treatment
For in vivo studies, the minocycline treatment regimen was
modified from a previously described study (Scholz et al.,
2015). Mice received i.p. injections of minocycline (45 mg/kg;
Sigma–Aldrich, M9511), SB-3CT (10 mg/kg; EMD Millipore,
Temecula, CA, USA, S1326), a selective MMP-2, 9 inhibitor,
or normal saline vehicle with two initial twice-daily injections
starting 1 day before CNV induction (Day -1), and one
daily injection for 7 days beginning on the day of CNV
induction (Day 0).

Laser-Induced CNV Model
Eight-week-old male C57BL/6J mice were used for experiments.
A 532 nm OcuLight GLx Laser System (IRIDEX Corporation,
Mountain View, CA, USA) was used to generate lesions.
According to previous studies (Yanai et al., 2014; Hasegawa et al.,
2017), four lesions were induced for neovascular leakage and
CNV size measurements, and 10 lesions were induced for gelatin
zymography. The laser was set to the following parameters:
100 mW power, 100 µm spot size and 0.1-s pulse duration. The
appearance of a bubble at the site of photocoagulation signified
disruption of the Bruch’s membrane. After sacrificing mice, eyes
were enucleated and fixed for 30 min. The whole retinas were
then separated from the underlying RPE/choroid for whole-
mount. For gelatin zymography, unfixed retina and RPE/choroid
tissues were snap-frozen in liquid nitrogen for later analysis.

Choroidal Flat-Mount Preparation
At 7 days after CNV induction (Day +7), eyes were enucleated
and fixed in 4% paraformaldehyde for 30 min. Retinas
were then removed from the choroid and sclera to generate
choroidal flat mounts. Alexa Fluor 488-conjugated to isolectin
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B4 (1:100; Invitrogen, Carlsbad, CA, USA, I21411) was
used to stain the eyecups overnight at 4◦C. Flat-mount
images were captured using an LSM 800 fluorescence
microscope with an Airyscan detector (Carl Zeiss, Oberkochen,
Germany). ImageJ software was used to measure CNV lesion
size, according to protocols described in previous studies
(Yanai et al., 2014; Hasegawa et al., 2017).

Immunohistochemical Staining
At 6 h and 1 day post-CNV induction, enucleated mouse eyes
were fixed in 4% paraformaldehyde for 1 h at room temperature,
cryoprotected in 30% sucrose at 4◦C overnight, and embedded in
OCT compound. Eyes were cryosectioned to 15 µm thickness.
For immunofluorescence, sections were blocked in a blocking
buffer (0.5% Triton, 0.2% BSA, and 5% donkey serum in
PBS) for 1 h at room temperature and subsequently incubated
with primary antibodies overnight at 4◦C. After washing,
samples were incubated with secondary antibodies for 1 h at
room temperature. Goat anti-Iba1 antibody (1:250; FUJIFILM
Wako Pure Chemical Corporation, Osaka, Japan, 011-27991),
rabbit anti-TMEM119 (1:500, Synaptic Systems, Göttingen,
Germany, 400 002), rat anti-CD31 (1:100, BD Biosciences,
NJ, USA, 553370), and rabbit anti-MMP-9 antibody (1:100;
Abcam, Cambridge, MA, USA, ab38898) were used for primary
antibodies, and Alexa Fluor 488-conjugated donkey anti-goat
antibody (1:500; Thermo Fisher Scientific, Waltham, MA,
USA, A11055), Alexa Fluor 594-conjugated donkey anti-rabbit
antibody (1:500; Thermo Fisher Scientific, A21207), and Alexa
Fluor 647-conjugated donkey anti-rat antibody (1:500; Jackson
Immuno Research Laboratories, INC., PA, USA, 712-605-15)
were used for secondary antibodies.

Fluorescein Angiography
A Micron IV Retinal Imaging Microscope (Phoenix Technology
Group, Pleasanton, CA, USA) was used to capture fluorescein
images. After anesthesia and pupil dilation, images were obtained
3–5 min (early phase) and 7–10 min (late phase) after i.p.
injection of 0.1 ml 2% fluorescein sodium (Akorn, Lake Forest,
IL, USA). A previously described scheme was used to grade the
hyperfluorescent lesions: faint or mottled fluorescence without
leakage was scored as 0 (no leakage); hyperfluorescence without
any increase in size or intensity between early and late phases was
scored as 1 (mild leakage); hyperfluorescence with constant size
but increasing intensity was scored as 2A (moderate leakage); and
hyperfluorescence with increasing size and intensity was scored
as 2B (clinically significant leakage) (Yanai et al., 2014; Hasegawa
et al., 2017).

Gelatin Zymography
Retinal and RPE/choroid tissues were homogenized in lysis
buffer (25 mM Tris-HCl buffer, 100 mM NaCl, 1% Nonidet
P-40 (NP-40), and Complete Mini EDTA-free Protease Inhibitor
Cocktail tablets; Sigma–Aldrich (11836170001) and centrifuged
at 14,000 g for 10 min. Aliquots of supernatants containing
equal amounts of protein (30 µg) were loaded without heating
onto 10% SDS-polyacrylamide gels containing 0.1% gelatin
(Sigma–Aldrich). Following electrophoresis, gels were washed
twice for 30 min in renaturing buffer at room temperature. Gels

were then incubated for 48 h in developing buffer at 37◦C.
After incubation, gels were stained with 0.5% Coomassie blue
(Sigma–Aldrich) for 30 min and then destained for 1 h.

Western Blotting
Samples were lysed using radioimmunoprecipitation assay
(RIPA) lysis buffer (Thermo Scientific, Waltham, MA, USA)
with protease and phosphatase inhibitor cocktail (Roche
Holding AG, Basel, Switzerland) and centrifuged at 4◦C
and 14,000 g for 20 min. The supernatant was collected,
and protein concentration was determined using a BCA kit
(Thermo Scientific). The same amount of protein for each
sample (20 µg) was loaded on a polyacrylamide gel (10%).
Proteins were separated by SDS-PAGE and electro-transferred
to PVDF membranes (Bio-Rad). Membranes were blocked
using 5% skim milk in PBS with 0.25% Tween-20 (PBST),
and subsequently incubated at 4◦C overnight with anti-MMP9
(1:1,000; Abcam, ab38898) or β-actin (1:5,000; Thermo Scientific,
MA5–15739) antibodies. After washing, membranes were
bound to HRP-conjugated secondary antibodies [Donkey IgG
anti-rabbit (1:2,000; Cell Signaling Technology, Beverly, MA,
USA, 7074s) or anti-mouse (1:2,000; Cell Signaling Technology,
7076s)] and incubated at room temperature for 1 h. Blots
were developed using enhanced chemiluminescence (ECL)
Western blotting detection reagent (Thermo Fisher Scientific)
and analyzed using a MicroChemi system (DNR Bio-imaging
Systems, Neve Yamin, Israel).

Surface Marker Staining for Flow
Cytometry
For flow cytometric studies, eight retinas were pooled and
minced for digestion with 0.05% TrypLE (Thermo Fisher
Scientific, 12604021) for 5 min at 37◦C. The samples were
filtered through a 40 µm cell strainer (SPL) and stained with
Zombie Aqua Kit (1:500; Biolegend, San Diego, CA, USA,
423101). The cells were washed and suspended in cold 0.2%
BSA (Thermo Fisher Scientific, A1000801) and blocked with Fc
BlockTM (0.01 µg/ml; BD, Franklin Lakes, NJ, USA, 553142)
for 5 min at 4◦C. Cell surface staining with CD45 V450
(0.3 µg/ml; BD, 560501) and CD11b PerCP-Cy5.5 (0.2 µg/ml;
BD, 550993) was performed in the dark for 60 min at
4◦C in buffer. Cells were detected using a BD LSR X-20
flow cytometer (BD) and analyzed with FlowJoTM V10 (BD).
According to previous studies (Greter et al., 2015; Lee et al.,
2019), CD11b and CD45 were used to identify the following cells:
CD45low resting microglia (CD11b+CD45low), CD45intermediate

activated microglia (CD11b+CD45int), and CD45high infiltrating
leukocytes (CD11b+CD45high).

Patient Samples
Institutional Review Board approval from the Kyungpook
National University School of Medicine was obtained for all
patient samples used in this study (Approval No. KNUH 2012-
04-006-020). The study was conducted following the tenets of the
Declaration of Helsinki. Informed consent was obtained from all
study participants. Aqueous humor samples were collected from
consenting patients undergoing cataract surgery in the control
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group and treatment-naïve patients with neovascular AMD in
the disease group.

Statistical Analysis
Statistical analyses were performed using Prism 6.0 (GraphPad
Software, San Diego, CA, USA). Results are expressed as
mean ± SEM. Comparison of two groups was performed
using an unpaired non-parametric Mann–Whitney U-test.
Multiple-group comparison was performed by Tukey’s multiple
comparison test. Statistical significance was defined as P < 0.05.

RESULTS

Elevation of MMP-9 and MMP-2 Activities
in Aqueous Humor From Neovascular AMD
Patients
In our first series of experiments, the activities of MMP-9
and MMP-2 in aqueous humor samples from six patients with
neovascular AMD and six age-matched control subjects were
analyzed (Figure 1). Active MMP-9 (Figure 1B, left panel) and
active MMP-2 (Figure 1C, left panel) levels were increased in the
neovascular AMD group relative to control. Furthermore, pro-
MMP-9 (Figure 1B, right panel) was increased in the neovascular
AMD group relative to control, but pro-MMP-2 was unchanged
(Figure 1C, right panel).

Early MMP-9 Activity in the CNV Mouse
Model
Next, we investigated the spatial-temporal enzymatic activities of
MMP-2 and -9 in the CNV mouse model using gel zymography.
In the RPE/choroid, the band intensities of pro-MMP-9 and
active MMP-9 dramatically increased 6 h after CNV induction,
which was maintained through Day 1, followed by a subsequent
decrease of active MMP-9 to basal levels by Day 3 post-CNV
induction (Figure 2C). Active MMP-2 increased in RPE/choroid
tissue from CMV mice at Days 3 and 7, although pro-
MMP-2 was not significantly changed (Figure 2D). In retinas
from CNV mice, no active MMP-9 or MMP-2 was observed
(Supplementary Figure 1). Although MMP-9 Western blots of
RPE/choroid tissue exhibited similar time-dependent patterns
to gelatin zymography (Supplementary Figure 2), separate pro-
and active MMP-9 bands could not be detected, as with gelatin
zymography, which could be why prior studies used gelatin
zymography instead ofWestern blotting in this context (Lambert
et al., 2002; Manabe et al., 2005; Kim et al., 2018).

Previous studies have demonstrated that MMP-9 amplifies
pathological angiogenesis (Pepper, 2001) and inflammation
(Nagase and Woessner, 1999), and microglia are a known
source of MMPs, contributing to the inflammatory process
(Lively and Schlichter, 2013; Rojewska et al., 2014). Furthermore,
recruitment of activated microglia appears as early as 1 h after
CNV induction (Karlstetter et al., 2015). If microglia contribute
to the pathogenesis of CNV by secreting MMP early in the
CNV disease process, microglial inhibitors such as minocycline
could suppress MMP-9 activities, suppressing the development
of CNV. Thus, we confirmed the effect of minocycline over time

in the CNV mouse model (Figures 2C,D). In the RPE/choroid,
minocycline significantly suppressed both pro and activeMMP-9
(Figure 2C), as well as active MMP-2 (Figure 2D, lower panel) at
Days 3 and 7.

Early Microglial Activation and MMP-9
Expression in CNV Mice
In addition to microglia, MMPs are also present in leukocytes
(Nuttall et al., 2007), although in the laser-induced CNV
model, leukocyte infiltration peaks at 2–3 days after CNV
induction (Sakurai et al., 2003; Tsutsumi et al., 2003). Thus,
we evaluated time-dependent changes in a retinal population of
activated microglia and infiltrating leukocytes from CNV mice
(Figure 3A). Resident resting microglia (CD11b+CD45low) were
abundant in control mice. The proportion of activated microglia
(CD11b+CD45int) began to increase very early, beginning by
1 h post-CNV induction, peaking at 6 h post-CNV, and
maintaining elevation until Day 7 (Figure 3B). The above
change was similar to our finding that active MMP-9 increased
in the RPE/choroid. However, the proportion of infiltrating
leukocytes (CD11b+CD45high) in CD11b+ cells increased at Day
1 and Day 3 and subsequently decreased to basal levels by
Day 7 (Figure 3C). This finding is similar to a previous study
demonstrating that recruitment of macrophages to CNV lesions
occurs 3 days post-CNV induction and subsequently decreases
(Jawad et al., 2013).

Next, to evaluate the localization of activated microglia
with upregulated MMP expression, we conducted
immunofluorescence staining of cryosections at 6 h (Figure 4)
and 1-day post-CNV induction (Supplementary Figures 3, 4).
Activated microglia with amoeboid morphology were aggregated
on CNV lesions, and MMP-9 was increased in CNV lesions.
Activated microglia in CNV lesions were decreased in the
minocycline group relative to the vehicle group. Furthermore,
intracellular MMP-9 was present in Iba-1+ cells in CNV lesions,
which were CD31− (Figure 4). Also, all Iba-1+ cells localized to
CNV lesions were positive for TMEM119, a specific microglial
marker (Bennett et al., 2016; Supplementary Figure 4). Taken
together, these findings suggested that microglial activation and
MMP-9 expression occurred soon after CNV induction.

SB-3CT Alleviation of CNV Severity
To determine if MMP inhibition could alleviate CNV, we
evaluated the effects of SB-3CT, a selective MMP-9 and
MMP-2 inhibitor (Shin et al., 2016). To evaluate whether early
MMP-9 inhibition could affect CNV severity, the SB-3CT
administration started 1 day before CNV induction and was
maintained until Day 7 (Figure 5A). The proportion of grade
2B lesions, defined as exhibiting clinically significant vascular
leakage, decreased in CNV mice treated with SB-3CT relative
to vehicle-treated CNV mice (Figures 5B,C). Furthermore,
CNV lesion size decreased in mice treated with SB-3CT
compared with control mice, as assessed with choroidal
flat mounts (Figures 5B–D). This suggested that SB-3CT
alleviated neovascular leakage and vascular outgrowth,
which could have been modulated by early suppression of
MMP-9 from microglia. Similarly, minocycline, a known
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FIGURE 1 | Aqueous humor matrix metalloproteinase (MMP) enzymatic activities in neovascular age-related macular degeneration (AMD) and senile cataract
control subjects. (A) Gelatin zymography to detect MMP activity (pro-MMP-9, 95 kDa; active MMP-9, 82 kDa; pro-MMP-2, 62 kDa; active MMP-2, 56 kDa). (B)
Relative abundances of pro-MMP-9 and active MMP-9 were quantified by densitometry. Active MMP-9 was elevated in aqueous humor samples from all six
neovascular AMD patients compared with age-matched control subjects. *P < 0.05. (C) While active MMP-2 levels were increased in neovascular AMD group
relative to control, pro-MMP-2 levels were unchanged. N.S.: not-significant.

microglial inhibitor (Yrjanheikki et al., 1999), also decreased
neovascular leakage and vascular outgrowth in CNV lesions
(Supplementary Figure 5).

These findings suggested that suppression of MMP-9
secreted from microglia could attenuate neovascular lesion
formation in CNV. In particular, MMP-9 is involved in
the breakdown of the parenchymal basement membranes
surrounding blood vessels (Agrawal et al., 2006). This process
can damage the Bruch’s membrane and blood-retinal barrier,
with accompanying neovascular outgrowth which occurs
similarly in the blood-brain barrier (Rosenberg, 2002). Thus,
modulation of microglial MMPs could be a targeted approach to
CNV treatment.

DISCUSSION

MMP-9 and MMP-2 are essential to cleavage of collagen
type IV, the major component of the basement membrane,
and in the context of cancer biology, they are activated at
the onset of angiogenesis, resulting in invasive tumor growth
(Pittayapruek et al., 2016). However, microglial MMP activity
has not previously been evaluated, particularly in the context
of CNV.

The normal healthy retina lacks infiltrating leukocytes and
has many resident microglia (Liyanage et al., 2016), which is

consistent with our flow cytometry data. The proportion of
activated microglia increased very early from 1 h post-CNV
induction and remained increased until Day 7. By contrast, only
a small proportion of infiltrating leukocytes was detected before
Day 1. These findings are consistent with a previous study,
which demonstrated that CX3CR1-positive microglia migrate
to laser-induced lesions as early as 1 h after CNV induction
(Karlstetter et al., 2015).

Regarding time-dependent changes of MMP activity in the
laser-induced CNV model, it is notable that active MMP-9
increased at very early time points, beginning at 1 h post-CNV
induction in the RPE/choroid, which correlated with the
increase of microglial activation identified by our FACS data.
These results were consistent with a previous study, which
demonstrated intense MMP-9 staining in CNV lesions at Day 3,
although this study did not evaluate MMP-9 expression at early
time points before Day 3 (Lambert et al., 2002).

In the CNVmodel, active RPE/choroidMMP-2 was increased
by CNV in the later stages of the disease. Our in vivo
experimental data are consistent with the results of other
previous studies demonstrating that activated MMP-2 was not
present before Day 5 after CNV induction (Lambert et al.,
2003). Furthermore, Lively et al. reported differential expression
of MMPs from microglia activated by different stimuli (Lively
and Schlichter, 2013). MMP-9 increased only in LPS-treated
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FIGURE 2 | Time-dependent changes of MMP activity and effect of minocycline on MMP activity inretinal pigment epithelium (RPE)/choroid tissues from
laser-induced choroidal neovascularization (CNV) mice. (A) Experimental design of minocycline injection and induction of CNV with laser photocoagulation. (B)
Representative image of gelatin zymography to visualize RPE/choroid MMP activity. Lane CTL, non-CNV control; 1 h, 6 h, D1, D3, and D7 after CNV induction. (C)
Quantification of gelatin zymography of pro-and active MMP-9 in panel (B). Enzymatic activity was measured by band intensity. (D) Quantification of gelatin
zymography of pro-and active MMP-2 in panel (B). Data are expressed as mean ± SEM. *P < 0.05 vs. CTL; #P < 0.05 vs. Vehicle. n = 6 eyes/group.

microglia, considered classical (M1) activation. Meanwhile,
MMP-2 increased only in IL-4-treated microglia, considered
alternative (M2) activation. The above study can explain the
in vivo data showing that increased MMP-2 activity in the
RPE/choroid occurred at Days 3 and 7, likely due to the
alternative activation of microglia.

Minocycline, an antibiotic with known microglial inhibitory
activity (Yrjanheikki et al., 1999), is neuroprotective in models of
light-induced retinal degeneration (Scholz et al., 2015), diabetic
retinopathy (Krady et al., 2005), and ischemia-reperfusion injury
(Ahmed et al., 2017). In addition to known neuroprotective
effects of minocycline, the current study demonstrated that
minocycline suppressed pathological neovascularization in laser-
induced CNV. Minocycline significantly suppressed microglial
MMP-9 secretion in the RPE/choroid, especially at early time
points. Furthermore, SB-3CT significantly alleviated disease
severity, as demonstrated by decreased vascular leakage and
CNV lesion size. Active MMP-9 from activated microglia
could potentially provide an advantageous microenvironment

for CNV sprouting by degrading the Bruch’s membrane, which
is attenuated by minocycline.

There are several limitations of the present study, which
should be acknowledged to avoid its overinterpretation. First,
our data are not sufficient to demonstrate that microglia
are the primary source of MMPs, as Iba-1 also labels
infiltrating leukocytes. However, immunofluorescence staining
demonstrated that Iba-1+ cells were also labeled with TMEM119,
a microglia-specific marker, pointing to microglia as an
important source of MMPs in this context. Furthermore, taken
together, the immunofluorescence and FACS data demonstrate
that, at least in the early time points of CNV, microglia could
play an important role in angiogenesis by secreting MMPs.
Second, because it is not possible to remove RPE/choroid tissues
from neovascular AMD patients without damaging vision, we
used aqueous samples, which are commonly used to measure
biomarkers of neovascular chorioretinal diseases (Hsu et al.,
2014). Because active MMP-9 in the aqueous humor could
originate from multiple sources, RPE/choroid tissues from
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FIGURE 3 | Flow cytometry of retinal cells from control and choroidal neovascularization (CNV) retinal cells to detect microglial activation and infiltrating leukocytes.
(A) Single live cells were selected and sorted according to their CD11b and CD45 status. Plot CTL, non-CNV control; plot 1 h, 6 h, D1, D3, and D7 after CNV
induction. (B) The ratio of activated microglia (CD11b+CD45int) to total microglia started to increase very early after CNV induction at 1 h, peaked at 6 h, and
remained significantly increased through D7. (C) Compared with the control, the proportion of infiltrating leukocytes (CD11b+CD45high) in CD11b+ cells increased on
D1 and D3. *P < 0.05, ***P < 0.001 vs. CTL. n = 8 mice/experimental group in three independent experiments.

FIGURE 4 | Activated microglia and upregulated MMP-9 expression at 6 h after CNV induction. Immunohistochemistry data of Iba-1+ cells (green), MMP-9 (red),
and CD31 (white). At 6 h post-CNV induction, Iba-1+ amoeboid cells were suggestive of activated microglia aggregation on CNV lesions, indicated by asterisks.
Fewer activated microglia were localized to CNV lesions in the minocycline group relative to vehicle control. Furthermore, at higher magnifications, intracellular
MMP-9 signal was present in Iba-1+ cells, which were CD31−. Scale bar: 100 µm. INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer.
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FIGURE 5 | Effect of SB-3CT on neovascular activity in the laser-induced CNV. (A) Experimental design of the SB-3CT injection and CNV induction with laser
photocoagulation. (B) At 7 days after CNV induction, CNV lesion grading was conducted in control and SB-3CT groups. (C) The proportion of grade 2B lesions,
which exhibit clinically significant leakage, decreased in mice treated with SB-3CT relative to the vehicle. (D) CNV lesion size decreased in mice treated with SB-3CT
compared with vehicle, as assessed in choroidal flat mounts stained with fluorescent isolectin B4. *P < 0.05. n = 48 lesions/group. Scale bar: 100 µm.

human cadaver eyes would be optimal and will be investigated
in future studies. Third, because our data pointed to the early
recruitment of microglia with the increase of active MMP-9,
we focused on the relationship between MMP-9 and microglia,
which could be more influential in early CNV than MMP-2.
Furthermore, because our data demonstrated that minocycline
decreased pro-MMP-9 but not active MMP-9 from Day 3, we
focused on early time points in the laser-induced CNVmodel. In
future studies, we will evaluate the roles of alternative microglial
activation, especially in later time points of CNV. Finally, as this
is an observational study, the mechanism underlying MMP-9-
induced CNV will be further investigated in future studies.

A previous pilot clinical trial reported that combined therapy
with reduced-fluence photodynamic therapy (PDT), intravitreal
ranibizumab (0.3 mg), intravitreal dexamethasone, and oral
minocycline for neovascular AMD did not have favorable visual
outcomes compared with outcomes of combination treatment
with PDT and intravitreal ranibizumab (0.5 mg) reported in
other studies (Sivaprasad et al., 2011). However, this pilot study
evaluated only a single group and used a reduced dose of
ranibizumab (0.3 mg). Thus, it is not clear whether that study
clearly evaluated the direct effect of minocycline and should
therefore be interpreted cautiously. Thus, our group is in the
process of organizing a clinical trial to evaluate the effect of
minocycline in neovascular AMD.

Taken together, our data demonstrated nearly immediate
recruitment of activated microglia and MMP-9 activation in the
RPE/choroid, suggesting that activated microglia that aggregate
to CNV lesions could contribute to increased MMP-9 activity.
Although we cannot exclude infiltrating leukocytes as a potential

source of MMPs, macrophage markers did not increase until
Day 3 after CNV induction (Zhou et al., 2017). Furthermore,
most MMP RNA levels, including MMP-9, are enriched in
microglia compared with peripheral leukocytes (Nuttall et al.,
2007). In conclusion, the present study demonstrated a potential
role of early microglial MMP-9 contributing to CNV, and
that modulation of microglial MMP could be a novel putative
therapeutic for CNV.
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Phosphoinositides: Roles in the
Development of Microglial-Mediated
Neuroinflammation and
Neurodegeneration
Thomas Ernest James Phillips*† and Emily Maguire*†

UK Dementia Research Institute at Cardiff University, Cardiff, United Kingdom

Microglia are increasingly recognized as vital players in the pathology of a variety of
neurodegenerative conditions including Alzheimer’s (AD) and Parkinson’s (PD) disease.
While microglia have a protective role in the brain, their dysfunction can lead to
neuroinflammation and contributes to disease progression. Also, a growing body
of literature highlights the seven phosphoinositides, or PIPs, as key players in the
regulation of microglial-mediated neuroinflammation. These small signaling lipids are
phosphorylated derivates of phosphatidylinositol, are enriched in the brain, and have
well-established roles in both homeostasis and disease.Disrupted PIP levels and
signaling has been detected in a variety of dementias. Moreover, many known AD
disease modifiers identified via genetic studies are expressed in microglia and are
involved in phospholipid metabolism. One of these, the enzyme PLCγ2 that hydrolyzes
the PIP species PI(4,5)P2, displays altered expression in AD and PD and is currently being
investigated as a potential therapeutic target. Perhaps unsurprisingly, neurodegenerative
conditions exhibiting PIP dyshomeostasis also tend to show alterations in aspects of
microglial function regulated by these lipids. In particular, phosphoinositides regulate the
activities of proteins and enzymes required for endocytosis, toll-like receptor signaling,
purinergic signaling, chemotaxis, and migration, all of which are affected in a variety
of neurodegenerative conditions. These functions are crucial to allow microglia to
adequately survey the brain and respond appropriately to invading pathogens and
other abnormalities, including misfolded proteins. AD and PD therapies are being
developed to target many of the above pathways, and although not yet investigated,
simultaneous PIP manipulation might enhance the beneficial effects observed. Currently,
only limited therapeutics are available for dementia, and although these show some
benefits for symptom severity and progression, they are far from curative. Given the
importance of microglia and PIPs in dementia development, this review summarizes
current research and asks whether we can exploit this information to design more
targeted, or perhaps combined, dementia therapeutics. More work is needed to fully
characterize the pathways discussed in this review, but given the strength of the current
literature, insights in this area could be invaluable for the future of neurodegenerative
disease research.

Keywords: microglia, neurodegeneration, neuroinflammation, phosphoinositols, Alzheimer’s disease, Parkinson’s
disease, phagocytosis, chemotaxis
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INTRODUCTION

Fifty million people worldwide currently present with
neurodegenerative conditions, with 60–70% of these suffering
from Alzheimer’s disease (AD) (World Alzheimer Report, 2015).
Microglia, tissue-specific macrophages that reside in the central
nervous system (CNS), are becoming increasingly recognized
as important in the development of numerous dementia
pathologies (Bachiller et al., 2018). Unlike most macrophages,
microglial precursors emerge from the embryonic yolk sac and
migrate into the CNS during the first trimester of development
before their final maturation (Kierdorf and Prinz, 2013).

During development, microglia have key roles in shaping
neuronal networks and modulating both the number of synapses
and the strength of synaptic transmission (Colonna and
Butovsky, 2017). Following CNS injury, microglial phagocytosis
of various substrates including microbes, dead cells, and
protein aggregates helps maintain healthy brain homeostasis
(Gabandé-Rodríguez et al., 2020). Furthermore, these cells
secrete messenger molecules such as cytokines, chemokines,
and neurotrophic factors (Lee et al., 2002). Cytokine secretion
regulates inflammatory responses, whilst chemokines initiate
chemotaxis and migration, stimulating microglia and other
immune cells to become activated andmigrate to the site of injury
(Lee et al., 2002). Both phagocytosis and cytokine/chemokine
secretion can be triggered via activation of microglial toll-like
receptors (TLRs), which promote inflammation in response to
activation by pathogen-associated molecular patterns (PAMPs)
and other stimuli (Fiebich et al., 2018). Microglia are also
key modulators of purinergic signaling, with activation of
these pathways influencing both inflammation and phagocytosis
(Calovi et al., 2019).

Phosphoinositides (PIPs), in brief, are acidic membrane
lipids derived from phosphatidylinositol. These lipids, known
to support key cellular functions in the brain, are increasingly
recognized as important in neurodegenerative processes and
microglial function (Raghu et al., 2019).

This review aims to summarize the role of microglia
in a variety of neurodegenerative conditions, as well as
known phosphoinositide disturbances within these conditions.
This will be followed by discussions on how alterations in
phosphoinositides and their regulatory enzymes could affect
specific microglial functions and thereby contribute to disease
progression. Finally, for each microglial function discussed, we
will explore how phosphoinositide-modifying therapies could
potentially be used to ameliorate disease phenotypes.

ROLES OF MICROGLIA IN DEMENTIA

Alzheimer’s Disease
AD, first characterized by Alois Alzheimer in 1907 (Alzheimer
et al., 1995), presents with widespread brain atrophy, amyloid
plaques (large extracellular deposits of amyloid-beta (Aβ) protein
aggregates), neurofibrillary tangles (consisting of phosphorylated
Tau), neuronal and synapse loss, and dystrophic neurites (Lane
et al., 2018). Clinically, these pathologies result in memory

loss, language difficulties, executive dysfunction, psychiatric
symptoms, and behavioral disturbances, along with general
difficulties managing activities of daily living (Burns and Iliffe,
2009). AD can be either familial (<0.5% of cases) or sporadic.
Familial cases arise following mutations in the genes encoding
either presenilin 1 (PSEN1), presenilin 2 (PSEN2), or amyloid
precursor protein (APP; Bateman et al., 2011).

Within AD, we know that 58–79% of sporadic cases are
linked to the patient’s genes (Gatz et al., 2006). Genetics
studies strongly suggest microglia as a leading driver of AD
pathology, with many of the implicated genes either largely
or solely expressed in microglia (McQuade and Blurton-Jones,
2019). The importance of microglia is supported by observations
of proliferation and activation of microglia around amyloid
plaques (Hickman et al., 2008). Whether this microglial response
reduces disease progression, enhances AD pathology, or both is
currently the subject of much debate. AD microglia elicit a range
of functional changes including increased cytokine/chemokine
production and inflammasome activation, increased synapse
engulfment, and phagocytosis of injured but functional neurons
(McQuade and Blurton-Jones, 2019). The role of microglia
in Aβ clearance within AD is also unclear. Whilst microglial
phagocytosis of Aβ appears crucial in clearing plaques (Simard
et al., 2006), other studies have shown that pharmacological
depletion of microglia prevents plaque formation in the first
place (Sosna et al., 2018).

Nitric oxide (NO) curative therapy currently exists for the
treatment of AD (Weller and Budson, 2018). This may be
due to a large research focus in the past on the ‘‘amyloid
hypothesis’’ which postulates that all AD pathologies arise due
to Aβ accumulation and plaque formation, and consequently
that the best way to treat the disease is to target Aβ directly
(Oxford et al., 2020).

Parkinson’s Disease
Parkinson’s disease (PD), first described by James Parkinson
in 1817 (Parkinson, 2002), is the second most common
neurodegenerative disease, affecting about 6.1 million people
worldwide (2018). PD patients experience rigidity, bradykinesia,
resting tremors, and postural instability (Gopalakrishna and
Alexander, 2015), with 30% also experiencing dementia
(Hanagasi et al., 2017).

Symptoms arise following the degeneration of dopaminergic
neurons in the substantia nigra, which produce the
neurotransmitter dopamine. Neuronal loss occurs following
the formation of intraneuronal ‘‘Lewy bodies’’ which consist
of aggregated bundles of misfolded α-synuclein (Lecours
et al., 2018). Variants in the SNCA gene, which encodes for
α-synuclein, present as the most well-established genetic risk
factor for PD (Campêlo and Silva, 2017). Around 5% of PD cases
are caused by mendelian gene changes (e.g., SNCA) and are
therefore classed as familial. The remainder of PD cases arises
following a complex interplay of aging, genetic susceptibility,
and environmental factors (Pang et al., 2019).

Within the PD brain, microglia are thought to lose beneficial,
whilst gaining detrimental, functions (Lecours et al., 2018).
Positron emission tomography (PET) studies in patients, as
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well as work by McGeer and colleagues on post-mortem
tissue, demonstrate increased microglial activation in PD
brains (McGeer et al., 1988; Ouchi et al., 2005; Gerhard
et al., 2006). Moreover, increased inflammatory cytokines,
released by microglia, are observed within the brains and
cerebrospinal fluid (CSF) of PD patients (Vawter et al., 1996;
Nagatsu et al., 2000). CSF from PD patients is toxic to
dopaminergic neurons; in part due to the aforementioned high
inflammatory cytokine concentration (Nagatsu and Sawada,
2005). Furthermore, and similarly to AD, PD microglia
appear to phagocytose injured but functional neurons, thereby
exacerbating neurodegeneration (Brown and Neher, 2012).
These microglial phenotypes seem to occur following exposure
to aggregated α-synuclein (Zhang et al., 2005).

3, 4-dihydroxy-L-phenylalanine, the precursor to dopamine,
acts as the ‘‘gold standard’’ PD treatment. Nevertheless, while this
drug ameliorates many PD-associated motor defects, long-term
use often results in debilitating dyskinesia and other motor
fluctuations (Lane, 2019).

Huntington’s Disease
Microglia have also been implicated in the pathology of
Huntington’s disease (HD; Yang H.-M. et al., 2017). HD
is an autosomal dominant trinucleotide repeat disorder
caused by an expansion in the Huntington protein (HTT;
MacDonald et al., 1993). More than 40 repeats result in disease,
characterized primarily by dysfunction and death of neurons
within the striatum of the brain. For patients, this results in
progressive motor, cognitive, and psychiatric disturbances
(Bates et al., 2015).

PET studies on human HD post-mortem brains have
demonstrated increased activation of microglia in HD compared
with controls (Pavese et al., 2006; Politis et al., 2012), with this
activation occurring up to 15 years before the predicted age
of onset (Tai et al., 2007). The degree of microglial activation
appears to correlate positively with the degree of cell death
within a given brain region, as well as symptom severity (Sapp
et al., 2001). Moreover, mutated Huntington protein (mHTT)
expression appears to impact microglial function directly (Yang
H.-M. et al., 2017). Effects include increased cytokine production
and transcriptional dysregulation (Crotti et al., 2014; Träger
et al., 2014; Miller et al., 2016). There are currently no curative
therapies available for HD (McColgan and Tabrizi, 2018).

Amyotrophic Lateral Sclerosis
Amyotrophic lateral sclerosis (ALS) is a degenerative disease
primarily characterized by muscle weakness and wasting, with
10–15% of patients also suffering from frontotemporal dementia
(FTD). FTD results in progressive degeneration of frontal
and anterior temporal lobes, with patients experiencing
behavioral changes alongside impairments in executive
functioning and, often, language. ALS is familial in 15% of
cases, where it is caused by changes in one of more than
20 currently identified genes (Masrori and Van Damme,
2020). The most common cause (of both ALS and FTD) in
North America and Europe is a hexanucleotide GGGGCC
expansion in the c9orf72 gene (Dejesus-Hernandez et al., 2011;

Renton et al., 2011). The function of the c9orf72 protein is
currently unknown, although it is suspected to be involved
in endocytic trafficking and autophagy (Braems et al., 2020).
Within cells, cytoplasmic aggregations of TDP-43 occur
in 95% of ALS patients (Masrori and Van Damme, 2020).
Sporadic ALS likely occurs following complex interactions
between risk loci—several of which have been identified
via genome-wide association studies (GWAS)—and the
environment (Ajroud-Driss and Siddique, 2015).

As with other dementias, the role of microglia in ALS appears
to be highly complex. C9orf72 knock-out mice, while showing
no motor-neuron degeneration, show altered immune responses
in microglia and macrophages, highlighting the importance
of these myeloid cells in ALS pathogenesis (O’Rourke et al.,
2016). Furthermore, another ALS risk gene, TBK1, is involved
in the production of inflammatory cytokines (Ahmad et al.,
2016). Finally, microglia appear to be activated in ALS patients’
brains, with this activation occurring before the onset of
clinical symptoms (Geloso et al., 2017). More research must
be undertaken to fully elucidate the role of microglia in
ALS pathology.

Summary
Neurodegenerative conditions pose serious health and economic
costs to our society. If left unchecked, cases are expected to
triple by 2050 (Prince et al., 2013). At present, treatment is
limited by a lack of effective therapies for many forms of
neurodegenerative disease, despite decades of research aimed at
developing such therapies. It is becoming clear that microglia,
the primary mediators of neuroinflammation, play important
roles in the pathologies of many forms of neurodegeneration.
Further research exploring the roles of microglia to target them
therapeutically may well hold the key to releasing the deadlock
on treatment development.

ROLES OF PHOSPHOINOSITIDES IN
DEMENTIA

What are Phosphoinositides?
Phosphoinositides are signaling lipids derived from
phosphatidylinositol, which is comprised of diacylglycerol
(DAG) moiety linked to a D-myo-inositol ring via a
phosphodiester linkage. Specific kinases and phosphatases add
or remove phosphate groups from the 3, 4, or 5 positions
of the myo-inositol ring, generating seven PIP species.
These are monophosphorylated PI(3)P, PI(4)P, and PI(5)P;
bisphosphorylated PI(3,4)P2, PI(3,5)P2, and PI(4,5)P2; and
trisphosphorylated PI(3,4,5)P3 (Figure 1). These lipids are
enriched in the brain, with each residing on specific cellular
membranes (Figure 1). In brief, PI(4)P, PI(3,4,5)P3, PI(3,4)P2,
PI(5)P, and PI(4,5)P2 can be found on the plasma membrane,
PI(3)P and PI(3,5)P2 are concentrated within the endocytic
system, and PI(5)P is found within the nucleus. The distribution
of PIPs is both dynamic and highly regulated, allowing for
a rapid generation or reduction of specific species at precise
locations. This function is achieved via tight spatial and temporal
restrictions of the aforementioned PIP metabolism enzymes.
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FIGURE 1 | Structure, metabolism, and location of phosphatidylinositides (PIPs) within mammalian cells. (A) Structures of phosphatidylinositol (PI) and it is seven
phosphoinositide (PIP) derivatives, generated by phosphorylation of the inositol ring at positions 3, 4 or 5. PI consists of diaglycerol (DAG, blue) bound to a
D-myo-inositol ring (yellow) via a phosphodiester linkage (green). O, oxygen; H, hydrogen; P, phosphate; R, non-polar fatty acid tails. (B) Metabolic pathways
regulating the interconversion of PIP species. Lipid kinases (red) phosphorylate the inositol ring at points 3, 4, or 5 to generated more phosphorylated PIPs while lipid
phosphatases remove phosphate groups. MTM1, myotubularin1; MTMR, myotubularin-related protein; FIG4, Factor-Induced Gene 4; PTEN, phosphatase and
tensin homolog; OCRL, inositol phosphatase 5-phosphatase; SYNJ1, synaptojanin 1; INPP5D, Src homology 2 (SH2) domain containing inositol polyphosphatase
5-phosphatase 1. (C) Primary locations of the different PIPs within the cell are shown by the colored stars. CIE, clathrin independent endocytosis; CIV, clathrin
independent endocytic vesicle, CE, clathrin dependent endocytosis; EE, early endosome; RE, recycling endosome; SV, secretory vesicle; GA, golgi apparatus;
ER, endoplasmic reticulum; MVB/LE, multi-vesicular body/late endosome; LYSO, lysosome.
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Despite their low abundance, these lipids are involved in crucial
cellular functions, including signal transduction, cytoskeletal
reorganization, membrane dynamics, vesicular trafficking, and
cell death (Phan et al., 2019). Known functions of the different
PIP species in the brain are summarized in Table 1. All species
appear to be involved in endocytic trafficking events (e.g.,
autophagy and phagocytosis), whilst others exhibit key roles in
chemotaxis (PI(4,5)P2 and PI(3,4,5)P3), and synaptic function
(PI(3)P, PI(4,5)P2, PI(3,5)P2, PI(3,4,5)P3).

Perhaps unsurprisingly given their key roles in the brain, PIPs
have been implicated in a wide variety of dementia’s, including
AD, PD, HD, and ALS. Precise perturbances of PIP species and
their suspected effects on neurodegenerative disease are later
discussed and summarized in Table 1.

Phosphoinositide Dyshomeostasis in
Neurodegenerative Disease—General
Growing evidence suggests that phosphoinositide
dyshomeostasis plays a role in the development of a variety
of dementias. Phosphoinositides, which are relatively enriched in
the brain (Hawthorne and Pickard, 1979), regulate the activity of
several neurotransmitters and neuropeptides (Lo Vasco, 2018).
Furthermore, phosphoinositides have key roles in Ca2+ signaling
(Bezprozvanny, 2009) and autophagy (Palamiuc et al., 2020),
which are disrupted in numerous neurodegenerative conditions.

One key protein linking phosphoinositol metabolism
with several dementias is synaptojanin 1 (SYNJ1). This
phosphoinositide phosphatase hydrolyzes PI(4,5)P2, with
SYNJ1 knock-out mice showed increased PI(4,5)P2 in neurons
alongside defects in synaptic vesicle recycling (Cremona et al.,
1999). Overexpression of SYNJ1 has been seen in AD patients
(Miranda et al., 2018), and downregulating SYNJ1 increases
clearance of amyloid plaques while improving behavioral deficits
in AD mice (McIntire et al., 2012; Zhu et al., 2013). In addition
to roles in AD, mutations in SYNJ1 have been associated
with early-onset atypical-Parkinson’s disease, suggesting that
SYNJ1 manipulation may also prove beneficial in PD (Drouet
and Lesage, 2014; Ben Romdhan et al., 2018; Xie et al., 2019).

Another subset of phosphoinositide conversion enzymes
with key links to dementia is the phosphoinositide-3-kinases
(PI3K). PI3K promotes downstream signaling via AKT and
mTOR and activating these pathways plays a vital regulatory
role in the development of oxidative stress, in apoptosis, and
in autophagy (Chong et al., 2012). Within AD, excessive
activation of downstream PI3K signaling has been suggested to
be responsible for some neurodegenerative processes, whereas,
in PD, under-activation of these pathways has been observed to
influence pathology (Heras-Sandoval et al., 2014). Activation of
the Akt/PI3K signaling pathway is crucial to the initiation of
neuroinflammation by microglia in response to LPS (Cianciulli
et al., 2020). Although more work needs to be done to further
characterize signaling dysfunctions within these conditions,
targeting these pathways using established PI3K inhibitors and
activators could provide potential therapeutics in the future
(Yang et al., 2016, 2019).

Together, these studies demonstrate how disruptions
in phosphoinositide metabolism can be crucial to the

development of neurodegenerative phenotypes. The following
sections will go into more detail about phosphoinositide
dyshomeostasis in specific neurodegenerative conditions.
Table 2 summarizes the differing roles of PIP species in
neurodegenerative conditions.

Phosphoinositide Dyshomeostasis in
Alzheimer’s Disease
Quite a large body of research outlines phosphoinositide
dyshomeostasis in AD. The first study to highlight this was
published in 1987 by Stokes and Hawthorne. They revealed
reduced PIP4 and PI(4,5)P2 within the AD cortex when
compared with controls (Stokes and Hawthorne, 1987). Within
AD brains, studies have observed not only changes in PIP
levels but also changes in the expression of regulatory enzymes
(Lo Vasco, 2018).

Alterations in membrane phospholipid composition within
AD following PIP dysregulation could result in changes to
membrane structure and fluidity, which in turn is likely
to influence the development of various characteristic AD
pathologies (Zhu et al., 2015). Also, Aβ binding to the
cellular prion protein (PrPC) has been demonstrated to activate
mGlurR5 and phospholipase C (PLC) signaling pathways
(Um et al., 2013). These pathways are both regulated by
and regulate phosphoinositide levels, with PI(4,5)P2 being
the substrate of PLC enzymes. PLC activation leads to
downstream cytosolic Ca2+ increase, which contributes to
characteristic AD memory impairment (Berridge, 2013, 2014).
The above observations are supported by previous studies
in familial AD cortical neurons which demonstrated a clear
link between Aβ and PI(4,5)P2 metabolism, with Aβ addition
reducing PI(4,5)P2 levels, perhaps via activation of PLC
enzymes (Berman et al., 2008). This could also occur via
Aβ-mediated inhibition of the PI(4)P synthesis enzyme PI4K,
as PI(4)P often acts as a precursor for PI(4,5)P2 (Wu
et al., 2004; Figure 1B). Moreover, evidence suggests that
hyperphosphorylated tau, a key hallmark of AD, may be
generated by protein kinases known to be activated by PLC
enzymes (Ial and Grundke-Ial, 2005).

Finally, many known AD risk genes (e.g., Phospholipase C
Gamma 2 (PLCG2), inositol polyphosphate 5-phosphatase D
(INPP5D), Phospholipase D3 (PLD3), CD2-associated protein
(CD2AP), Phosphatidylinositol Binding Clathrin Assembly
Protein (PICALM), Sodium/potassium/calcium exchanger 4
(SLC24A4)) are involved in phospholipid metabolism (Tan
et al., 2019; Sims et al., 2020), providing further evidence of
the importance of these pathways in disease pathology. The
AD protective R522 mutation in PLCG2, which also protects
against dementia with Lewy bodies and FTD (van der Lee
et al., 2019), appears to protect via increased PLCγ2 activity
(Magno et al., 2019).

Phosphoinositide Dyshomeostasis in
Parkinson’s Disease
Several studies have highlighted the specific roles of
phosphoinositide dyshomeostasis in PD pathology. In one
of these studies, PD and control membranes were prepared
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TABLE 1 | Known functions of phosphoinositide (PIP) species within the brain and roles in neurodegeneration.

PIP species Known functions in the brain Roles in neurodegenerative disease References

PI(3)P Key regulator of endocytic trafficking,
fusion, and autophagy.

Regulates GABAergic neurotransmission at
inhibitory post-synapses.

Inhibiting PIP-4 kinase (phosphorylates
PI(3)P) reduces mHTT and rescues
neurodegeneration in HD drosophila.

Excess PI3K (generates PI(3)P) activity in
AD, reduced activity in PD.

Heras-Sandoval et al. (2014),
Al-Ramahi et al. (2017),
Papadopoulos et al. (2017) and
Raghu et al. (2019)

PI(4)P Potential roles in myelin formation.

Key role in multiple steps of phagocytosis
and other uptake systems.

Pathophysiological concentrations of Aβ

inhibit PI4K (generates PI(4)P) activity, both
in vitro and in vivo.

PI4K inhibition reduces brain pathology in
Drosophila models of AD.

VAPB, a causal gene for ALS, exerts
deleterious effects in the brain by altering
PI(4)P levels and distribution.

Reduced in AD cortex.

Stokes and Hawthorne (1987),
Wu et al. (2006), Levin et al.
(2017), Zhang X. et al. (2017),
Genevini et al. (2019) and Baba
et al. (2020)

PI(5)P Roles in AKT/mTOR signaling, autophagy,
and apoptosis.

Regulates chromatin function and
transcription in the nucleus.

Potential regulators of endosomal
trafficking.

Inhibiting PIP-4 kinase [phosphorylates
PI(5)P] reduces mHTT and rescues
neurodegeneration in HD drosophila.

Boal et al. (2015), Bulley et al.
(2015), Vicinanza et al. (2015),
Al-Ramahi et al. (2017) and
Jacobsen et al. (2019)

PI(3,4)P2 Involved in the maturation of late-stage
clathrin-coated pits and fast
endophilin-mediated endocytosis.

Roles in actin-mediated neurite initiation
and dendrite morphogenesis.

Mutations in the PI(3,4)P2 synthesis enzyme
INPP5D increase genetic AD risk.

Excess PI3K [generates PI(3,4)P2] activity in
AD, reduced activity in PD.

Lambert et al. (2013),
Heras-Sandoval et al. (2014),
Hawkins and Stephens (2016),
Jing et al. (2016), Zhang
S.-X. et al. (2017) and
Casamento and Boucrot (2020)

PI(4,5)P2 Electrical signaling at the plasma membrane
(including neurons).

Roles in the recycling of synaptic vesicles
and synaptic plasticity.

Many neurotransmitters utilize the G-protein
coupled PLC mediated hydrolysis of
PI(4,5)P2 as a key step in signal
transduction.

Regulates ∼100 ion channels and
transporters.

Regulates cytoskeletal function in neurons.

Key regulators of TLR and purinergic
signaling.

Key role in actin remodeling during
chemotaxis.

Key role in multiple steps of phagocytosis
and other uptake systems.

A genetic variant in PLCγ2, which breaks
down PI(4,5)P2, protects against AD.

Decreased PI(4,5)P2 metabolism via
PLCγ2 in PD, increased PI(4,5)P2 in PD
substantia nigra.

Overexpression of SYNJ1, which hydrolyzes
PI(4,5)P2, acts as a risk factor for AD and
appears to contribute to plaque pathology
and behavioral deficits in mouse models.

Mutations in SYNJ1 associated with
early-onset PD.

Wallace and Claro (1993),
McIntire et al. (2012), Zhu et al.
(2013), Drouet and Lesage
(2014), Sims et al. (2017),
Miranda et al. (2018), Sekar and
Taghibiglou (2018), Ben
Romdhan et al. (2018), Bernier
et al. (2013b), Le et al. (2014),
Hille et al. (2015), Dickson and
Hille (2019), Raghu et al. (2019),
Xie et al. (2019) and Desale and
Chinnathambi (2021)

PI(3,5)P2 Regulates membrane trafficking, endocytic
vesicle fission/fusion, organelle pH,
intracellular ion channel function.

Regulates synaptic strength.

The PI(3,5)P2 synthesis enzyme FIG4 acts
as a risk factor for ALS.

Chow et al. (2009), Dong et al.
(2010) and McCartney et al.
(2014)

(Continued)
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TABLE 1 | Continued

PIP species Known functions in the brain Roles in neurodegenerative disease References

PI(3,4,5)P3 Regulates neurotransmitter release.

Increased PI(3,4,5)P2 recruits protein
kinases (e.g., AKT) to the PM.

Regulates purinergic signaling.
Key role in actin remodeling during
chemotaxis.

Key role in multiple steps of phagocytosis
and other uptake systems

Excess PI3K [generates PI(3,4,5)P3] activity
in AD, reduced activity in PD.

Decreased in PD substantia nigra.
PTEN [degrades PI(3,4,5)P3] increased in
PD.

Bernier et al. (2013b), Khuong
et al. (2013), Heras-Sandoval
et al. (2014), Maekawa et al.
(2014), Schlam et al. (2015),
Sekar and Taghibiglou (2018),
Katan and Cockcroft (2020)
and Desale and Chinnathambi
(2021)

mHTT, mutant Huntington protein; AD, Alzheimer’s disease; HD, Huntington’s disease; PD, Parkinson’s disease; ALS, amyotrophic lateral sclerosis; Aβ, amyloidβ; VAPB, VAMP
associated protein B and C; AKT, Protein kinase B mammalian target of rapamycin; TLR, toll-like receptor; SYNJ1, synaptojanin 1; FIG4, Factor induced gene 4; PLC, phospholipase C.

TABLE 2 | The role of PIP species in different neuroinflammatory conditions.

Disease PIP Species Suspected roles in pathology References

Alzheimer’s disease PI(4)P Key role in uptake systems including
phagocytosis.

Stokes and Hawthorne
(1987), Wu et al. (2006),
Levin et al. (2017) and
Zhang S.-X. et al. (2017)

PI(3,4)P2 Mutations in the PI(3,4)P2 synthesis enzyme
INPP5D increase genetic AD risk.

Excess PI3K (generates PI(3,4)P2) activity in AD.

Lambert et al. (2013),
Hawkins and Stephens
(2016) and Jing et al. (2016)

PI(4,5)P2 A genetic variant in PLCγ2, which breaks down
PI(4,5)P2, protects against AD2, acts as a risk
factor for AD.

McIntire et al. (2012) and
Sims et al. (2017)

PI(3,4,5)P3 Excess PI3K (generates PI(3,4,5)P3) activity in
AD.

Heras-Sandoval et al.
(2014)

Parkinson’S disease PI(4,5)P2 Reduced PLC activity and PI(4,5)P2 metabolism
in PD cortex, perhaps following the
accumulation of α-synuclein which appears to
inhibit PLC enzymes. Increased PI(4,5)P2 in PD
patient substantia nigra.

Sekar and Taghibiglou
(2018)

PI(3,4,5)P3 Excess PI3K (generates PI(3,4,5)P3) reduced
activity in PD3) increased in PD.

Bernier et al. (2013b),
Sekar and Taghibiglou
(2018) and Katan and
Cockcroft (2020)

Huntington’S disease PI(3)P Inhibiting PIP-4 kinase (phosphorylates PI(3)P)
reduces mHTT and rescues neurodegeneration
in HD drosophila.

Al-Ramahi et al. (2017)

PI(5)P Inhibiting PIP-4 kinase (phosphorylates PI(5)P)
reduces mHTT and rescues neurodegeneration
in HD drosophila.

Al-Ramahi et al. (2017)

Amyotrophic lateral
sclerosis

PI(4)P ALS risk gene VAPB is proposed to affect
neurite extension during differentiation via
regulation of PI(4)P distribution.

Genevini et al. (2019)

PI(3,5)P2 Non-synonymous variants in the PI(3,5)P2

phosphatase FIG4 found in 1–2% of ALS
patients. LOF leads to reduced levels of
PI(3,5)P2 and is suspected to affect autophagy.

Chow et al. (2007, 2009)
and Nguyen et al. (2019)

Aβ, amyloid β; AD, Alzheimer’s disease; INPP5D, Src homology 2 (SH2) domain containing inositol polyphosphatase 5-phosphatase 1; PLCγ2, phospholipase C γ 2;
SYNJ1, synaptojanin 1; PD, Parkinson’s disease; PTEN, phosphatase and tensin homolog; mHTT, mutated Huntington protein; HD, Huntington’s disease; ALS, amyotrophic lateral
sclerosis; VAPB, vesicle-associated membrane protein-associated protein B; FIG4, Factor induced gene 4; LOF, loss of function.

from the post-mortem prefrontal cortex and incubated with
PI(4,5)P2 before the addition of dopamine to activate PLC. These
membranes demonstrated reduced PLC activity, characterized

by decreased PI(4,5)P2 metabolism, within the PD samples
(Wallace and Claro, 1993). A major characteristic of PD
and other neurodegenerative diseases, including AD, is the
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accumulation of α-synuclein containing inclusions in the
brain (Visanji et al., 2019). α-synuclein has been shown to
preferentially localize to PI(4,5)P2 containing membranes, where
it appears to inhibit PLC enzyme activity and subsequent Ca2+

release (Narayanan et al., 2005), potentially explaining the results
of the earlier research by Wallace and Claro (1993).

In addition to altered PLC signaling, levels of phosphatase and
tensin homolog (PTEN), another phosphoinositide phosphatase,
are also altered in PD. Interestingly, in this same study,
PI(3,4,5)P3 was found to be decreased, and PI(4,5)P2 increased,
in substantia nigra samples from PD patient brains compared
to age-matched controls (Sekar and Taghibiglou, 2018). Within
PD, changing phosphoinositide levels could potentially be
mediated by the aforementioned α-synuclein inhibition of
PI(4,5)P2 degrading PLC enzymes, as well as upregulation of the
PI(3,4,5)P3 degradation enzyme PTEN.

Phosphoinositide Dyshomeostasis in
Huntington’s Disease
Phosphoinositide dyshomeostasis has also been observed in HD.
For one, HTT and mHTT can be seen to interact with a variety
of PIPs at membranes (Kegel et al., 2005). Interestingly, HTT
interacts primarily with PI(3,4)P2, PI(3,5)P2, and PI(3,4,5)P3,
whilst mHTT associates more strongly with PI(3,5)P2 than the
wild-type HTT, whilst also binding to PI(3)P, PI(4)P, PI(5)P,
and PI(4,5)P2. Changing binding affinities affects the recruitment
of the Huntington protein to specific cellular membranes where
distinct PIP species are located. This is likely to affect the
formation of growth factor signaling complexes within mHTT
cells (Kegel et al., 2009).

Studies by Al-Ramahi et al. (2017) further highlighted the
roles of PIPs in HD and even demonstrated the potential of
PIP regulation as a therapeutic target. This work focused on the
enzyme PIP4 kinase, which phosphorylates PI(5)P and PI(3)P
(Figure 1). They found that inhibiting this enzyme reduces
mHTT in both patient fibroblasts and neuronal cell models.
Moreover, this same study demonstrated how inhibition of
PIP4 kinase rescued mHTT-induced neurodegeneration in two
Drosophila HD models. This protective effect was speculated
to occur via increased PI(3,5)P2. PI(5)P, PI(3)P, and PI(3,5)P2
all have key roles in autophagy, known to be affected in HD
(Al-Ramahi et al., 2017).

Phosphoinositide Dyshomeostasis in
Amyotrophic Lateral Sclerosis
Several studies have highlighted a potential role for
phosphoinositol dyshomeostasis in the pathogenesis of ALS.
Firstly, non-synonymous variants in the PIP phosphatase Factor-
Induced Gene 4 (FIG4) appear in 1–2% of all ALS patients (Chow
et al., 2009). FIG4 regulates PI(3,5)P2 homeostasis, with loss
of function leading to a considerable reduction in the levels of
this phospholipid (Chow et al., 2007). This has been speculated
to affect autophagic function (Nguyen et al., 2019). Another
ALS risk gene linked to PIP homeostasis is vesicle-associated
membrane protein-associated protein B (VAPB; Genevini
et al., 2019). Through its various binding partners, this crucial
ER adaptor protein has roles in lipid exchange, membrane

traffic, Ca2+ signaling, cytoskeletal organization, autophagy,
mitochondrial function, and neurite extension. When mutated
in ALS, VAPB aggregates, forming intracellular inclusions which
greatly affect ER structure. VAPB depletion appears to disrupt
neurite extension during differentiation via reduced PI4P,
presumably following its key roles regulating PI4P distribution
(Genevini et al., 2019).

Summary
Phosphoinositides have key roles in the brain, and therefore
it should come as no surprise that both their levels and
distribution are affected by a wide variety of neurodegenerative
diseases. In several cases, this dyshomeostasis has been directly
linked to disease pathology, thereby highlighting the potential
of phosphoinositide-based therapies when looking to treat these
devastating and often incurable conditions.

Having discussed both the function of microglia and PIPs in
neurodegenerative disorders, the next section will explore the
potential outcomes of PIP dyshomeostasis on specific microglial
functions. The functions covered are TLR signaling, purinergic
signaling, endocytosis, chemotaxis, and migration.

PIP EFFECTS ON MICROGLIAL
FUNCTIONS AND IMPLICATIONS FOR
NEURODEGENERATION

Role of PIPs in TLR Signaling
TLR Signaling in Microglia
Toll-like receptors (TLRs) recognize conserved pathogen-
associated molecular patterns (PAMPs) of bacteria, viruses,
yeast, fungi, and parasites (Takeuchi et al., 2002). The human
genome encodes 9 TLRs (TLR1–9), all of which are expressed
in microglia (Bsibsi et al., 2002; Olson and Miller, 2004; Zhang
et al., 2013). Within the brain, TLR expression is highest in
glial cells (Lehnardt et al., 2002; Babcock et al., 2006), further
demonstrating the importance of these signaling pathways
regarding microglial function. TLR2 and 4 have been most
studied in and appear to have the most relevance regarding
neurodegenerative disease (Azam et al., 2019).

Upon activation, TLRs dimerize and recruit toll/interleukin
1 (TIR)-domain-containing adaptor proteins. These adaptor
proteins are myeloid differentiation primary response protein
88 (MyD88, TLRs 1–2 and 4–9), TIR-domain containing
adaptor protein (TIRAP, TLR 2 and 4), TIR domain-
containing adaptor-interferon β (TRIF, TLR3 and 4), and
TRIF-related adapter molecule (TRAM, TLR4; Takeda et al.,
2003; Yamamoto et al., 2003a; Le et al., 2014). Following
activation, MyD88 allows the nuclear translocation of NF-κB
via recruitment of tumor-necrosis-factor-receptor-associated-
factor 6 (TRAF6) and members of the IL-1R-associated kinases
(IRAK) family. This results in proinflammatory cytokine and
cyclooxygenase-2 (COX-2) production (Zhang et al., 1999;
Takeda and Akira, 2004; Broad et al., 2007; Kawai and Akira,
2010). TLR-mediated TRIF and TRAM activation result in
the induction of interferon-inducible genes, NF-κB dependent
signaling pathways, and chemokine production (Schafer et al.,
1998; Fitzgerald et al., 2003; Melchjorsen and Paludan, 2003;
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Yamamoto et al., 2003b; Pålsson-McDermott and O’Neill,
2004). In addition to the activation of inflammatory pathways,
TLR signaling has been suggested to enhance phagocytosis
(Tricker and Cheng, 2008).

Roles of Phosphoinositides in TLR Signaling
Phosphoinositides, in particular PI(4,5)P2, have been shown to
act as key regulators of TLR4 signaling (Le et al., 2014). TLR4 is
important in the immune response to LPS, heat-shock proteins,
extracellular matrix proteins, and various neurodegeneration-
related protein aggregates (Azam et al., 2019). Activation and
subsequent dimerization of TLR4 induce the formation of a
MyD88 and TIRAP protein complex (Yamamoto et al., 2002).
TIRAP requires PI(4,5)P2 binding to its N-terminal region
to initiate translocation to the plasma membrane, allowing
for downstream signal transduction and cytokine production
(Kagan and Medzhitov, 2006). This activation also results
in increased PI(4,5)P2 at the plasma membrane (Kagan and
Medzhitov, 2006), and conversely depleting PI(4,5)P2 stifles
downstream TLR4 signaling (Wan et al., 2010). In primary
microglia, BV2 microglia-like cells and primary astrocytes, this
appears to occur via upregulation of the PI(4,5)P2 synthesis
enzyme PIP-5 kinase following TLR4 activation (Jou et al.,
2006; Lee et al., 2010a,b; Nguyen et al., 2013). In this
way, phosphoinositide dyshomeostasis in neurodegenerative
conditions could have substantial effects on TLR activity.

In addition to modulating adaptor protein localization,
PI(4,5)P2 can also have indirect effects on TLR signaling.
Activated TLR4 is subsequently internalized via clathrin-
and dynamin-mediated endocytosis, where it initiates further
downstream signaling pathways within early endosomes (Kagan
et al., 2008). Endocytosis is tightly regulated by plasma
membrane PI(4,5)P2 levels (Bohdanowicz and Grinstein, 2013),
and studies have demonstrated how PI(4,5)P2 degradation by
PLCγ2 is critical for TLR4 endocytosis (Zanoni et al., 2011;
Schappe et al., 2018). In this way, changing PI(4,5)P2 levels in
the context of various neurodegenerative disorders will affect
TLR4 internalization and consequent signaling activation.

Furthermore, TLR9 can be seen to induce
autophagosome/lysosomal fusion—a key event in
autophagy—via the PI(4,5)P2 phosphatase oculocerebrorenal
syndrome of lowe (ORCL). TLR9 signaling activates ORCL in
lysosomes, which in turn reduces PI(4,5)P2 levels. PI(4,5)P2
is an inhibitor of TRPML1: an ion channel responsible for
autophagy induction (De Leo et al., 2016). Via this mechanism,
TLR9 dyshomeostasis, which has been observed in several
neurodegenerative diseases including AD and PD (Fiebich et al.,
2018), could result in altered PI(4,5)P2 levels, and perhaps result
in autophagy dyshomeostasis. Substantial evidence demonstrates
autophagy dysregulation in both AD and PD (Liu and Li, 2019;
Hou et al., 2020).

TLR Signaling Within the Neurodegenerative Disease
Aging, a key risk factor for numerous neurodegenerative diseases
(Hou et al., 2019), results in TLR dysregulation, characterized
by both impaired signaling and inappropriate activation (Shaw
et al., 2011). TLRs have highly established roles in numerous
neurodegenerative conditions (Fiebich et al., 2018). For one,

TLRs are upregulated in AD (Liu et al., 2005), ALS (Casula
et al., 2011; Lee et al., 2015), and PD brains (Kouli et al., 2019).
Furthermore, within human and mouse AD brains, upregulation
of TLRs (TLR 2, 4, 5, 7, 9) has been observed within microglia
surrounding amyloid plaques (Liu et al., 2005; Walter et al., 2007;
Jana et al., 2008; Letiembre et al., 2009). Also, neurodegeneration-
related proteins like Aβ (Jana et al., 2008; Richard et al., 2008;
Caldeira et al., 2017) and α-synuclein (Beraud et al., 2011; Daniele
et al., 2015) have been demonstrated to increase microglial
TLR expression.

When closely examining links between TLRs and
neurodegenerative disease, it quickly becomes apparent that the
relationship between signaling and pathology is often complex.
Increasing or decreasing the expression of various TLRs can
have both protective and detrimental outcomes in a wide
variety of neurodegenerative conditions (Rietdijk et al., 2016;
Azam et al., 2019).

The importance of TLR signaling in preventing the
development of AD is highlighted by studies demonstrating
how activation of TLR 2, 4, and 9 signaling can reduce
brain pathology and plaque build-up (Tahara et al., 2006).
Furthermore, TLR 4 and 2 knock-out mice demonstrate
increased amyloid plaque burden and cognitive decline (Song
et al., 2011; Zhou et al., 2019). The above affects appear to
occur via reduced microglial phagocytosis of amyloid plaques.
Conversely, TLR4 polymorphisms which reduce receptor
signaling have been observed to be protective against LOAD
(Minoretti et al., 2006). Moreover, numerous studies have
demonstrated how downregulating TLR signaling (2, 4, 6) can
protect against AD development (Chen et al., 2016; Rietdijk
et al., 2016; Zhang et al., 2016; Rangasamy et al., 2018; Long
et al., 2019). The observed discrepancies in outcome when
modulating TLR signaling in AD may reflect differences in
disease progression at the time of treatment. TLR signaling
inhibition to prevent excess neuroinflammation may be more
effective at later stages of the disease, whilst activation to prevent
the initial build-up of amyloid plaques appears to be beneficial at
earlier stages (Go et al., 2016; Pourbadie et al., 2018).

Numerous studies demonstrate upregulated TLR signaling
within PD. TLR upregulation within the PD brain is suspected to
be responsible for the observed α-synuclein-induced microglial
activation (Kouli et al., 2019). Within the HD field, however, so
far only one study has examined the role of TLR signaling in
disease pathogenesis. This study demonstrated how homozygous
deficiency of TLR2 or 3 or heterozygous deficiency of TLR4 was
able to extend lifespan in an HD mouse model (Griffioen et al.,
2018). Although preliminary, this data suggests that further
research into TLR signaling in HD, and perhaps investigating
TLR inhibitors, would be a promising research avenue. In
contrast to observations in PD and HD, TLR signaling in ALS
appears to slow disease progression, with myD88 KO/ALS mice
showing accelerated disease onset and reduced survival (Kang
and Rivest, 2007). Another study demonstrated the importance
of the TRIF pathway in protecting motor neurons within the
ALS brain (Komine et al., 2018). These observations suggest
that perhaps activating TLRs in ALS could provide some
therapeutic benefit.
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Targeting TLRs to Treat Neurodegenerative
Disease—Focus on TLR4/PI(4,5)P2
Having summarized the well-characterized roles of TLRs
and phosphoinositols in neurodegenerative conditions, the
next question is whether we can exploit this knowledge
when considering potential therapeutics. As TLRs have
been implicated in the pathology of numerous diseases,
both neurodegenerative and otherwise, many studies have
characterized the effects of both natural and synthetic
TLR agonists and antagonists (Gambuzza et al., 2014;
Ain et al., 2020). Given the particular importance of
phosphoinositides, namely PI(4,5)P2, in TLR4 signaling,
this review will focus on TLR4 as a therapeutic target for
neurodegenerative disease.

TLR4 activation to increase engulfment of misfolded protein
could act as a promising treatment strategy within the early-AD
brain. Potential candidates to activate TLR4 include the
non-toxic LPS derivative monophosphoryl lipid A (Yousefi et al.,
2019). As previously discussed, during later disease stages it
is likely that inhibiting effects of TLR4 can protect against
further neurodegeneration. Potential TLR4-pathway inhibitors
that have shown promise against early AD phenotypes include
the omega-3-polyunsaturated fatty acid alpha-linolenic acid (Ali
et al., 2020), geniposidic acid (Zhou et al., 2020), and Alpinia
oxyphylla-Schisandra chinensis (Qi et al., 2019). TLR4 inhibitors
have also been investigated to treat PD. One such compound
is vinpocetine, which appears to reduce TLR expression and
improve the cognition of PD patients; although whether or not
this improvement occurs specifically via effects on TLR signaling
is yet to be determined (Ping et al., 2019).

As TLR signaling, particularly TLR4 signaling, is highly
influenced by changing PI(4,5)P2levels, it may be possible
to boost any protective effects by combining TLR-targeting
and PI(4,5)P2 manipulating compounds. This could involve
co-treating with drugs to increase PI(4,5)P2 levels when
activating TLR4 and reducing PI(4,5)P2 when inhibiting TLR4.
There are several options available for manipulating PI(4,5)P2
levels (Idevall-Hagren and De Camilli, 2015). One way would
be by activating or inhibiting PLCγ2: the enzyme that breaks
down PI(4,5)P2.

To conclude this section, TLR signaling, a key function
of microglia, is dysregulated in numerous neurodegenerative
conditions. This potentially allows for the possibility of using the
same drug to treat multiple disorders. TLR signaling has strong
links to phosphoinositide metabolism, another function known
to be disrupted in the same conditions. These links could be
exploited when investigating potential therapeutics.

Roles of PIPs in Purinergic Signaling
Purinergic Signaling in Microglia
The purinergic signaling system has wide-ranging implications
for CNS function. This system consists of enzymes, transporters,
receptors, and other proteins which facilitate the recognition,
secretion, and degradation of extracellular nucleotides and
nucleosides. Within the CNS, nucleotides [such as adenosine
triphosphate (ATP), adenosine diphosphate (ADP), and uridine

diphosphate (UDP)] are released from cells in exosomes. ATP
is often released from damaged cells following CNS injury
(Neary et al., 1994). Following the release, nucleotides are
rapidly degraded by ectonucleotidases, generating both other
nucleotides and adenosine. Adenosine binds to P1 purinergic
receptors (A1, A2A, A2B, and A3), which are widely expressed
across the CNS. Adenosinergic signaling within microglia has
key roles regarding activation. Nucleotides bind to ionotropic
P2X(P2X1–7) and metabotropic P2Y (P2Y1, 2, 4, 6, 11–14)
receptors, which are again widely expressed, and act as
key mediators in neuronal-glial signaling networks. ATP
binding to P2X receptors opens a non-selective Na+, K+, and
Ca2+ cation pore. P2Y receptors are activated by a variety
of nucleotides and share the seven-transmembrane-domain
topology of G-protein coupled receptors. Activated P2Y 1,
2, 4, 6, and 11 receptors use Gq/G11 to activate PLC and
initiate Ca2+ release from the ER, which in turn induces store-
operated Ca2+ entry via Orai1 and TRPC (Lim et al., 2017).
P2Y 12–14 couple to Gi/0, which activate G protein-gated,
inwardly rectifying potassium (GIRK) channels to modulate
downstream ion channels (Abbracchio et al., 2009; Erb and
Weisman, 2012).

Microglia express the P1 receptors A1, A2A and A3 (Haskó
et al., 2005), and the P2 receptors P2X4, P2X7, P2Y6, P2Y12, and
P2Y13 (Calovi et al., 2019). A1R expression on microglia appears
to reduce activation; A2AR expression occurs in response to
immune-stimuli, results in cytokine and nitric oxide (NO)
release, and affects neuronal survival; A3R expression promotes
chemokine release (Boison et al., 2010). Increased P2X7R
expression in microglia leads to microgliosis, NO and reactive
oxygen species release, ATP release, NLRP3 inflammasome
assembly, caspase-1 cleavage, chemokine, and cytokine release
(Choi et al., 2007; Takenouchi et al., 2009; Shieh et al.,
2014; He et al., 2017; Munoz et al., 2017; Yue et al., 2017).
Persistent P2X7 activation also leads to the formation of a large
non-selective pore that appears to reduce microglial viability and
increase cytotoxicity (Seeland et al., 2015; Monif et al., 2016).
Effects of P2X4R expression in microglia are not particularly
well understood, although it also appears to promote activation
and inflammation (Calovi et al., 2019). Furthermore, prolonged
P2X4 activation appears to result in a large non-selective
pore in a similar way to P2X7, although this pore appears
non-cytotoxic (Bernier et al., 2012a). P2Y12R is established
as a marker for healthy, ramified microglia (Mildner et al.,
2017), is downregulated during activation (Haynes et al., 2006),
and has key roles in cell migration and chemotaxis (Ohsawa
et al., 2010). The roles of P2Y12R in chemotaxis will be
further explored in a later section. Moreover, P2Y12R, alongside
P2Y13R, have roles in inflammatory cytokine production and
release from microglia (Liu et al., 2017). P2Y6, via UDP,
initiates microglial phagocytosis (Neher et al., 2014), whilst
also promoting neuroinflammation via cytokine (Yang X. et al.,
2017), chemokine (Kim et al., 2011; Morioka et al., 2013), and
NO production (Quintas et al., 2014).

The above information demonstrates the crucial
role of purinergic signaling regarding a wide variety of
microglial functions.
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Roles of Phosphoinositides in Purinergic Signaling
All known P2X channels (except P2X5) have been demonstrated
to be regulated by phosphoinositide signaling, with PIPs proving
crucial cofactors for channel activity (Bernier et al., 2013b). This
review will discuss in detail only P2X4 and P2X7 regulation
by PIPs, as these are the P2X channels expressed in microglia
(Calovi et al., 2019).

PI(4,5)P2 and PI(3,4,5)P3 have been demonstrated to increase
P2X4 channel activity. Activity, including P2X4-mediated Ca2+

entry, can be stopped by depleting either PI(4,5)P2 or PI(3,4,5)P3
and rescued by intracellular injection of these lipids (Bernier
et al., 2008). As previously mentioned, prolonged ATP-mediated
P2X4 stimulation leads to the formation of a highly permeable
pore, and this process is also inhibited by PI(4,5)P2 depletion
(Bernier et al., 2012a). PIP binding appears to affect P2X activity
by inducing a conformational change that affects channel gating
(Bernier et al., 2008, 2012b). Specific lysine residues of the P2X4
C-terminal region appear crucial for PIP-P2X4 interactions, with
mutation of these residues inhibiting PI(4,5)P2 and PI(3,4,5)P3
binding. The seemingly non-specific nature of the P2X binding
site within the P2X4R means that it is likely regulated by a host
of PIP species (Bernier et al., 2013b).

Pharmacological inhibition of PI(4,5)P2 synthesis has been
demonstrated to reduce P2X7R current density (Zhao et al.,
2007). Similar to P2X4, specific positively charged residues
within P2X7R were found to be directly responsible for this
PI(4,5)P2 mediated receptor activation (Zhao et al., 2007),
although in this case interactions may be indirect (Bernier et al.,
2012b). Indirect interactions of PI(4,5)P2 and other PIP-sensitive
receptors via linker proteins has previously been characterized,
and P2X7R has been shown to interact with α-actinin (Kim et al.,
2001): a known linker protein which facilitates the interaction
between PI(4,5)P2 and glutamate receptors (Kim et al., 2008).

Increasing evidence suggests the PI(4,5)P2 degradative
enzyme PLCγ2 as an indirect regulator of numerous P2X
channels via modulation of PI(4,5)P2 levels (Bernier et al.,
2013b). This enzyme-driven channel regulation via PIP
synthesis/degradation has been demonstrated for several
other types of receptor, for example, PIP degradation by PLC
modulates TRPM7, GIRK, and KCNQ channel activity (Caulfield
et al., 1994; Kobrinsky et al., 2000; Runnels et al., 2002; Cho
et al., 2005; Brown et al., 2007). Moreover, stimulating PLCγ2-
mediated PI(4,5)P2 hydrolysis via activation of platelet-derived
growth factor receptor led to reduced P2X7R activity, with
PI(4,5)P2 addition reversing this effect in macrophages (Zhao
et al., 2007). This theory is further supported by observations that
UDP-mediated activation of P2Y6 leads to PLC activation within
microglia, followed by reduced P2X4R activity, presumably
due to falling PI(4,5)P2 levels (Bernier et al., 2013a). As P2Y
receptors often signal via PLCγ2, which is in turn regulated
by PI(4,5)P2 levels (Erb and Weisman, 2012), P2Y signaling is
also likely to be tightly linked to phosphoinositide homeostasis
within microglia.

In addition to interaction with P2X channels, ATP and
PI(4,5)P2 binding has been demonstrated to co-regulate key
intracellular signaling proteins. This includes focal adhesion
kinase, which has been demonstrated to impact microglial

mobility (Choi et al., 2015). Furthermore, ATP-sensitive
potassium channels or KATP channels, which have key roles
regarding initiation of inflammation by microglia (Rodriguez
et al., 2013), are also co-regulated by PI(4,5)P2 binding
(Li et al., 2017).

The above evidence demonstrates a clear regulatory function
of phosphoinositide species, particularly PI(4,5)P2, with regards
to purinergic signaling. This means that PIP dyshomeostasis
within neurodegenerative disease will likely have substantial
implications regarding microglial purinergic signaling and
downstream phenotypes.

Purinergic Signaling and Neurodegenerative Disease
Purinergic signaling has well-established roles within numerous
neurodegenerative disorders including AD, PD, HD, and ALS
(Puchaowicz et al., 2014).

P1 receptors are seen to be upregulated early in disease
progression within the most affected areas of PD patient
brains (Villar-Menéndez et al., 2014). Also, two polymorphisms
in the A2A receptor appear to reduce PD risk (Popat
et al., 2011). This dysregulation is also seen in AD, with
increased A2A receptor expression observed in the cortex and
hippocampal microglia in post-mortem brains (Angulo et al.,
2003). Following these observations, many clinical trials are
currently underway investigating A1 receptor antagonists as a
therapeutic target for Parkinson’s disease, with some showing
promise (Tóth et al., 2019). In vitro and in vivo studies
suggest similar neuroprotective effects of A1 modulators in
AD, with antagonism of A2ARs appearing to reduce amyloid
plaque formation (Woods et al., 2016). One such A2A receptor
antagonist is caffeine (Fredholm et al., 1999): known to
reduce the risk of a variety of neurodegenerative conditions
(Eskelinen and Kivipelto, 2010). Within ALS however, activation
of A2A receptors appears protective, with caffeine negatively
affecting neurological phenotypes, although this effect is
stage-dependent (Sebastião et al., 2018). A similar effect,
alongside downregulation of the A2A receptor, is seen in HD
(Blum et al., 2018).

P2X receptors are also acknowledged to play important
roles in neurodegenerative disease development. P2X7R is the
most widely studied regarding its roles in neurodegeneration,
following observations that it is upregulated in microglia from
a variety of conditions including AD and PD (McLarnon et al.,
2006; Durrenberger et al., 2012).Within AD, increasedmicroglial
purinergic signaling via the P2X7R appears to contribute to both
altered Aβ metabolism, a heightened inflammatory response,
and synaptotoxicity (Woods et al., 2016). Though not as well
studied as P2X7, P2X4 also appears to be dysregulated in
the AD brain and is seen to increase following exposure to
Aβ (Varma et al., 2009). These observations, alongside known
roles of the P2X4R in eliciting inflammatory responses (Calovi
et al., 2019), suggest potential roles in AD pathology. Within
PD, P2X7 receptors are thought to contribute to pathology
via increased synaptotoxicity, neurotoxicity, and gliosis (Carmo
et al., 2014). Though current research on purinergic signaling
in PD has focused on P2X7, P2X4 has also been implicated
in PD pathology. Altered P2X4 signaling in PD is thought to
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interfere with dopaminergic signaling, therefore contributing
to observed difficulty with motor control and sensorimotor
gating in PD mouse models (Khoja et al., 2016). P2X7R
expression is also increased within HD mouse brains, and
treating with a P2X7R antagonist inhibits neuronal loss while
improving motor coordination (Díaz-Hernández et al., 2009).
Within ALS, in contrast to that observed in AD, PD, and
HD, P2X4, and P2X7 expression appear to protect against
neurodegeneration (Oliveira-Giacomelli et al., 2018). Indeed,
allosteric P2X4 activation increases the lifespan of ALS-mice
(Andries et al., 2007) and P2X7R knock-out ALS mice show
accelerated neurodegeneration (Apolloni et al., 2013).

P2Y receptors are also dysregulated in a variety of
neurodegenerative conditions. Within AD microglia, P2Y
signaling can be seen to affect microglial migration, chemokine
and cytokine production, endocytosis, phagocytosis, Aβ

metabolism, and oxidative stress responses (Erb et al.,
2015). UDP-mediated P2Y6 signaling appears to increase
phagocytosis of viable neurons by activated microglia. Perhaps
unsurprisingly given the above observations, the P2Y6R
has been suggested to contribute to microglial activation,
inflammation, and phagocytosis of viable neurons in PD.
P2Y6R appears to increase in PD models, and antagonists
of this receptor appear to delay neuronal death following
inflammation (Yang X. et al., 2017; Oliveira-Giacomelli et al.,
2019). To our knowledge, no research has been done currently
investigating UDP/P2Y6R signaling in AD models, although
this would likely be a fruitful avenue in future studies. P2Y12,
alongside its roles in chemotaxis, has been suggested to be
important for synaptic plasticity and synaptic pruning (Sipe
et al., 2016). As increased synaptic pruning is emerging as a
key phenotype of neurodegenerative diseases, including AD
and PD, this receptor may have roles in the pathology of a
variety of neurodegenerative disorders (Lee and Chung, 2019).
Microglial P2Y13R expression has been shown to induce
astrocyte proliferation, which could also have implications for
neurodegeneration, although no studies have specifically looked
at this in this receptor context of neurodegenerative diseases
(Quintas et al., 2018).

Whist more work needs to be done to thoroughly characterize
the roles of microglial purinergic signaling in neurodegenerative
disease, these signaling pathways have clear implications
regarding dementia pathology.

Targeting Purinergic Signaling to Treat
Neurodegenerative Disease
Drugs targeting purinergic signaling are showing
great promise regarding the treatment of a variety of
neurodegenerative disorders.

Several A2A receptor antagonists have been characterized
and investigated in clinical trials on PD patients, showing
various degrees of success. So far, however, despite the
benefits of A2A antagonism seen in vivo and in vitro in AD
models, no compounds have moved to clinical trials as of
yet for this condition. Several P2Y receptor antagonists exist,
although to date none have been investigated as potential
treatments for neurodegenerative diseases (Von Kügelgen and

Hoffmann, 2016). A variety of A2A receptor agonists are
available, although many appear to have adverse side effects
(Guerrero, 2018).

P2X7 antagonists appear to reduce pathologies in several
neurodegenerative disorders, including AD and PD (Burnstock
and Knight, 2018). Many have been previously tested in
clinical trials for the treatment of non-neurological disorders,
such as rheumatoid arthritis and Crohn’s disease (Cao et al.,
2019). Following its promise as a potential wide-ranging
therapeutic target, numerous highly potent, stable, centrally
penetrant P2X7R antagonists are currently being developed
and tested for a wide range of conditions (Rech et al., 2016).
P2X4 antagonists have proved harder to generate, although some
are now available and are likely to be investigated in future
studies for beneficial effects on neurodegenerative disorders
(Stokes et al., 2017).

Given the potential of P2XR7 and P2XR4 inhibition as
potential therapeutic targets for neurodegenerative disorders,
and that these channels are activated by PIPs, it may be
the case that dual P2X and PIP synthesis inhibition could
act as a potential therapeutic. As mentioned in the previous
section on TLR signaling, there are several options available
for modulating PIP levels (Idevall-Hagren and De Camilli,
2015). Moreover, given that PLCγ2 hydrolysis of PI(4,5)P2
can be seen to modulate P2X activity (Bernier et al.,
2013b), potentially activating PLCγ2, alongside direct purinergic
signaling modulation, could be protective against neurological
disease progression.

In summary, purinergic signaling, a key regulator
of microglial function, is dysregulated in numerous
neurodegenerative disorders. This process has strong links
to phosphoinositide metabolism. These links could be exploited
when investigating potential therapeutics.

Role of PIPs in Microglial Endocytosis
Endocytic Systems in Microglia
Microglia, like all tissue-resident macrophages, are dedicated
phagocytes tasked with immune surveillance and the elimination
of pathogens. These cells can recognize, engulf and destroy
foreign bodies. In addition to their immuno-protective role,
microglia also perform important housekeeping tasks such
as removing apoptotic cells and mediating synaptic pruning
during development (Wake et al., 2011). Microglia survey
their environment by constantly patrolling a set region for
indications of danger or damage (Madry et al., 2018). Large
particles are internalized via phagocytosis, whilst other endocytic
uptake methods (e.g., micro and macro-pinocytosis) are utilized
for the uptake of fluid-phase material and soluble antigens
(Solé-Domènech et al., 2016). Micropinocytosis includes
receptor-mediated uptake methods, such as clathrin-mediated
and caveolae-mediated endocytosis (Mettlen et al., 2018;
Li et al., 2019).

During phagocytosis and macropinocytosis, large vacuoles
are known as phagosomes, and macropinosomes form via actin
rearrangement (May andMachesky, 2001). These vacuoles engulf
the target material following the invagination of the plasma
membrane. The vacuole is then brought into the cytoplasm
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where it fuses with the lysosome, which degrades the captured
material (Gray et al., 2016). Phagocytosis and macropinocytosis
can be artificially divided into two phases. First the formation
of the vacuole, and then its progression and maturation through
the endocytic pathway. Similar molecular machinery is involved
in phagocytic and macropinocytic systems. These processes
involve complex signaling cascades, which lead to cytoskeletal
reorganization and membrane remodeling. Both systems begin
with Rho GTPase activation and the extension of actin-driven
membrane protrusions (West et al., 2000), followed by activation
of PI3K which results in large-scale membrane remodeling
(Araki et al., 1996).

Clathrin-mediated endocytosis is the major entry route for
extracellular hormones and signaling factors and serves to
regulate the internalization of transmembrane receptors as well
as the recycling of pre-and postsynaptic membrane proteins
(Le Roy and Wrana, 2005). Caveolae are invaginations of
the plasma membrane generated by caveolins, proteins with
a membrane-integral hairpin anchor, and cavins, cytoplasmic
proteins that are required for the stabilization of caveolae (Parton
and del Pozo, 2013). Following their internalization, caveolae
display multiple additional roles within the cell, participating
in mechano-sensing, compartmentalized signaling, and lipid
metabolism (Del Pozo et al., 2020).

The following sections discuss the role of PIPs in the above
described endocytic processes and speculated involvement of
these lipids is summarized in Table 3.

Roles of Phosphoinositides in Phagocytosis
When microglia initially encounter phagocytic targets,
extracellular signals must be conveyed across the plasma
membrane to initiate the complex cellular behaviors that
culminate in uptake. It is becoming increasingly apparent
that PIPs play a prominent role in relaying this information.
Indeed, both the detection of ligands by transmembrane
phagocytic receptors and the ruffling of membranes during
macropinocytosis are accompanied by local changes in PIP
composition (Gillooly et al., 2001). PIPs also coordinate
phagosome maturation, whereby membrane fusion and
fission events lead to the acquisition of degradative properties
(Vieira et al., 2002).

PI(4,5)P2 and its metabolites (Figure 2) are pivotal to
the control of numerous events in phagocytosis including
the rearrangement of the actin cytoskeleton (Rohatgi et al.,
2000), receptor mobility (Jaumouillé and Grinstein, 2011),
integrin activation (Martel et al., 2001), and ion channel activity
(Suh and Hille, 2005). To control these disparate events it
is important that PI(4,5)P2 levels change only locally during
phagocytosis and that each event occurs in discrete locations
(Kutateladze, 2010). Work by Botelho et al. (2000) characterized
an accumulation of PI(4,5)P2 in emerging pseudopods during
the early stages of phagosome formation, followed by a
drop in levels at the base of the phagocytic cup as the
pseudopodia extend. Following phagosome sealing and severing,
phagosomal PI(4,5)P2 decreases precipitously and is no longer
detectable by fluorescence microscopy (Botelho et al., 2000).
This decrease appears to initially occur via PI3K-mediated

phosphorylation of PI(4,5)P2 into PI(3,4,5)P3. PI3K also serves
as a signal for the recruitment of PLCγ, which then acts as
the predominant method for reducing PI(4,5)P2levels within
phagosomes (Falasca et al., 1998).

PI(4,5)P2 promotes the activation of several actin-regulatory
proteins which encourage filament assembly and inhibit
disassembly (Saarikangas et al., 2010). This leads to an increase
in the number of barbed ends and also induces de novo
actin nucleation by activating nucleation-promoting factors
(Miki et al., 1996). Also, ezrin, radixin, and moesin (ERM)
proteins, which link the cytoskeleton to the plasma membrane,
are known to be partially controlled by PI(4,5)P2 levels
(Bretscher et al., 2002). As such the localized increase in
PI(4,5)P2 that occurs after the activation of phagocytic receptors
results in reorganization of the actin cytoskeleton, driving the
extension of pseudopodia around the surface of phagocytic
targets (Coppolino et al., 2002). Blocking this local increase in
PI(4,5)P2 appears to prevent the formation of phagocytic cups
and therefore inhibits phagocytosis (Coppolino et al., 2002).
Interestingly, dismantling of actin at the base of the cup and
particle internalization are also blocked if high PI(4,5)P2 levels
are sustained by promoting PIP5K-mediated synthesis or by
inhibiting PLCγ-driven degradation (Scott et al., 2005). This
suggests that the reduction of PI(4,5)P2 is linked to actin
disassembly, which is in turn required for the completion
of phagocytosis.

In addition to the consequences that PI(4,5)P2 metabolism
has on cytoskeletal dynamics, the breakdown of this PIP to
its secondary metabolites also has important ramifications in
the phagocytic process. PLCγ-mediated hydrolysis of PI(4,5)P2
leads to the formation of DAG and Ins(1, 4, 5)P3 (IP3). DAG
generation coincides in space and time with the disappearance of
PI(4,5)P2. Interestingly, though neither DAG nor IP3 is essential
for particle engulfment, inhibition of PLCγ blocks the phagocytic
response (Botelho et al., 2000; Scott et al., 2005). This suggests
that it’s the disappearance of PI(4,5)P2, rather than the formation
of its metabolites that is required for phagocytosis. However,
DAG recruitment of PKC isoforms and increased Ca2 levels
in the cytoplasm is required for later stages of phagocytosis
(Ueyama et al., 2004; Nunes et al., 2012; Schlam et al., 2013;
Bengtsson et al., 1993).

Like other 3-polyphosphoinositides, PI(3,4,5)P3 levels are
scarce in unstimulated cells. However, PI(3,4,5)P3 is quickly
generated following activation of immune receptors. The
metabolism of PI(3,4,5)P3 is strictly and dynamically regulated,
and in general restricted to the cytosolic side of the cell
membrane (Palmieri et al., 2010). During phagocytosis, the
spatiotemporal dynamics of PI(3,4,5)P3 synthesis mirror those
of PI(4,5)P2 breakdown, consistent with a role for class I
PI3K in mediating the conversion of PI(4,5)P2 to PI(3,4,5)P3.
PI3K is recruited to and activated at sites of phagocytosis
following particle engagement (Marshall et al., 2001). Synthesis
of phagosomal PI(3,4,5)P3 is detectable shortly after phagocytic
targets are engaged, and this PIP continues to accumulate as the
phagocytic cup progresses. While PI(3,4,5)P3 is still detectable
after sealing, its presence in the phagosomal compartment
is short-lived, and its concentration declines sharply within
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TABLE 3 | Suspected involvement of PIP species in various forms of endocytosis.

Type of endocytosis PIP species involved Mechanism References

Phagocytosis PI(4,5)P2 Increase following target recognition allows
the formation of pseudopodia.

Later reduction essential for the completion
of phagocytosis.

Coppolino et al. (2002) and
Scott et al. (2005)

PI(3)P The transient increase allows maturation
and sealing of phagosomes.

Vieira et al. (2001)

Macropinocytosis PI(4,5)P2 Enriching this PIP in membrane ruffles
stimulates macropinocytosis.

Donaldson (2003)

PI(3)P Participates in vacuole formation. Yoshida et al. (2009)

Clathrin-mediated endocytosis PI(4,5)P2 Required for the invagination of
clathrin-coated vesicles.

Antonescu et al. (2011)

Caveolae-mediated endocytosis PI(4,5)P2 Accumulates at the rim of caveolae vesicles. Nunes and Demaurex (2010)

FIGURE 2 | Roles of PI(4,5)P2 in early phagocytosis. (A) When a target is detected by a phagocytic cell PI(4)P is converted to PI(4,5)P2by PIP5K. PIP5K associates
with the plasma membrane along its positively charged surface. PI(4,5)P2 mediates linkage of actin networks (red) to integral plasmalemmal proteins through
intermediary ezrin, radixin, and moesin (ERM) proteins. (B) When the phagosome sealing begins depletion of PI(4,5)P2 from the base of the cup leads to the removal
of actin filaments. PI(4,5)P2 is converted by kinases (PI3K), phosphatases (OCRL), and phospholipases (PLCγ). This allows the movement of the closed vacuole into
the cell.

1–2 min. Notably, SHIP accumulates at the phagosomal
membrane (Marshall et al., 2001), where it promotes the
breakdown of PI(3,4,5)P3 to PI(3,4)P2 (Marshall et al., 2001;
Kamen et al., 2007). Perhaps unsurprisingly given its key and
early role in the phagocytic process, near-complete inhibition of
phagocytosis is seen in macrophages treated with PI3K inhibitors
(Cox et al., 1999).

Though its cellular concentration is comparatively low, the
PIP PI(3)P is also critically involved in the maturation of
phagosomes. In mammalian cells, PI(3)P is found mainly at
the cytoplasmic leaflet of early endosomes and in intraluminal
vesicles of multivesicular bodies (Kaminska et al., 2016).
However, sealing of the phagosome and its internalization
is followed by a striking yet transient accumulation of
this PIP, which lasts for about 10 min and coincides

with the centripetal movement of the phagosomal vacuole
(Vieira et al., 2001).

Roles of Phosphoinositides in Other Forms of
Endocytosis
A central role for PIPs as spatial landmarks for membrane
trafficking in other forms of endocytosis has emerged (Cremona
and De Camilli, 2001; De Matteis and Godi, 2004). Despite
only constituting <10 % of the total cellular phospholipids, PIPs
act as key regulators of intracellular membrane traffic and cell
signaling. Together with their corresponding vesicle adaptors
and transmembrane cargo proteins, phosphoinositides can be
seen as part of a system for directing membrane trafficking
pathways (Wenk and De Camilli, 2004). PI(4,5)P2is required
for the invagination of clathrin-coated vesicles (CCVs), the
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fusion of secretory granules with the plasmalemma, and for
macropinocytosis. Other PIPs have been localized to distinct
intracellular membranes and it now seems that many of the
key proteins involved in vesicle formation, fusion, and fission
are important targets of these lipids. For one, the formation
of PI(4,5)P2-enriched membrane ruffles by overexpression of
Arf6-GTP stimulates clathrin-independent macropinocytosis
(Donaldson, 2003). Several enzymatic activities appear to
contribute to PI(4,5)P2 degradation, which is required for
the uncoating of CCVs (Cremona et al., 1999). Among
these are PLCδ, inositol 5-phosphatases including synaptojanin,
SHIP, OCRL, 5-phosphatase II, and proline-rich inositol
polyphosphate 5-phosphatase. Moreover, PI(4,5)P2 is the
precursor for PI(3,4,5)P3 synthesis following activation of PI3K
by ligand-bound cell signaling receptors (De Matteis and Godi,
2004). How exactly the interplay between PI kinases and
phosphatases is regulated is unclear.

Several studies have documented the presence of PI(3,4)P2 in
macropinosomes. This PIP appears to be generated by SHIP2 and
broken down by INPP4B (Hasegawa et al., 2011; Welliver and
Swanson, 2012; Maekawa et al., 2014). PI(3)P can also be found
within early macropinosomes in myeloid cells (Yoshida et al.,
2009). Unlike during phagocytosis, where PI(3)P is believed to
be important for vesicle maturation, during macropinocytosis
PI(3)P has been proposed to participate in vacuolar formation.
Additionally, inhibiting PI(3)P synthesis by knocking down
INPP4B impairs micropinocytosis (Maekawa et al., 2014).

Whilst the core components of caveolae are not known
to associate with PIPs directly, the dynamin-related ATPase
EHD2 binds PI(4,5)P2-rich membranes before recruitment to
caveolae containing vesicles (He et al., 2004). EHD2 functions as
a negative regulator of caveolae internalization by retaining this
protein at the plasma membrane and this function require lipid-
binding (Cheng et al., 2007). Interestingly, Nunes and Demaurex
(2010) labeled PI(4,5)P2 bound to the PH-domain of PLCδ

on freeze-fractured plasma membrane leaflets and reported the
accumulation of PI(4,5)P2 at the rim of caveolae vesicles. The
precise significance of the role of PIPs in caveolin-mediated
endocytosis thus remains elusive, yet caveolae do appear to be
regulated by PI(4,5)P2.

Endocytosis and Neurodegenerative Disease
One of the principal roles of microglia in neurodegeneration
is the clearance of protein aggregates, myelin debris, and
apoptotic cells in an attempt to maintain healthy brain
homeostasis. Many neurodegenerative conditions present with
increasing accumulation of toxic extracellular proteins such
as Aβ plaques in AD, and increased apoptosis of cells such
as the loss of dopaminergic neurons in PD. It is therefore
clear that alterations in microglial phago and endocytosis
would have important implications regarding the progression of
neurodegenerative conditions.

FcR-mediated phagocytosis and complement activation play
a critical role in the removal of plaques from the AD brain
(Lee and Landreth, 2010). Furthermore, monocyte chemotactic
protein-1 (MCP-1/CCL2), coupled with its binding receptor
CC-chemokine receptor 2, appear crucial mediators of the

neuroinflammatory response that drives the disease process
in a mouse model of AD (Kiyota et al., 2009, 2013; Bose
and Cho, 2013). CCL2-deficient AD mice (APP/PSEN1 mice)
showed decreased microglial phagocytosis of both monomeric
and oligomeric Aβ42 and accelerate Aβ deposition (Kiyota
et al., 2013). Moreover, GWAS studies (Sims et al., 2017)
have found several AD disease risk factors that are linked to
both phagocytosis and phosphoinositides including a hyper-
functional protective variant of PLCγ2 which hydrolyzes
PI(4,5)P2 (Magno et al., 2019). Knockout of PLCγ2 has been
shown to reduce phagocytosis in microglia (Andreone et al.,
2020). Similarly, AD-GWAS variants in TREM2, an upstream
receptor in this pathway, have been shown to affect phagocytosis
both positively and negatively (Kim et al., 2017). Abi3, another
risk factor for AD, is linked to actin polymerization and may
also have a role in phagocytosis (Moraes et al., 2017; Conway
et al., 2018). It is important to note however that despite
the observed protective roles of microglial phagocytosis in the
neurodegenerative brain increasing phagocytosis in microglia
may not always improve brain pathology. AD microglia have
been shown to display disrupted microglia-mediated synaptic
pruning, which correlates with decreased cognitive ability
(Brucato and Benjamin, 2020).

In addition to observations in AD, in vitro studies of
microglia treated with monomeric α-synuclein as a model of
PD exhibit enhanced phagocytosis (Park et al., 2008). Using
proteomic technology, Liu et al., have shown that a variety
of types of membrane proteins were potentially involved in
microglial internalization of α-synuclein (Liu et al., 2007). In
particular, clathrin was demonstrated to play a critical role
in the endocytosis of aggregated α- synuclein, probably in
a receptor-ligand sequestration-related manner, although the
exact mechanism requires further study (Liu et al., 2007). In
Huntington’s disease extracellular mHTT is cleared bymicroglial
phagocytosis (Crotti and Glass, 2015). Moreover, within FTD
and ALS, mutations in phagocytosis-associated genes expressed
by microglia in the CNS have been identified as risk factors.
These genes include missense mutations in TREM2 (Cady
et al., 2014; Kleinberger et al., 2014). Also, mutations in PFN1,
encoding Profilin, have been identified as a causative mutation
in ALS. Profilin is important for the regulation of actin dynamics
(Wu et al., 2012; Fil et al., 2017).

Targeting Microglial Endocytosis to Treat
Neurodegenerative Disease
As discussed in the previous section, microglial phagocytosis
plays an important role in the neuroimmune response to
neurodegenerative conditions. As such it presents a tempting
target for therapeutic intervention. However, it is worth
remembering one of the clinical symptoms of AD is the chronic
loss of synapses caused by microglial phagocytic engulfment
(McQuade and Blurton-Jones, 2019). Moreover, AD and PD
microglia can be seen to contribute to neurodegeneration via
phagocytosis of injured but functional neurons (Brown and
Neher, 2012; McQuade and Blurton-Jones, 2019). As such simply
upregulating phagocytosis may not be useful. Ongoing genetics-
based studies however may suggest a more effective route
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allowing a more targeted approach. There is a significant amount
of work to still be done in this area before any therapies can be
brought to the clinic. Given the importance of PIPs throughout
the phagocytic process, possibly the future therapeutics targeting
phagocytosis would benefit from co-manipulation of PIP levels.

Role of PIPs in Microglial Chemotaxis and
Migration
Chemotaxis and Migration in Microglia
Cell migration is crucial to the function of microglia, allowing
them to patrol their region of interest and respond to sites
of damage. Microglia react rapidly to damage signals with a
positive chemotactic response. Upon detection of these signals,
microglia undergo complex molecular and cytoskeletal changes
that polarize the cell towards the direction of the damage site.
Once stimulated to migrate, cells form a coordinated outgrowth
of protrusions and adhesions, which results in translocation
of the cell body by contraction towards the adhering zones.
Finally, the adhesions are disassembled and the rear of the
cell is retracted (Smolders et al., 2019). As a cell advances,
newly extended protrusions adhere to the extracellular substrate
using integrins. Integrins are attached to interacting myosin
II and actin filaments (F and G type) via adaptor proteins,
which allows for the generation of traction force (Lauffenburger
and Horwitz, 1996). Previous studies have demonstrated that
primary rat microglia (P0–P2) do not demonstrate classic
types of adhesions during migration (which uses cell adhesion
molecules such as cadherins), but instead form podosomes.
These are 0.4–1 µm multimolecular structures with an F-actin
core surrounded by a ring of adhesion and structural proteins.
Through Ca2+ signaling in these podosomes, microglia are
able to adhere to and degrade fibronectin substrates using
matrix metalloproteinases. This allows them to transverse the
extra cellular matrix (Siddiqui et al., 2012; Vincent et al.,
2012).

Microglia mobility can be broadly divided into two main
functional modes; surveillance and chemotaxis. Both these
systems involve altering the cytoskeletal structure of the
microglia using the high amounts of filamentous actin in
motile bundles present in microglial cells (Capani et al., 2001;
Lambrechts et al., 2004). In vivo and in situ studies using
genetically targeted microglia have demonstrated that microglial
tissue surveillance in the healthy CNS is almost exclusively
performed by their long, thin, and highly branched processes,
which extend and retract at average velocities of 2.5 µm/min
(Davalos et al., 2005; Nimmerjahn et al., 2005; Wu et al., 2007;
Li et al., 2012). Their high process motility (as well as their
high cell density in the brain) allows microglia to scan the
entire brain parenchyma once every few hours (Nimmerjahn
et al., 2005). The mechanism of this surveillance is not fully
understood but is thought to be monitored in part via signaling
by astrocytes (Cotrina et al., 2000; Xiong et al., 2018) and
neurones (Nimmerjahn et al., 2005; Fontainhas et al., 2011;
Li et al., 2012; Gyoneva and Traynelis, 2013; Dissing-Olesen
et al., 2014) as well as by fractalkine signaling (Zujovic et al.,
2000; Cardona et al., 2006; Liang et al., 2009). However, it has

been demonstrated that unlike chemotaxis, surveillance is not
regulated by P2Y12 receptors (Haynes et al., 2006).

Microglia detect damage (via activation of P2Y12 purinergic
receptors or fibrinogen-sensing CD11b/CD18 receptors) and
immediately extend processes toward the site of injury, where
they converge in less than 30 min to form a spherical shield
preventing further spread (Davalos et al., 2005; Hines et al.,
2009). As previously mentioned in this review, in vitro studies
have established a key role for extracellular nucleotides like
ATP/ADP as potent inducers of microglial chemotaxis (Honda
et al., 2001; Franke et al., 2007; Orr et al., 2009). These
nucleotides, as well as other signals like NO, are known to leak
from damaged cells and so act as a signal of damage (Neary
et al., 1994). Microglia use ionotropic P2X and metabotropic
P2Y and P1 receptors to respond to extracellular nucleotides and
nucleosides (Haynes et al., 2006; Koizumi et al., 2007; Wu et al.,
2007; Avignone et al., 2008; Orr et al., 2009). Within cultured
rat microglia, increasedmembrane ruffling and chemotaxis upon
ADP stimulation appears to occur via the purinergic P2Y12R.
ATP/ADP-induced chemotaxis, dependent on Gi-coupled P2Y
receptors, was first described in cultured microglia and later
in vivo (Honda et al., 2001; Davalos et al., 2005), and knock-out of
ADP-activated Gi-coupled P2Y12 greatly decreases chemotaxis
(Haynes et al., 2006). Expression of the P2Y12 receptor on the
surface of ramified microglia in vivo (Haynes et al., 2006) is
particularly enriched at the tips of the leading processes during
chemotaxis (Dissing-Olesen et al., 2014). ATP/ADP-induced
P2Y12 receptor activation leads to PLC and Ca2+dependent
phosphorylation of the serine/threonine kinase Akt, as well as
PI3K-mediated Akt phosphorylation (Irino et al., 2008).

Role of Phosphoinositides in Chemotaxis and
Migration
In vitro PI3K appears to act as one of the major signaling
components of chemotaxis by allowing cells to establish polarity
(Fan et al., 2017). PI3K is selectively localized at the leading edge
of the membrane after exposure to a chemoattractant gradient.
This creates a spatially restricted production of PI(3,4,5)P3 from
PI(4,5)P2, which induces F-actin polymerization at the front of
migrating cells (Parent et al., 1998; Haugh et al., 2000; Rickert
et al., 2000). PTEN, which localizes away from the leading edge,
acts reciprocally to PI3K by converting PI(3,4,5)P3 to PI(4,5)P2
(Wu et al., 2014; Figure 3).

P2Y12R has also been reported to be linked to a potassium
channel, and ATP/ADP-induced activation of P2Y12R elicits
an outward potassium current in microglia (Swiatkowski et al.,
2016). Blocking this current abolishes chemotaxis to ATP,
suggesting that this current plays an important role in the
regulation of microglial motility.

Interaction with PIP species is crucial regarding actin
assembly, with these lipids facilitating the crosslinking and
linking of actin to the plasma membrane by binding with
several different actin-binding proteins (ABPs; Figure 3). The
ABP gelsolin is a key regulator of actin filament assembly
and disassembly. Gelsolin caps to the barbed ends of G and
F actin filaments, where it prevents monomer exchange (end-
blocking or capping; Weeds et al., 1986), promotes nucleation
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FIGURE 3 | Functional role of phosphoinositides in cell migration. The binding of a chemoattractant to G-protein coupled receptors (e.g., P2Y12R) in the cell
membrane releases the Gα heterodimer from the heterotrimeric Gα proteins. Dissociated Gα proteins stimulate PI(3,4,5)P3 production from PI(4,5)P2 via
phosphoinositide 3-kinase (PI3K) and lead to membrane translocation of PI(3,4,5)P3-binding actin-binding proteins (ABPs) such as myosin. This allows remodeling of
the actin cytoskeleton at the leading edge, which is required for the formation of novel cell protrusions. Away from the leading edge PI(3,4,5)P3 is converted back to
PI(4,5)P2 via phosphatase and tensin homolog (PTEN). PI(4,5)P2 then inhibits actin assembly by binding capping proteins.

(the assembly of monomers into filaments) and severs existing F-
actins. Gelsolin binds PI(4,5)P2 and PI(3,4,5)P3 in vivo through
two regions that contain clusters of basic residues. Overlapping
binding sites means that PIP binding inhibits gelsolin from
binding to the G/F-actin (Xian and Janmey, 2002). Gelsolin not
only binds to charged regions on PIPs but also interacts with the
fatty acid side chains and thus pulls out phospholipids from lipid
bilayers. Through this mechanism, gelsolin may modulate PIP
density in the plasma membrane (Liepina et al., 2003).

Cofilin proteins are a family of ABPs which are structurally
and functionally related to gelsolin. These proteins bind to
both G and F-actin and cause depolymerization at the minus
end of filaments, thereby preventing their reassembly. Both
PI(4,5)P2 and PI(3,4,5)P3 bind to cofilin and inhibit its activity
(Ojala et al., 2001).

α-Actinin belongs to the spectrin gene superfamily. This
protein connects actin filaments to integrins and serves as a
scaffold to integrate signaling components at adhesion sites and
promote bundling of actin filaments (Otey and Carpen, 2004).
These proteins contain a PIP-binding site within the calponin
homology domain (CH1 and CH2), close to the actin-binding
site. α-actinin binds to both PI(4,5)P2 and PI(3,4,5)P3 with
equal affinity. In vivo studies show that PI(3,4,5)P3 disrupts the
connection between α-actinin and F-actin, although interestingly
the opposite is seen in in vitro studies. Furthermore, the elevation
of PI(3,4,5)P3 appears to disrupt the link between actin and
integrins, which allows for the redistribution of focal adhesion
points in migrating cells (Fraley et al., 2005).

The Ezrin/radixin/moesin (ERM) protein family provides
a regulated linkage between the plasma membrane and the
underlying actin cytoskeleton (Tsukita and Yonemura, 1997).
Several studies have indicated that the binding of ERM proteins

to PI(4,5)P2 and phosphorylation of a threonine residue in the
F-actin binding site causes the dissociation of activated ERM
proteins (Crepaldi et al., 1997; Naba et al., 2008).

Septins are a group of highly conserved GTP-binding proteins
that assemble into filaments and are increasingly recognized as
a crucial component of the cytoskeleton (Mostowy and Cossart,
2012). Septins act as a scaffold, allowing the recruitment of
many proteins. In vitro studies have shown that purified septins
bind phospholipids and that they display particular affinities
for PI(4,5)P2 and PI(3,4,5)P3 (Tanaka-Takiguchi et al., 2009).
Depletion of PI(4,5)P2 and PI(3,4,5)P3 in vivo disrupts septin
filaments in 3T3 cells (Gilden and Krummel, 2010).

Myosin I is a monomeric, actin-based motor protein with
ATPase activity that has been shown to function in the
membrane–cytoskeletal interactions, including vesicle transport
along actin filaments and regulation of plasma membrane
tension. Myosin I molecules have a tail homology (TH) domain
that contains a putative phospholipid-binding PH domain.
Previous studies have shown that the TH domain preferentially
binds to acidic phospholipids such as phosphatidylserine and
PI(3,4,5)P2. These phospholipids are relatively abundant in
biological membranes and their concentrations do not appear
to change a great deal in response to intracellular signaling. In
contrast, PI(3,4,5)P3 levels are highly regulated and function as
signaling mechanisms for myosin (Chen et al., 2012).

Microglial Chemotaxis and Migration Within the
Neurodegenerative Disease
Many neurodegenerative conditions present with alterations in
microglial migration and distribution. Microglia follow gradients
of chemokines towards damaged and dying cells, which by
definition are present in these disorders.
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The net migration of microglia induced by deposits of Aβ

in AD is well documented. This process acts to concentrate
microglia around Aβ deposits in an attempt to neutralize or
prevent further damage. Increased levels of a wide range of
chemokines have been reported in AD patients (Koenigsknecht-
Talboo and Landreth, 2005). One example is MCP-1. Levels
of MCP-1 within CSF increase throughout AD and levels
correlate with disease severity (Galimberti et al., 2006). Other
chemokines including IL-18, VEGF, and Fractalkine have also
been shown to be elevated in patients with AD (Kalaria et al.,
1998; D’Andrea et al., 2004; Franciosi et al., 2005). In PD α-
synuclein aggregates released from neurons activate microglia
and act as chemoattractants that direct microglial migration by
acting onNADPH oxidase and several other specific downstream
proteins (Wang et al., 2015). In HD mutant mHTT protein
has been shown to impair immune cell migration by disrupting
actin remodeling (Kwan et al., 2012). Notably, PI3K signaling,
via inhibition of the Akt/Erk signaling cascade, has been shown
to significantly contribute to the pathogenesis of AD, PD, and
HD (Rai et al., 2019). Within ALS, microglia appear to be less
mobile than controls in cellular models when using MCP-1 as a
chemoattractant (Yamasaki et al., 2010).

Targeting Microglial Chemotaxis and Migration to
Treat Neurodegenerative Disease
Targeting chemotaxis to treat neurodegeneration represents a
very nuanced problem. While microglia do have a protective role
in many forms of neurodegenerative disease, they also have a
detrimental role. While an increased number of microglia may
be able to reduce damage and clear extracellular proteins they
can also initiate a large, potentially damaging neuroinflammatory
response. As such promoting chemotaxis to encourage microglia
response to damage may be counterproductive while at the same
time reducing the neuroimmune response is also unadvised.
A few therapies linked to chemotaxis have been investigated,
however. TREM2 is a receptor upstream of PLCγ2 in microglia.
Sequence variations in TREM2 have been demonstrated to
increase the risk of AD (Sims et al., 2017, 2020). TREM2 is
currently being investigated as a target for AD therapies (Long
et al., 2019) and dysregulation of TREM2 has been shown
to reduce chemotaxis (Mazaheri et al., 2017). TGFbeta has

been shown to downregulate microglia chemotaxis (Huang
et al., 2010) and has been investigated as a treatment of
AD (Chao et al., 1994). Given the key roles of PIPs in
chemotaxis, perhaps co-manipulation of these lipids could
enhance therapeutic effects.

CONCLUSION

The microglial function is severely impaired in a variety of
ways within neurodegenerative conditions, with these cells
typically showing heightened activation states from early
stages of disease development, often before symptom onset.
Alongside disturbances in microglial homeostasis, disruptions
in phosphoinositide levels and metabolism are also seen in
many of these same conditions. These PIPs appear to play
important roles in the regulation of numerous key microglial
functions. Together, these observations suggest that the observed
microglial dysfunction may arise in part as a result of this
lipid dyshomeostasis.

Further research into both the role of microglia and PIP
dyshomeostasis within neurodegenerative disease could provide
us with much-needed therapeutics for treating these presently
incurable conditions. It may be that co-manipulating microglial
functions alongside PIP levels could allow us to boost the
effectiveness of targeted therapeutics, thus bringing us closer to
the ultimate goal of a world without dementia.
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Niemann-Pick type C (NPC) disease is an autosomal recessive lysosomal storage
disease that is caused by a mutation of the NPC1 or NPC2 gene, in which un-esterified
cholesterol and sphingolipids accumulate mainly in the liver, spleen, and brain. Abnormal
lysosomal storage leads to cell damage, neurological problems, and premature death.
The time of onset and severity of symptoms of NPC disease are highly variable.
The molecular mechanisms that are responsible for NPC disease pathology are far
from being understood. The present study generated and characterized a zebrafish
mutant that lacks Npc2 protein that may be useful for studies at the organismal,
cellular, and molecular levels and both small-scale and high-throughput screens. Using
CRISPR/Cas9 technology, we knocked out the zebrafish homolog of NPC2. Five-day-
old npc2 mutants were morphologically indistinguishable from wildtype larvae. We found
that live npc2−/− larvae exhibited stronger Nile blue staining. The npc2−/− larvae
exhibited low mobility and a high anxiety-related response. These behavioral changes
correlated with downregulation of the mcu (mitochondrial calcium uniporter) gene,
ppp3ca (calcineurin) gene, and genes that are involved in myelination (mbp and mpz).
Histological analysis of adult npc2−/− zebrafish revealed that pathological changes in
the nervous system, kidney, liver, and pancreas correlated with inflammatory responses
(i.e., the upregulation of il1, nfκβ, and mpeg; i.e., hallmarks of NPC disease). These
findings suggest that the npc2 mutant zebrafish may be a model of NPC disease.

Keywords: Niemann-Pick type C, npc2, zebrafish model, Nile blue, lysosomal storage disease,
neurodegeneration, inflammation, myelin

INTRODUCTION

Cholesterol is a lipid-type organic molecule that is critical for life. It builds, maintains, and
modulates cell membranes, where it forms lipid rafts and is involved in endocytosis. It also
serves as a precursor of the biosynthesis of essential biomolecules (e.g., vitamin D, sex hormones,
and corticosteroids). Alterations of cholesterol metabolism were linked to arteriosclerosis in
cardiovascular diseases and neurodegenerative diseases, such as Alzheimer’s disease, and Niemann-
Pick type C (NPC) disease.

Niemann-Pick type C disease is a recessive lysosomal storage disease that is caused by a mutation
of the intracellular cholesterol transporters NPC1 (in 95% of cases) or NPC2 (in 5% of cases), in
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which un-esterified cholesterol and glycolipids accumulate in
lysosomes and late endosomes in the liver, spleen, and brain.
The onset of the disease may vary from early childhood (most
common) to adulthood, and patients present a wide range
of symptoms (Vanier, 2010; Geberhiwot et al., 2018; Seker
Yilmaz et al., 2020). Cholestatic jaundice and visceromegaly are
often observed as the first signs of this disease. Progressive
neurodegeneration is the most devastating and fatal outcome of
NPC disease. Neurological symptoms of NPC disease resemble
other neurodegenerative disorders, such as Alzheimer’s disease,
frontotemporal dementia, and some mitochondrial disorders1.
In NPC disease, advanced hypotonia, locomotor dysfunction,
ataxia, spasticity, dystonia, dysphagia, and dementia, together
with developmental delay and regression, often develop in the
first decade of life. These changes coincide with a lower volume
of the cerebellum, hippocampus, basal ganglia, and thalamus
(Geberhiwot et al., 2018). Histological analyses of mouse models
of NPC disease identified the loss of Purkinje cells in the
cerebellum (Sarna et al., 2003; Ko et al., 2005; Elrick et al.,
2010). Aberrant myelination of the central nervous system,
coinciding with a decrease in the expression of genes that are
associated with oligodendrocyte differentiation (e.g., Olig1 and
Olig2), has been observed in Npc1−/− mice (Yan et al., 2011;
Yang et al., 2018). NPC1 disease has other hallmarks, including
immune dysfunction (Baudry et al., 2003; Platt et al., 2016), early
neuroinflammation, and microglia activation (Cologna et al.,
2014; Kavetsky et al., 2019).

The clinical spectrum of NPC disease symptoms ranges from
a rapidly progressing prenatal or neonatal form to a chronic form
during adolescence. Clinical management guidelines have been
developed to help physicians diagnose NPC disease (Geberhiwot
et al., 2018). Cholesterol-specific Filipin staining is used as
the gold standard for diagnosing NPC disease. Although very
useful, this test requires culturing skin fibroblasts, which is rather
demanding and cannot be performed in every laboratory. This is
why Filipin staining is not recommended as a primary tool for
diagnosis. In recent years, several other possible candidate stains
and biomarkers have been proposed (Geberhiwot et al., 2018), but
there is a need for a more robust method for NPC diagnosis that
can be accomplished by genetic analyses.

Although last decade brought progress in the field of NPC,
many gaps still need to be filled to improve our understanding
of this disease. A further advance in understanding and
managing the mechanisms that lead to neurodegeneration that
is associated with NPC disease requires the use of high-
throughput models, especially based on vertebrates. Zebrafish
are a small tropical fish that has been used in laboratories
worldwide for more than 30 years. Its significant advantages
are genetic similarity to humans (over 70%), its small size,
transparent body, and an externally developing body that allows
in vivo observations at the cellular and organism levels from
fertilization until natural death. Their rapid development, high
fecundity, and relatively easy husbandry and breeding are other
notable advantages. One month of fish life corresponds to
approximately 2 years of human life. Most zebrafish studies

1https://rarediseases.org/rare-diseases/niemann-pick-disease-type-c/

that are equivalent to the age of patients can be conducted
using embryos and early larval stages. The use of zebrafish as a
model of human diseases also has economic value. Experiments
on embryos are generally inexpensive and fast and can be
readily scaled up for high-throughput screening. Zebrafish have
been proven to be an excellent model for studies of lipid
metabolism (Anderson et al., 2011), neuroinflammation, and
neurodegenerative diseases (de Araujo Boleti et al., 2020).
A wide range of tools and techniques has been established
that allow assessments of somatic and cognitive functions and
developmental and pathological processes at both the cellular and
organismal levels.

The human NPC1 and NPC2 genes have homologs in
zebrafish. npc1 mutants were recently created (Lin et al., 2018;
Tseng et al., 2018). We applied CRISPR/Cas9 technology and
created a zebrafish line with a mutation of the npc2 gene
(Figure 1). The homozygous npc2 mutant (npc2−/−) reflects
NPC disease, which is a starting point for further studies
of NPC disease. We found that Nile blue staining of the
external olfactory organ can be used as a robust method for
identifying npc2−/− larvae, the olfactory organ of which is
affected during development.

MATERIALS AND METHODS

Animals
Zebrafish (Danio rerio), TL line, were bred and housed at
the Zebrafish Core Facility (ZCF) at the International Institute
of Molecular and Cell Biology in Warsaw, Poland (license
no. PL14656251 from the District Veterinary Inspectorate in
Warsaw; license no. 064 and 0051 from the Ministry of
Science and Higher Education in Poland). All of the animal
procedures were performed in accordance with fundamental
ethical principles for the protection of animals that are used
for scientific or educational purposes (Act of January 15, 2015;
Directive 2010/63/EU). Embryos at 5–13 days postfertilization
(dpf) were kept in static tanks with rotifer (Brachionus
plicatilis) culture (maintained inhouse; rotifer and the rotifer
diet were originally purchased from Varicon Aqua Solutions Ltd,
United Kingdom). At 2 weeks of age, the fish were kept in
circulating water. Fish at 13–30 dpf were fed Gemma Micro three
times per day, artemia once a day, and also received rotifers at
least once a day. Thereafter, rotifers were excluded while the diet
remained unchanged (dry feed three times a day and artemia once
a day. The facility maintains a 14 h light/10 h dark photoperiod.
The fish were kept in groups of >5 individuals. Larvae and fish
up to 6 weeks of age were kept at a maximal density of 50 fish
in 3.5 L tanks. From 4 to 6 weeks of age, the fish were kept at a
maximal density of 24 fish in 3.5 L tanks. Average values of water
quality were the following: salinity of 800 ± 10 µS, pH 7.0 ± 0.2,
temperature of 28 ± 0.4◦C, undetectable NO2

− and NH3/NH4
+

levels, GH 4, KH 6, dissolved O2 of 8.6 ± 0.1 mg/L, and 20% of
daily water change. The chosen donor fish were outcrossed to the
TL line. Some embryos were sacrificed for genotyping, and the
rest were left to grow and used to establish new stable lines with a
mutation of the npc2 gene.
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FIGURE 1 | Zebrafish npc2 mutant. (A) Multiple species alignments demonstrated high conservation of the NPC2 protein among vertebrates. Arrows indicate
positions of the mutation. (B) Expression levels of the npc2 gene in different tissues in adult fish. Expression was normalized to tissue with the lowest expression
(brain). (C) Chromatograms confirmed a small deletion in the npc2 mutant. (D) Graphical representation of melt profiles in wildtypes (black), heterozygous mutants
(blue), and homozygous mutants (gray) that originated from fish after incrossing npc2±. (E) mRNA levels of the npc2 gene in various organs in npc2−/− zebrafish
relative to wildtype controls. The data are expressed as the mean ± SEM of three 9-month-old fish per group. Error bars represent the SEM. ***p < 0.001 and
**p < 0.01. (F) Wildtype, heterozygous, and homozygous npc2 mutants had indistinguishable phenotypes at 5 dpf. Scale = 1 mm. (G) Morphology of adult fish.
Smaller body size and weight in 8-month-old npc2−/− fish and indistinguishable phenotype of npc2±. Error bars represent the SD.

CRISPR/Cas9
For CRISPR prediction, the following free web tools were used
to select target sites: CHOPCHOP2, E-CRISP3, CRISPRscan4,

2http://chopchop.cbu.uib.no/
3http://www.e-crisp.org/E-CRISP/
4http://www.crisprscan.org/?page=gene

and CCTop5. Sequences that were common in at least three
predictions and were scored as low risk for off-targets were
chosen. The correctness of the sequence in the targeted area in
the TL fish at the ZCF was confirmed by Sanger sequencing.
Mutagenesis was performed according to the protocol of

5https://crispr.cos.uni-heidelberg.de/index.html
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Gagnon et al. (2014), with modifications (Gagnon et al.,
2014). The following gene-specific oligos with T7 overlaps
were used: npc2b_(86/34aa) 5′-taatacgactcactataGGTAG
ACGGAAAAGTAGTTCgttttagagctagaa-3′ (to create guide
IT8). During gRNA preparation, annealing and filling in steps
were combined, and the template was prepared for polymerase
chain reaction (PCR) using 10 µl of PCR Mix Plus (A&A
Biotechnology), 2 µl of gene-specific and constant oligo (5′-
AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAA
CGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAA
AC-3; each at 100 mM stock), 2 µl dNTPs (100 mM stock),
and water up to 20 µl. The PCR conditions were the following:
pre-incubation at 95◦C for 3 min, followed by 35 cycles of
95◦C for 15 s, 40◦C for 15 s, and 68◦C for 15 s. sgRNA was
prepared using 1 µl of gene-cleaned template (145 ng), 0.5 µl
T7 RNA polymerase (20 U/µl, A&A Biotechnology), 2 µl
NTPs (75 mM each, A&A Biotechnology), 1 µl of buffer (5×,
A&A Biotechnology), and water up to 5 µl. The reaction was
incubated for 2 h at 37◦C. Thereafter, a mixture of 1 µl of
RNA-free DNAse (Qiagen) and 14 µl of water was added to
each sample. After 15 min of incubation, 10 µl of ammonium
acetate (5 M stock) and 60 µl of pure ethanol were added, and
the samples were left for precipitation over night at -20◦C. gRNA
was suspended in water, and the concentration was adjusted
to 500 ng/µl. Cas9 protein (14 mg/ml stock, made in-house)
was diluted in KCl/HEPES (200 mM/10 mM, pH 7.5) buffer to
a final concentration of 600 ng/µl. The injection mixture was
assembled fresh by mixing 2 µl of gRNA, 2 µl of gRNA, and
0.4 µl phenol red (Sigma, catalog no. P0290) and left for complex
formation at room temperature for 5–10 min. Thereafter, the
samples were kept on ice.

Injections
Microneedles were pulled from borosilicate glass capillaries
(Sutter; catalog no. BF 100-50-10) using a P-1000 Flaming/Brown
micropipette puller (Sutter) set to the following parameters:
heat 542, pull 80, velocity 80, time 170, pressure 500, and
RAMP 552. The needle tip was chipped with Dumont no. 5
ceramic-coated fine forceps (Dumostar). One picoliter of the
gRNA/Cas9/phenol red mixture was injected into the yolk (just
below the zygote) at 1–2 cell-stage zebrafish embryos using a
PV 820 Pneumatic PicoPump (World Precision Instruments).
Injected embryos were sorted 50/plate and incubated up to 5 dpf
in 9 cm diameter Petri dishes that were two-thirds filled with E3
medium in an HPP110 incubator (Memmert) set to 28.5◦C, a
14 h/10 h light/dark cycle, 20% light intensity (cold/warm light,
1:1), and 60% humidity.

DNA Extraction
Fin clipping of adult zebrafish was performed under anesthesia
with tricaine (Sigma, catalog no. A-5040). The fish were
immersed in 0.7 mM tricaine solution in system water
until they stop moving and exhibited no response to tough.
Euthanasia of - larvae was performed by an overdose of
tricaine. Fish tissue (fragment of the tail fin or pulls of 3–
5 dpf embryos) was dehydrated in pure ethanol, incubated
at 80◦C until complete dryness, soaked in 50–150 µl of TE

10-1 buffer [aqueous solution of 10 mM Tris (pH 8.0) and
1 mM ethylenediaminetetraacetic acid (pH 8.0)] and cooked
for 10 min at 95◦C. Thereafter, an equal volume of TE 10-
1 with 20–60 µg proteinase K (10 mg/ml aqueous stock)
was added to each sample. The samples were incubated for
1 h at 55◦C. Proteinase K was then inactivated by heat
(incubation for 15 min at 95◦C). Samples were stored at
−20◦C before use.

DNA Sequencing
For sequencing, the amplicon was amplified using PCR Mix Plus
(catalog no. 2005–100P, A&A Biotechnology) and npc2_a_F1
5′-GCATATTCGCTGTCATGTGATT-3′ and npc2_b_R1 5′-
GTAGGATTGTCCCTTGTGAAGC-3′ primers. The PCR
conditions were preincubation at 95◦C for 3 min and 35
amplification cycles of 95◦C for 15 s, 60◦C for 15 s, and 72◦C for
15 s, followed by 5 min of incubation at 72◦C. The PCR products
were purified using EPPiC Fast (catalog no. 1021–100F, A&A
Biotechnology) according to the manufacture’s protocol.

RNA Isolation and cDNA Synthesis
The fish were anesthetized with an overdose of tricaine. RNA was
isolated using TRI reagent (Sigma, catalog no. T9424) according
to the manufacture’s instructions. The tissue was shredded in
1 ml of solution with a 23-gauge needle. After the addition of
0.2 ml of chloroform, the sample was vortexed and centrifuged
at 13,000 rotations per minute (rpm) for 15 min in 4◦C. The
supernatant was transferred to a new tube, and RNA was
precipitated with pure isopropanol overnight at −20◦C. After
centrifugation at 13,000 rpm for 30 min at 4◦C, the pellet was
washed with 70% ethanol, air-dried, and resuspended in 15–25 µl
of sterile water.

Total RNA was extracted from 5 dpf larvae (n = 9/group
from at least two independent cohorts), and various organs
(brain, liver, heart, spleen, skeletal muscles, and gonads) were
collected from 9-month-old male fish (n = 4 homozygotes
and n = 4 wildtypes). Additionally, to test the influence of 2-
hydroksypropylo-β-cyclodextrin (2HPβCD) treatment (a drug
that is used for the treatment of Niemann-Pick disease) on
the expression of selected genes, total RNA was extracted
from two groups of treated and untreated zebrafish larvae
(5 dpf) from two independent experiments. The RNA template
(1,000 ng) was used for cDNA synthesis using the iScript cDNA
Synthesis Kit (Bio-Rad).

High-Resolution Melting (HRM) Analysis
The reaction mixture was composed of (i) 5 µl of LightCycler
480 High Resolution Melting Master mix (Roche), 1 µl of
MgCl2 (25 mM stock), 0.3 µl of each primer (10 µM
stock), 0.5 µl of template, and water up to 10 µl or (ii)
5 µl of Precision Melt Supermix (Bio-Rad), 0.2 µl of each
primer (10 µM stock), 1.0 µl of template, and water up to
10 µl. Two primer pairs were used. npc2a HRM F1 (5′-
AACTCTAGTGTGTTGGTTCCTAAC-3′) and npc2a HRM R1
(5′-CAAGTGTACGCGAGAAAAGAAAGTA-3′) were used as
controls, which amplified the region upstream of the target site.
npc2b HRM F1 (5′-TAATTTCCACTTTCATCTTACAGGC-3′),
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and npc2b HRM R1 (5′-GGATTGTCCCTTGTGAAGCTTG-3′),
which span the mutation site, were used to detect the mutation.
HRM analysis was performed on either LightCycler 480 System
PCR (Roche) or CFX96 (Bio-Rad), both according to the
manufacturer’s protocol. For the Bio-Rad system, the conditions
were preincubation at 95◦C for 2 min, 35 amplification
cycles of 95◦C for 10 s and 60◦C for 30 s, heteroduplex
formation at 95◦C for 30 s, followed by 60◦C for 1 min,
and HRM at 65–95◦C with ramp at 0.2◦C/10 s. Genotypes
were automatically assigned by LightCycler 96 software’s HRM
module for the Roche system or Precision Melt Analysis software
for the Bio-Rad system and manually annotated as wildtype
(black), heterozygous mutant (blue), and homozygous mutant
(gray; Figure 1).

Quantitative PCR Gene Expression
Analysis
Gene expression levels were analyzed using the CFX Connect
Real-time PCR (RT-PCR) Detection System (Bio-Rad, Hercules,
CA, United States). RT-PCR was performed in duplicate using
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, catalog
no. 1725274). The data were analyzed using Bio-Rad CFX
Maestro 1.0 software. The specificity of the reactions was
determined based on dissociation curve analysis. Fold changes
were calculated using the 11Cq method as described before
(Majewski et al., 2019). Expression levels were compared between
groups using analysis of variance (ANOVA) followed by Tukey’s
Honestly Significant Difference (HSD) post hoc test. The 18S
ribosomal gene was used as a reference. The sets of primers that
were used in the analysis are shown in Table 1.

LysoTracker, Filipin, Neutral Red and Nile
Blue Staining
Nile blue (B&K, Bytom, Poland) was prepared as a 1% aqueous
stock solution. Stock solution of Neutral red (Sigma N7005) was
prepared as 2.5 mg/ml solution in water. LysoTracker Red DND-
99 (Invitrogen, catalog no. L7528), Neutral red or Nile blue (each
at 1:1000 dilution) was added directly into the plates with live 5-
day-old zebrafish larvae. After 1 h of incubation at 28◦C in the
dark, the medium was exchanged to fresh E3 three times over
a 15 min period.

The stock of filipin complex (Sigma, catalog no. F9765) was
prepared by dissolving 25 mg filipin in 1 ml of dimethylsulfoxide.
Aliquoted stocks were stored at −20◦C. 5-day-old zebrafish
larvae were fixed in 4% paraformaldehyde (Sigma, catalog no.
47608) in 1 × phosphate-buffered saline (PBS; Sigma, catalog
no. D5652) for 1 h at room temperature and washed for 5 min
three times with 1 × PBS with 1.5% glycine (Sigma, catalog
no. G7126). Embryos were stained with Filipin solution (final
Filipin concentration of 0.5 mg/ml) in 1 × PBS with 10% bovine
calf serum (Sigma, catalog no. 12133C) in the dark for 2 h at
room temperature.

Stained larvae were rinsed with 1 × PBS, immersed in
0.7 mM tricaine, transferred to a plate with 3% methylcellulose,
and imaged in the ultraviolet channel (Filipin), RFP channel
(Lysotracker), and bright field (Nile blue) under a Nikon SMZ25

fluorescent stereomicroscope. The genotype of the imaged fish
was confirmed by HRM analysis.

Treatments
The stock solutions were prepared by dissolving the powdered
compound in Milli-Q water to a final concentration of
100 mM for (2-hydroxypropyl)-β-cyclodextrin (2HPβCD;
Sigma, catalog no. C0926) and 10 mM for 3-β-[2-
(diethylamino)ethoxy]androst-5-en-17-one (U18666A; Sigma,
catalog no. 662015). Good-quality eggs were placed in 9 cm
diameter Petri dishes filled with 25 ml of E3 medium and kept
under static condition at 28 ± 0.5◦C. At 3 dpf, the medium
was changed to fresh E3 medium supplemented with U18666A
(8 µM), 2HPβCD (2 mM), and U18666A (8 µM) together with
2HPβCD (2 mM). As a control, an equal volume of the solvent
was used. Embryos were kept in static condition for 2 days.
At 5 dpf, the fish were stained with Nile blue and collected
for RNA extraction.

Histology
Adult zebrafish were fixed in neutral buffered 4% formaldehyde
solution (Sigma, catalog no. 47608–250ML-F), dehydrated
in ethylene, and embedded in paraffin. Longitudinal and
transverse 5–6 µm sections were cut using a Leica microtome
(RM2265, Leica, Bensheim, Germany) and stained with standard
hematoxylin and eosin (H&E). For glycogen and lipofuscin
inclusions, periodic acid-Schiff (PAS) reactions were performed
according to the manufacturer’s instructions (Sigma-Aldrich,
St. Louis, MO, United States). Perl Prussian blue staining
to detect hemosiderin was performed according to Orchard
(2019). Luxol Fast Blue (LFB), combined with H&E, was used
to stain myelin sheaths. The immunohistochemical frequency
of CD3 and proliferating cells in the intestinal epithelium
and liver was determined in samples that were stained
according to the manufacture’s protocol for anti-CD3 (Bond
Ready-to-Use Primary Antibody CD3, LN10, Leica Newcastle,
United Kingdom) and anti- proliferating cell nuclear antigen
(PCNA; 1:400 dilution; clone PC10, DAKO, Poland) antibodies.
The colorimetric detection of these cells was performed using
DAB (Novolink Polymer Detection Kit, Novocastra, Leica,
Newcastle, United Kingdom). The microscopic analysis was
performed using NIS Elements software and Nikon Ni-E with
NIS Elements software.

Behavioral Analysis
The behavioral studies of zebrafish larvae were performed
as described previously (Wasilewska et al., 2020). Before the
experiment, the larvae were kept in a Petri dish (∼50 larvae/dish)
that was two-thirds filled with E3 medium in an HPP110
incubator (Memmert) that was set to 28.5◦C under a 14 h/10 h
light/dark cycle with 20% light intensity (cold/warm light, 1:1)
and 60% humidity. The larvae (5 dpf) were transferred to 12-well
plates and placed in a ZebraBox high-throughput monitoring
system (ViewPoint Life Sciences, Lyon, France). The experiments
were performed in a volume of 2 ml of E3 medium, and
the light intensity was set to 70%. Locomotor activity was
recorded for 15 min using ZebraBox. A total of 40 wildtype
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TABLE 1 | List of primers used for gene expression analysis.

Primer sequence

Gene name Abbreviation Forward Reverse

NPC intracellular cholesterol transporter 2 npc2 5′-aacagggtgtaagaaaaggg-3′ 5′-tactttcttttctcgcgtacacttg-3′

interleukin 1 il 1 5′-tggacttcgcagcacaaaat-3′ 5′-gttcacttcacgctcttggatg-3′

nuclear factor κB subunit 2 nfkbeta2 5′-acatctctgctccatgct-3′ 5′-gcagtgaacttgctgaacca-3′

macrophage expressed 1 mpeg 5′-gtgaaagagggttctgttaca-3′ 5′-gccgtaatcaagtacgagtt-3′

myeloid-specific peroxidase mpx 5′-gctgctgttgtgctctttca-3′ 5′-ttgagtgagcaggtttgtgg-3′

oligodendrocyte transcription factor 1 olig1 5′-cggactgaaagtttgaagaatgc-3′ 5′-tcctgttacccgtaccattcttg-3′

myelin basic protein a mbpa 5′-aatcagcaggttcttcggaggaga-3′ 5′-aagaaatgcacgacagggttgacg-3′

myelin protein zero mpz 5′-cacagcaaaaacagcgtatct-3′ 5′-tggggatgggaggctacttt-3′

myelin proteolipid protein plp1 5′-acactgttaacgtcctgtcag-3′ 5′-ctggtgctttgcatatgttgg-3′

sry-box transcription factor 10 sox10 5′-aaaacactggggaagctgtg-3′ 5′-cgacgtggctggtacttgt-3′

apolipoprotein Ea apoEa 5′-tgtggctgtaattgttgcgc-3′ 5′-ttccagaactgatccacggc-3′

calpain 2, (m/II) large subunit a capn2a 5′-aggctggagaagacatgcac-3′ 5′-aggaggaagtttgaagcggg-3′

claudin 1 cldn 5′-cactgtcactcatcaggtcca-3′ 5′-accttcggtacgcaatgtca-3′

galanin galanin 5′-atggaccctgaacagtgctg-3′ 5′-accaagcagatcttctcgcc-3′

mitochondrial calcium uniporter mcu 5′- gtatcccgcattcggtgtct-3′ 5′-ctgttctcagaccgtgtgct-3′

calmodulin-dependent calcineurin a subunit α isoform ppp3ca 5′-gatgctgcctagcggtgt-3′ 5′-agctctcggtggttttgctc-3′

galectin 3 lgals3a 5′-gaggctttcctgctccaccc-3′ 5′- cctcctcctgtgactgcttg-3′

beclin-1 becn1 5′- ccagctgatggacactgaag-3′ 5′- caactccagctgctgtctctt-3′

autophagy related 5 atg5 5′- cattaaagaggccgatgcac-3′ 5′- ctccatgagtttgcgattca-3′

autophagy related 7 atg7 5′- ctcgaagccttcaaatccac-3′ 5′- ggactgaatagcgctccaga-3′

ubiquitin-binding protein p62 p-62 5′- agcagcctatgggaggattt-3′ 5′- cagttgtggaagcaatggag-3′

18S ribosomal RNA 18S 5′-tcgctagttggcatcgtttatg-3′ 5′-cggaggttcgaagacgatca-3′

elongation factor 1-α EF1α 5′-cttctcaggctgactgtgc-3′ 5′-ccgctagcattaccctcc-3′

and 32 npc2−/− larvae from two independent cohorts were used
in the experiment.

The video files were further analyzed using EthoVision XT
software (Noldus, Wageningen, Netherlands). The data were
exported to Microsoft Excel files and further analyzed using
Excel (Microsoft, Redmond, WA, United States) and R software
(R Foundation for Statistical Computing, Vienna, Austria, R
package version 3.6.2). The experiment was divided into three
5 min periods, and the mean total distance traveled (mm), mean
velocity (mm/s), and mean movement duration were calculated
and compared independently for these time bins. The Wilcoxon
rank-sum test was used for comparisons between wildtype and
npc2−/− larvae.

Additionally, the area of the well was divided into borders and
a central area. This allowed analyses of the level of thigmotaxis
that was calculated according to the following formula: [duration
of movement (in borders or center) + duration of no movement
(in borders or center)]/[duration of movement (total) + duration
of no movement (total)] × 100% (Wasilewska et al., 2020).
The data are expressed as medians with first and third quartiles
using boxplots, and dots represent data outliers. Heatmaps that
represent average traces of wildtype and npc2−/− larvae were
generated using EthoVision XT software.

Statistical Analysis
In quantitative PCR gene expression analysis, expression levels
were compared between groups using ANOVA followed by

Tukey’s HSD post hoc test. In the behavioral studies the Wilcoxon
rank-sum test was used for comparisons between wildtype and
npc2−/− larvae.

RESULTS

Generation and Phenotype of the npc2
Zebrafish Mutant
The zebrafish npc2 gene (ENSDARG00000090912) maps to
chromosome 17 and encodes a 149 amino acid protein that
shares over 64% sequence identity with its human ortholog
(Figure 1A). Expression of the npc2 gene could be found in
each tested tissue (i.e., brain, heart, liver, muscles, skin, and
reproductive organs; Figure 1B). Using CRISPR/Cas9 technology
and gRNAs that targeted the npc2 gene, we generated F0
carriers of different mutations. After an initial screening by
HRM analysis, six donor fish with the most distinct HRM
patterns were bred, and their F2 offspring were analyzed by
HRM and sequencing. A mutant line with a 1 bp deletion
in the third exon of the npc2 gene (ENSDARG00000090912)
that is predicted to introduce a premature stop codon was
selected for further studies (Figure 1C). The deletion caused a
characteristic shift in the melting temperature of the amplicon
that was identified by HRM (Figure 1D). In the mutant, qPCR
analysis confirmed a significantly lower level of npc2 transcripts
(Figure 1E). At 5 dpf, the morphology and length of the hetero-
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and homozygous npc2 mutants were indistinguishable from
wildtype siblings (Figure 1F), similar to npc1 zebrafish knockouts
(Lin et al., 2018; Tseng et al., 2018). Over time, the differences
became more apparent. The 2-month-old npc2−/− fish were
smaller than their siblings, and the sex ratio of homozygotes
was skewed toward males (data not shown). When separated
from their siblings, the npc2−/− fish did not need to compete
for food and grew faster. From 4 months of age, their motor
functions were clearly impaired (Supplementary Video 1) as
compared to wildtype siblings (Supplementary Video 2). The
malnutrition and progressive loss of motor skills continued to
worsen, but not all npc2−/− fish were equally affected. Some
fish had to be euthanized at the age of 5 months because their
eating and swimming skills were severely impaired, whereas
others were fit and survived four more months. The length
and weight of the 9-month-old npc2−/− fish were significantly
reduced (Figure 1G). The npc2−/− fish bred normally, whereas
inbreeding of the npc2−/− fish was unsuccessful (data not
shown). Interestingly, we could obtain offspring by crossing
npc2−/− males with either wildtype or npc2± females.

Nile Blue Staining Identifies npc2−/−

Larvae
Although, nowadays not recommended as a primary tool, the
cholesterol-specific filipin staining for many years was used
as a gold standard in NPC diagnostics (Geberhiwot et al.,
2018). That is why we applied this stain to the mutant fish
and confirmed the presence of blighter signals in the npc2−/−

mutant (Supplementary Figure 1). This finding indicates that as
expected, un-esterified cholesterol accumulates in homozygous
npc2 mutant.

Niemann-Pick type C disease is a lysosomal storage disease.
We used the LysoTracker red probe to visualize acidic organelles
in vivo to quickly identify the mutant. We observed increases
in LysoTracker red staining in neuromasts in some npc2−/−

larvae (Supplementary Figure 2). However, using this staining,
we failed to reliably distinguish wildtype from npc2−/−.

We found that Nile blue staining allowed the robust and
reliable detection of npc2−/− larvae. When added to the water in
the dish, Nile blue reversibly stained live larvae in a few minutes.
At 5 dpf, strong staining in the peripheral olfactory organ was
specific (certainty > 95%) to npc2−/− fish, whereas staining in
other parts of the body appeared random (Figure 2).

Nile blue stains lipids. It has been primarily used to detect
melanin and lipofuscin (Lillie, 1958). Nile blue-based dyes were
later discovered to localize in lysosomes. Their lysosomotropic
photosensitizer properties could be used to target and kill tumor
cells (Gattuso et al., 2016; Martinez and Henary, 2016). To
verify the specificity of Nile blue staining, we applied it to
larvae that were treated with 2HPβCD (a drug that is used
in clinical trials to treat NPC patients) and U18666A (an
inhibitor of cholesterol synthesis that is used to chemically model
NPC disease). 2HPβCD treatment reduced the intensity of blue
staining in the nose in npc2−/− fish, whereas U18666A treatment
increased this signal (Figure 3). The intensity of staining in
wildtype fish and heterozygous npc2 mutant fish followed the

same trend, in which staining was weaker in 2HPβCD-treated
larvae and stronger in U18666A-treated larvae (data not shown).

Decrease in Locomotor Activity in
npc2−/− Zebrafish Larvae
To investigate the effect of npc2 mutant on behavior, locomotor
activity in npc2+/+ and npc2−/− zebrafish larvae was analyzed.
A significant reduction of mobility was observed in npc2−/−

larvae compared with their wildtype siblings (Figure 4A).
Mutants traveled a shorter distance (Figure 4B), and they
remained mobile for a shorter period of time (Figure 4C). The
mean velocity during the first 5 min of the experiment was lower
in npc2−/− larvae compared with npc2+/+ larvae (Figure 4D).
During the initial 5 min of the experiment, mutant larvae
exhibited a stronger tendency to stay in close proximity to the
borders of the well (thigmotaxis; Figure 4E). This phenomenon
is a typical anxiety-like response in zebrafish larvae (Lundegaard
et al., 2015), suggesting a stronger anxiety-related response to a
stressor in this group.

Pathological Changes in Internal Organs
in Adult npc2−/− Fish
The histopathological analysis of adult npc2−/− larvae revealed
lesions in the spleen, liver, and pancreas. In the liver in npc2−/−

fish, numerous foam hepatocytes, hepatocytes that contained
fat droplets, and cells with enlarged nuclei were observed
(Figure 5A). An atypical interstitial group of foam cells was
observed in the anterior part of the npc2−/− kidney (Figure 5B).
The structure of the pancreas was disturbed. Acinar cells in
the pancreas in npc2−/− larvae had no characteristic zymogen
granules but had multiple circular cholesterol inclusions that
were not observed in the control group (Figure 5C).

Morphological and histopathological changes were also
observed in the brain in npc2−/− fish (Supplementary Figure 3
and Figure 6). The myelination of axons in npc2−/− fish was
affected (Figure 6A), especially in the habenular commissure
(Figures 6B,C). The habenula’s characteristic layered structure
was affected. The fascicular retroflexus, interpeduncular nucleus,
and raphe were vacuolated, and the myelination of axonal tracts
decreased (Figures 6B,C). The two mechanoreceptive areas with
well-differentiated axonal tracts (lateral and medial longitudinal
fascicle) were observed only in wildtype fish compared with
npc2−/− fish (Figure 6C). In the cerebellum, Purkinje cells were
more diffuse than in the control group, and the structure on
these cells differed from control fish (Figures 6C, 7A). Purkinje
cells had spheroid, highly non-condensed chromatin, enlarged
nuclei, and a distended perikaryon (Figure 7A). In this region,
no PCNA-positive cells were observed, although proliferation was
detected in the parvocellular preoptic nucleus and caudal zone
of the periventricular hypothalamus compared with the control
group (Supplementary Figure 4A).

In the olfactory sensory epithelium, no histopathological
changes were observed, although the olfactory nerve had some
degenerative attributes, characterized by a shrunken cytoplasm
of axons that were visible in transversal sections. Similar
histopathological changes were observed in the telencephalon
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FIGURE 2 | Nile blue staining distinguishes npc2−/− fish from wildtype and heterozygous siblings. The strong signal could be detected in the peripheral olfactory
organ in 5-day-old npc2−/− larvae (B–B”), unlike their siblings (A–A”). (A,B) lateral view; (A’,A”,B’,B”) dorsal view; and (A”,B”) enlarged fragments of A’,B’,
respectively. Arrows indicate the position of the olfactory organ. Scale bar = 0.5 mm.

FIGURE 3 | Specificity of Nile blue staining in the olfactory organ in npc2−/− larvae at 5 dpf. (A–A”) untreated npc2−/− larvae; (B–B”) treatment with 2 mM
2-hydroxypropyl-β-cyclodextrin (2HPβCD; a drug that is used in clinical trials to treat NPC patients) decreased staining intensity to wildtype levels (Figures 2A–A”);
and (C–C”) treatment with 8 mM (3β)-3-(2-[diethylamino]ethoxy)androst-5-en-17-one hydrochloride (U18666A, an inhibitor of cholesterol synthesis that is used to
model NPC chemically) increased staining intensity in npc2−/− larvae. (A–C) lateral view; (A’,A”,B’,B”,C’,C”), dorsal view; and (A”,B”,C”) enlarged fragments of
A’,B’,C’, respectively. Scale bar = 0.5 mm.
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FIGURE 4 | Decrease in mobility and increase in thigmotaxis in npc2−/− larvae. (A) Heatmaps of mean traces of npc2+/+ and npc2−/− larvae during each 5 min
period. (B–E) Boxplots of total distance traveled, time spent moving, mean velocity, and thigmotaxis in npc2+/+ and npc2−/− larvae. (E) *p < 0.05 and **p < 0.01.

and rhombencephalon (Figure 6A). In the external and internal
cellular layers of the olfactory bulb, multiple vacuolations were
observed in intracellular matter, but no neural cytopathological
changes were found. Widespread foamy vacuolation of the
cytoplasm of neurons and glia and neuronal spheroids were
present in the npc2−/− telencephalon and optic tectum (mostly
in the stratum fibroetgricialem). Similar changes were observed
in the olfactory bulb and optic nerve (Figures 7B,C). CD3-
positive cells were observed in npc2−/− fish, whereas no signal
was detected in the wildtype group (Supplementary Figure 4B).

We determined the level of gene expression in wildtype and
npc2−/− fish at two developmental stages. Homozygous larvae
were preselected based on Nile blue staining. The genotype of
both 5-day-old larvae and adult fish was confirmed by HRM
analysis. In whole larvae, the mbp, cldn, and olig1 genes were
down-regulated, whereas expression of the mpz, plp1, and sox10
genes was unchanged. In the npc2−/− adult brain, a significant

reduction of expression was detected only for the mbp and mpz
genes (Figure 8). The downregulation of myelination markers
was consistent with the decrease in LFB staining (Figure 6A).

Alterations of Expression of Genes That
Shape Inflammation, Autophagy and
Ca2+ Signaling in npc2−/− Fish
The downregulation of mbp expression is associated with the
upregulation of interleukin-1 signaling in npc1−/− animal
models (Mannie et al., 1987; Qiao et al., 2018). To determine
whether npc2−/− zebrafish exhibit hallmarks of inflammatory
responses that are associated with NPC disease, we profiled the
expression of selected genes in the brain and liver in 9-month-old
fish. In the brain, the upregulation of il1, nf κβ, mpeg, and capn2a
was detected (Figure 9). In the liver, il1 expression but not nf κβ,
mpeg, or capn2a expression was also up-regulated. However, in
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FIGURE 5 | Pathological changes in soft tissues in npc2−/− revealed by H&E staining. (A) Cells with enlarged nuclei (black arrow), hepatosteatosis with different
type of fatty droplet accumulation (open arrowhead) and foam cytoplasm (asterix) were found in npc2-deficient livers. (B) Kidneys with degenerating cells (DMc)
between ductal (DT) and proximal (PT) tubules. (C) Pancreas with degeneration of zymogen granules in acinar cells and cholesterol deposits. The paraffin sections
are from adult npc2−/− fish and wildtype npc2+/+ control. Scale bar = 50 µm.

contrast to the brain, mpx, apoE, and ppp3ca expression was
up-regulated (Figure 9).

In addition, we stained zebrafish larvae with Neutral red, a
dye which specifically labels microglia in the larval zebrafish
brain. In 5 dpf npc2−/− larvae, we found numerous red-labeled
cells with dark red aggregates having typical appearance of over-
activated micro-microglia, i.e., soma size was enlarged and cells
had amoeboid shape (Supplementary Figure 5). Beclin-1 plays
an important role autophagy during neurodegeneration. We
found that npc2−/− larvae show slightly increased expression
level of becn1, which is in line with previous finding of
Pacheco and colleagues who demonstrated that enhanced
basal autophagy in NPC1 deficiency is mediated by increased

expression of Beclin-1 (Pacheco et al., 2007). We did not
detect significant changes in the expression level of markers of
ubiquitin-dependent stress-induced autophagy (atg5, atg7, and
p62; Supplementary Figure 6).

We also found that apoE, capn2a, lgals3a, mcu, mpeg, and
ppp3ca expression were down-regulated in 5 dpf npc2−/− larvae
compared with wildtype fish (Figure 10A). The most striking
difference was related to the level of mcu, with very high
statistical significance. These changes appeared to be specific to
NPC disease because 2HPβCD treatment rescued the levels of
mcu and ppp3ca expression and the expression of genes that
are associated with myelination (olig1, mbp, cldn, and plp1;
Figures 8, 10B).
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FIGURE 6 | Pathological changes in the central nervous system in adult npc2−/− zebrafish. (A) Luxol fast blue staining showed differences in myelination between
wildtype and npc2−/− fish. (B) Changes in habenula structure were present in some npc2−/− fish, which lacked the characteristic structure of this part of the
habenular tract. (C) Midbrain with vacuolization of the habenula tract (blue arrow) with fascicular retroflexus (blue arrowhead) and degenerative changes in the medial
and lateral longitudinal fascicle. OB, olfactory bulb; OR, olfactory rosette; Te, telencephalon; TeO, tectum opticum; Ce, cerebellum; Me, medulla; PG, preglomerular
complex; and PT, posterior tuberculum. (A) LFB staining. Scale bar = 500 µm. (B,C) H&E staining. Scale bar = 100 µm. (C) scale bar = 500 µm.
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FIGURE 7 | Pathological changes in npc2−/− sensory organs. (A) Cerebellum structure with Purkinje cells degeneration in npc2 mutant (gray arrow), (B) Olfactory
rosette with olfactory nerves (white arrow). (C) Optic nerve ganglion. Cells with a foamy, pale cytoplasm, eosinophilic nuclei, and signs of degeneration (black arrows)
within the optic tectum. (A) ML, molecular layer; P, Purkinje cell leyer; GL, granule cell layer; OfN, olfactory nerves; and OR, olfactory rosette; (B) OT, optic tectum;
OpG, optic nerve ganglion. H&E staining. Scale bar = 50 µm.

FIGURE 8 | Decrease in myelination in npc2-deficient larvae and adult fish. Scatter plots show the normalized expression of selected genes in 5 dpf larvae and in the
brain in npc−/− and wildtype zebrafish. Each circle corresponds to one zebrafish. The 18S ribosomal gene was used as a reference. At least three samples were
analyzed. ***p < 0.001; **p < 0.01; and *p < 0.05.
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FIGURE 9 | Signs of inflammation and alterations of Ca2+ homeostasis in npc2−/− zebrafish. Scatterplots show the normalized expression of selected genes in
brain and liver tissue from 9-month-old npc2−/− homozygotes and wildtype zebrafish. Each circle corresponds to one zebrafish. The 18S ribosomal gene was used
as a reference. Samples from at least three fish were analyzed. ***p < 0.001, **p < 0.01, and *p < 0.05.

DISCUSSION

Niemann-Pick type C disease is a rare disease. The elucidation
of its pathogenesis can help understand the molecular
mechanisms that underlie more common disorders that are
related to impairments in cholesterol homeostasis, autophagy,
inflammation, and neurodegeneration. Accumulating evidence
links cholesterol transport inhibition with lower susceptibility
to viral infection, including SARS-CoV-2 (Gong et al., 2016;
Wec et al., 2016; Stoeck et al., 2018; Ballout et al., 2020; Sturley
et al., 2020; Vial et al., 2020), and studies of NPC genes are
highly relevant. Of two human NPC genes, NPC1 and its
homologs have been the most studied (Fog and Kirkegaard, 2019;
Wheeler and Sillence, 2020). Various tools have been created
and successfully applied to advance our knowledge of NPC1
function in normal and pathological processes (Lin et al., 2018;
Tseng et al., 2018; Fog and Kirkegaard, 2019). Surprisingly, little
is known about NPC2, a soluble lysosomal protein that delivers
cholesterol to NPC1 (Deffieu and Pfeffer, 2011). Homologs
of both the human NPC1 and NPC2 genes are conserved in
zebrafish. Zebrafish npc1 mutants were recently described (Lin
et al., 2018; Tseng et al., 2018). To our knowledge, no zebrafish
mutant is available for npc2. To fill this gap in the literature, we
created and characterized homozygous npc2−/− fish.

Clinical manifestations in humans who are deficient in NPC1
or NPC2 are similar. Hence, unsurprising is that npc2−/−

zebrafish in many ways resemble the phenotype of npc1−/−

fish. In the present study, we found that the manifestation of
the npc2 mutation resembles changes that are seen in human
patients. NPC disease can be highly heterogeneous in patients
(Vanier, 2010; Reunert et al., 2016). In npc2 mutant fish, we
observed variability in symptoms and their intensity. Similar

to patients, npc2−/− fish exhibited clear signs of neuropathy
and cytological changes in the liver and pancreas. Fish do not
have bone marrow, and hematopoietic processes are conducted
by the thymus, spleen, and anterior kidney. These three major
hematopoietic organs were affected, and cells with a characteristic
foam cytoplasm were observed, similar to several human diseases
(Eom et al., 2015) and animal models (Kuemmel et al., 1997) of
renal degeneration. Foam cells within the npc2−/− brain were
also present in NPC patients and mouse models. Defects in
Purkinje cells in the cerebellum were found in adult npc2−/−

fish. In addition to histological changes, npc2−/− fish also
recapitulated molecular changes, including alterations of the
expression of genes that are involved in myelination and
inflammation. However, gene expression was not changed in the
same manner in larvae and adults. This is unsurprising because
adult fish were severely affected, whereas the disease just started
to progress in 5-day-old larvae.

Links between mitochondria, lysosomes, and neurodegene-
ration have been confirmed previously (Saffari et al., 2017; Torres
et al., 2017). Mitochondrial dysfunctions have also been described
in human cells with a mutation the human NPC1 gene and
in corresponding mouse models (Woś et al., 2016; Erickson
et al., 2020). We found a significant decrease in expression of
the mcu gene in npc2−/− larvae. 2HPβCD treatment rescued
expression levels. To our knowledge, this is the first study that
found that impairments in calcium uptake into mitochondria
may contribute to NPC disease. We previously reported that
mcu knockout can rescue pink1 mutant zebrafish, a model of
Parkinson’s disease, from the loss of dopaminergic neurons
(Soman et al., 2019). Alterations of calcium homeostasis and
signaling are not restricted to mitochondria. NPC disease was
linked to a decrease in the expression of Ppp3ca in the mouse
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FIGURE 10 | Treatment with 2-hydroxypropyl-β-cyclodextrin increased the
expression of genes that are related to inflammation and Ca2+ homeostasis in
5 dpf npc2−/− larvae to wildtype levels. Scatterplots show the normalized
expression of selected genes in untreated larvae (A) and larvae that were
treated with 2 mM 2HPβCD (B) at 5 dpf. Each circle corresponds to one
zebrafish. The 18S ribosomal gene was used as a reference. The experiments
were performed in triplicate. ***p < 0.001, **p < 0.01, *p < 0.05.

cerebellum (Reddy et al., 2006). Significant reductions of ppp3ca
expression were also observed in npc2−/− larvae, whereas
expression in the adult mutant brain appeared to be unaffected.
We also found an increase in ppp3ca expression in the npc2−/−

liver. The regulation of expression levels may be tissue-dependent
and vary within more complex structures. In such a case, the
analysis of the whole brain could have masked changes that
occurred in the cerebellum.

In humans and zebrafish, the loss of one allele of the NPC1 or
NPC2 gene is insufficient to cause NPC disease. The homozygous
mutation of either npc gene leads to premature death. Some
individuals can live longer, whereas some die at a young age. The
prevalence of the early infantile form of NPC disease is much
higher in children with a mutation of the NPC1 gene compared
with patients with the mutation of NPC2 (Seker Yilmaz et al.,
2020). The majority of npc2−/− fish live longer and can reach the
age of 4 months, whereas the majority of npc1−/− fish die within
the first month of life. Assuming that 1 month of zebrafish life
corresponds to 2 years of human life, the lifespan of patients and
npc2−/− zebrafish is similarly affected.

A link between Niemann-Pick disease and growth restriction
has been established for Niemann-Pick type B disease, which is a
lysosomal storage disease that is associated with the accumulation
of sphingolipids (Wasserstein et al., 2003). This link has not
yet been established for NPC disease. Homozygous mutations
of npc1 (Lin et al., 2018; Tseng et al., 2018) and npc2 (present
study) in zebrafish result in significant reductions of body length

and weight compared with wildtype and heterozygous siblings.
Tseng et al. suggested that “the growth defect observed in
the npc1 mutant zebrafish may be due to impaired feeding”
(Tseng et al., 2018). Lawrence et al. reported that the sex
ratio in zebrafish is strongly influenced by the feeding regimen,
and fish that eat more are more likely to become female
(Lawrence et al., 2008). npc2−/− fish and their heterozygous
and wildtype siblings occupied the same tank. The sex ratio is
skewed in npc2 mutants, and npc2−/− fish tend to be males,
whereas their wildtype siblings tend to be mostly females. Thus,
growth restriction and male-rich population of npc2−/− fish
may be at least partially attributable to an inability to take
food. Moreover, anatomical and histological changes in the
olfactory and optic neuron tracts and degenerative changes in
mechanosensory fibers may hinder the ability of npc2−/− fish to
find food.

Despite the smaller body size, adult npc2−/− fish produced
gametes, but our attempts to inbreed these fish were unsuccessful.
A similar problem was reported for Npc2−/− mice (Busso
et al., 2010, 2014) and npc1−/− zebrafish (Tseng et al., 2018).
However, we found that male npc2−/− fish could occasionally
mate with npc2± female fish, resulting in viable offspring.
This finding is consistent with the observation by Busso et al.
(2014) that male Npc2−/− mice generated sperm that could
fertilize eggs in vitro, although they did not mate. These
authors suggested that locomotor dysfunction prevents male
mice from breeding, but other factors might contribute to this
problem. Abnormal cerebellar morphogenesis could be one of
the factors (Caporali et al., 2016). Mating behavior involves social
integrations, in which odor communication plays an important
role. Impairments in the sense of smell is an early marker of
neurodegenerative diseases. We found pathological changes in
the olfactory system in npc2−/− fish. Sensory deficits that are
associated with pronounced neurodegeneration in the olfactory
system have also been described in Npc1−/− mice (Hovakimyan
et al., 2013). Therefore, tremor, defective movements, and an
inability to respond to chemical cues likely prevented animals
with NPC disease from successfully breeding.

Niemann-Pick type C disease patients often exhibit
neuropsychiatric symptoms (Evans and Hendriksz, 2017;
Mengel et al., 2017; Patterson et al., 2017). In behavioral
tests, npc2−/− larvae exhibited a range of behavioral changes,
including an increase in anxiety-like behavior upon stress
exposure. Studies showing decreased exploratory activity,
hyperactivity and reduced anxiety were performed on mice, but
only on adult animals which motor skills already were impaired
and hence their performance may have been affected (Võikar
et al., 2002; Gómez-Grau et al., 2017). Similar to fish, behavioral
changes can be quantified in 5-day-old tremor-free animals,
and disease progression can be followed over time. The test
may be scalable. The zebrafish model of NPC disease presents
unique features that may help efficiently and reliably detect early
changes, monitor disease progression, and assay drug efficiency.

Although several NPC models exist, many gaps still need
to be filled to improve our understanding of this disease. The
npc2 mutant makes an important contribution to the range
of existing models that allow further studies of NPC disease
and other neurodegenerative cholesterol-dependent disorders
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at the organismal, cellular, and molecular levels. Experiments
in zebrafish are scalable and suited for high-throughput drug
screens. The zebrafish npc2 mutant may be utilized as a helpful
model for the drug development pipeline in early stages of NPC
disease. Another issue is the clinical diagnostic value of Nile
blue, a dye that specifically provides a strong stain in the nose
in npc2−/− larvae.
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Cerebral ischemia is a devastating disease that affects many people worldwide
every year. The neurodegenerative damage as a consequence of oxygen and energy
deprivation, to date, has no known effective treatment. The ischemic insult is followed by
an inflammatory response that involves a complex interaction between inflammatory cells
and molecules which play a role in the progression towards cell death. However, there is
presently a matter of controversy over whether inflammation could either be involved
in brain damage or be a necessary part of brain repair. The inflammatory response
is triggered by inflammasomes, key multiprotein complexes that promote secretion of
pro-inflammatory cytokines. An early event in post-ischemic brain tissue is the release of
certain molecules and reactive oxygen species (ROS) from injured neurons which induce
the expression of the nuclear factor-kappaB (NF-κB), a transcription factor involved in
the activation of the inflammasome. There are conflicting observations related to the role
of NF-κB. While some observe that NF-κB plays a damaging role, others suggest it to
be neuroprotective in the context of cerebral ischemia, indicating the need for additional
investigation. Here we discuss the dual role of the major inflammatory signaling pathways
and provide a review of the latest research aiming to clarify the relationship between NF-
κB mediated inflammation and neuronal death in cerebral ischemia.

Keywords: NF-κB, inflammation, cerebral ischemia, neuroprotection, neurodegeneration

INTRODUCTION

Cerebral ischemia, due to insufficient blood supply to the brain, leads to neurodegeneration as a
consequence of deprivation of oxygen and energy needed for the metabolic requirements of the
brain. Ischemia can occur in two forms: focal ischemia (stroke), affecting a specific area of the brain
when a particular cerebral artery is occluded, or global ischemia, affecting the entire brain and
typically caused when cardiac activity comes to a halt, as in a cardiac arrest or during surgery (Zhang
et al., 2016).
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This devastating disease is one of the leading causes of death
as well as a major cause of adult disability from neurological
dysfunction (Katan and Luft, 2018; World Health Organization,
2018).

Lack of oxygen and glucose supply after cerebral ischemia
leads to neurons and glial cells being unable to maintain their
ionic homeostasis (Murphy, 2015). This triggers a complex
series of events known as the ischemic cascade, for review see
Iadecola and Anrather (2011) and Azad et al. (2016). Briefly,
the disruption of the cellular ionic gradients results in an excess
release of glutamate, causing an increase in the intracellular
calcium influx and excitotoxicity that initiates necrotic and
apoptotic cell death pathways. During these cell death processes,
reactive oxygen species (ROS) can be generated by cellular ionic
imbalances, which mediates membrane, mitochondrial, and
DNA damage resulting in protein misfolding and inflammation
(Iadecola and Anrather, 2011). Importantly, reperfusion after
cerebral ischemia also increases the production of ROS and the
inflammatory response, worsening neuronal injury (Wu et al.,
2018). All these processes seriously damage neurons, glia and
endothelial cells.

Despite major recent advances in the understanding of the
pathogenesis of cerebral ischemia, to date, there is no known
effective treatment. A large number of neuroprotective strategies
have shown disappointing results in clinical trials due to lack
of efficacy or undesirable side effects (Ginsberg, 2008). At
present, the most effective approach to reduce damage from
cerebral ischemia is the early restoration of cerebral blood flow
(Hankey, 2017). However, rapid revascularization after cerebral
ischemia can evoke secondary injury caused by the inflammatory
response. This cascade of events involves a complex interaction
between inflammatory cells and other molecules in the brain,
resulting in the release of inflammatory mediators which play
a role in the progression of cell damage and death (Shichita
et al., 2014; Khoshnam et al., 2017). The production of multiple
stimuli from injured ischemic neurons such as the influx of
calcium, the formation of ROS, and various other molecules
are early events in the postischemic brain that induce the
expression, among others, of the nuclear factor-kappaB (NF-κB),
a proinflammatory transcription factor involved in the activation
of the inflammasome (Shih et al., 2015) and a central player
in triggering the inflammatory response (Savage et al., 2012;
Baroja-Mazo et al., 2014; Gao et al., 2017). This review article
summarizes the major inflammatory signaling pathway and the
role of NF-κB in cerebral ischemia-induced-neuronal death.

THE INFLAMMATORY RESPONSE IN
CEREBRAL ISCHEMIA

How Does Inflammation Occur After
Cerebral Ischemia?
Inflammation is a crucial response of the innate immune system
that is activated by peripheral circulatory cells (Benakis et al.,
2014) and cerebral ischemia-induced neuronal damage to restore
homeostasis, tissue repair, and reorganization (Anrather and
Iadecola, 2016). However, chronic inflammatory response leads

to secondary injury after cerebral ischemia, which is why these
processes are so difficult to understand (Kawabori and Yenari,
2015; Banjara and Ghosh, 2017).

After cerebral artery occlusion, ROS production activates
endothelial cells with expression of adhesion molecules and
disruption of the blood-brain barrier (BBB; Abdullahi et al.,
2018; Bayraktutan, 2019) which allows infiltration of leukocytes
(Yang et al., 2019). Infiltrated leukocytes and microglia are
accumulated in the ischemic brain tissue releasing inflammatory
mediators. Infiltrated leukocytes such as neutrophils and
T lymphocytes produce pro-inflammatory cytokines and
cytotoxic substances, damaging cerebral tissue following
ischemia (Garcia-Bonilla et al., 2014; Strecker et al., 2017).
The activated microglia, the brain’s resident macrophages,
induce change in cell morphology to either pro-inflammatory
M1 or anti-inflammatory M2 phenotype (Lee et al., 2014).
In the ischemic brain, M1 microglia initiates post-ischemic
inflammation by generating interleukin (IL)-1β, ROS and
tumor necrosis factor (TNF) which further induces cytokine
and chemokine release from astrocytes and endothelial cells
(Anrather and Iadecola, 2016; Ma et al., 2017) which in turn,
exacerbate brain damage. In addition, M1 microglia also releases
matrix metalloproteinases (MMPs) which further enhance BBB
disruption (Shekhar et al., 2018). In contrast, M2 microglia
releases anti-inflammatory cytokines and growth factors which
mitigate ischemia-induced brain damage (Xiong et al., 2016;
Kanazawa et al., 2017; Figure 1A).

As an early postischemic event, the damage-associated
molecular patterns (DAMPs) are released. DAMPs are the
products of injured or stressed neurons and glial cells that
are originally intended to activate repair mechanisms (Patel,
2018). DAMPs include diverse types of molecules, such as
endogenous proteins, nucleic acids, and metabolites that trigger
an immune response leading to cell damage (Gadani et al.,
2015). Endogenous protein DAMPs, high mobility group
protein B1 (HMGB1; Deng et al., 2019), IL-33, IL-1α, Ca2 +

-binding S100 proteins (Bertheloot and Latz, 2017), heat
shock proteins (HSPs; Tamura et al., 2012), and peroxiredoxin
(PRXs; Nakamura and Shichita, 2019) are released after
cell damage and initiate inflammation. Another group of
DAMPs includes mitochondrial DNA (mtDNA; West and
Shadel, 2017), nucleotide derivatives such as ATP, uric acid,
and ROS (Heil and Land, 2014; Patel, 2018). DAMPs and
cytokines trigger activation of toll-like receptors (TLRs) which
are one of the several transmembrane pattern-recognition
receptors and play a pivotal role in the inflammatory response
after brain injury (Kumar, 2019). Activated TLRs increase
NLRP3 [nucleotide-binding oligomerization domain (NOD)-
like receptor protein 3] expression through the NF-κB signaling
pathway. Together with the adaptor ASC [apoptosis-associated
speck-like protein containing CARD (caspase recruitment
domain)] and procaspase-1, NLRP3 forms a caspase-1 activating
complex known as the NLRP3 inflammasome (Gao et al., 2017),
then the activated caspase-1 converts the pro-form to mature
form of pro-inflammatory cytokine IL-1 and IL-18 (Figure 1B).
We discuss the inflammation complex in more depth in the
‘‘Proinflammatory Role of Inflammasome’’ section.
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FIGURE 1 | Schematic overview of the postischemic inflammatory response and NF-κB signaling pathways mediating NLRP3 inflammasome activation. (A)
Cerebral ischemia triggers the disruption of the blood brain barrier (BBB) allowing for the macrophages to migrate to the ischemic area. Injured neurons release
DAMPs soon after the onset of ischemia, which can be detected by microglia, astrocytes, and macrophages initiating an inflammatory response. The inflammatory
molecules released by the glia have deleterious as well beneficial effects on neurons. M1 microglia generate interleukin (IL)-1β and tumor necrosis factor (TNF) which
further induce cytokine and chemokine release from astrocytes. M1 microglia also release MMPs, enhancing BBB disruption and worsening brain damage. A
beneficial role of glia consists of producing anti-inflammatory cytokines and trophic molecules. Additionally, astrocytes can be involved in the repair of the BBB. (B)
DAMPs and cytokines trigger TLR/cytokine receptor signaling, leading to NF-κB activation. NF-κB, a major factor in the inflammasome priming phase, is activated
upon phosphorylation of the inhibitor IκB by IKK. NF-κB can then translocate to the nucleus to induce transcription of the inflammasome complex elements. DAMPs
released by mitochondria (mtDAMPs) constitute the signal that triggers the assembly and activation of the inflammasome. Caspase-1 is activated by the
inflammasome and can transform the inactive pro-IL-1 into active IL-1 which can be released (see text for abbreviations).
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Proinflammatory Role of Inflammasome
Inflammasome is a multiprotein complex that mediates the
secretion of inflammatory cytokines by the immune system
and nerve cells, after perception of danger signals, triggering
cell death in cerebral ischemia (Gao et al., 2017; Mohamadi
et al., 2018). Among the different receptor proteins that can
form inflammasomes, NLRP3 is one of the best characterized
component of an NLR family (Wen et al., 2013; Broz and Dixit,
2016). NLRP3 inflammasome is formed by NACHT, a nucleotide
binding and oligomerization domain, a C-terminal leucine-rich
repeat (LRR), N-terminal adaptor protein ASC [that contains a
pyrin domain (PYD)] and procaspase-1 (Schroder and Tschopp,
2010; Voet et al., 2019; Feng et al., 2020).

Inflammasome complex activation and production of
cytokines are done by a well-regulated mechanism that requires
two phases. The priming phase involves activation of the
transmembrane TLRs by DAMPs from damaged and dead cells,
resulting in the upregulation of the NF-κB and MAPK signaling
pathways followed by the transcription of the inflammasome
protein and pro-IL-1β and pro-IL-18 (Bauernfeind et al.,
2011; Fann et al., 2013). The second phase is the activation of
the inflammasome complex by DAMPs, such mitochondrial
ROS, triggering oligomerization of the NLRP3 receptors and
recruitment of ASC (Rajanbabu et al., 2015). The ASC binds
to procaspase-1 resulting in its cleavage and conversion to
active caspase-1 that in turn triggers the activation of IL-1 and
IL-18 initiating inflammation (Schroder and Tschopp, 2010;
Sutterwala et al., 2014; Broz and Dixit, 2016; Gong et al., 2018).

NLRP3 inflammasome is expressed in microglia and neurons
(Song et al., 2017; Fann et al., 2018). The astrocytes secrete
pro-inflammatory cytokines, however, it has been reported that
NLRP3 inflammasome is not functional in mouse astrocytes
(Gustin et al., 2015). In contrast, Freeman et al. (2017) provided
direct evidence for the function of NLRP3 in astrocytes. Neuronal
and glial cell death after cerebral ischemia is correlated with
increased inflammasome activity (Fann et al., 2013; Ma et al.,
2019). Moreover, cerebral ischemia-induced neuronal cell death
and inflammasome expression are attenuated by NF-κB and
MAPK inhibitors (Fann et al., 2018; Figure 1B).

Anti-inflammatory Response by Glial Cells:
a Beneficial Effect of Inflammatory
Process
Cerebral ischemia induces cell death that activates the
inflammatory response, secretes pro-inflammatory cytokines,
and promotes further brain damage via activation of glial cells
(Iadecola and Anrather, 2011; Kawabori and Yenari, 2015;
Banjara and Ghosh, 2017). However, depending on the context
and timing, activated glial cells also play a beneficial role by
removing dead cells and promoting recovery (Jayaraj et al., 2019;
Sakai and Shichita, 2019). Resolution of inflammation and tissue
repair is a contribution of activated M2 microglia which become
phagocytic and clear tissue damage (Iadecola andAnrather, 2011;
Zhang, 2019). They also release anti-inflammatory cytokines
such as TGF-β, IL-4, IL-10, IL-13, growth factors, progranulin
which represses inflammation and alleviates brain damage after

ischemic insults (Xiong et al., 2016; Kanazawa et al., 2017) and
produce insulin-like growth factor (IGF)-1 during the reparative
phase of the inflammation (Amantea et al., 2014). Moreover,
brain injury after cerebral ischemia is exacerbated by the deletion
of proliferating microglia (Lalancette-Hébert et al., 2007) and is
attenuated by administration of exogenous microglia (Imai et al.,
2007).

Astroglia also play a beneficial role in the process of
inflammation. Several studies suggest that the astrocytes
reactions are involved in the repair and neuroprotection by
reconstructing the BBB (del Zoppo, 2009) and delivering
neurotrophic factors (Shen et al., 2010) in cerebral ischemia.
Ischemia activates astrocytes and increases glial fibrillary acidic
protein (GFAP) expression, reactive gliosis, and glial scar with
both detrimental and beneficial functions (Liu and Chopp,
2016; Pekny et al., 2019). Astrocytes form functional borders
that regulate the inflammatory cells, restraining the extent
of neurotoxic inflammation (Sofroniew, 2015). The deletion
of reactive astrocytes has been shown to frustrate the BBB
repair, increasing inflammation and tissue damage after cerebral
ischemia (Li et al., 2008). On the other hand, induction
of astrocyte proliferation is correlated with neuroprotection
in cerebral ischemia models (Keiner et al., 2008). These
studies indicate that inflammatory cells in the CNS have a
dual role, both beneficial and deleterious by activating and
repressing inflammation in a time- and context-dependent
manner (Figure 1A).

NF-κB IN THE BRAIN

The pleiotropic transcription factor NF-κB, as a key regulator
of numerous cellular signaling pathways, is involved in cell
survival, immune responses, and inflammation (Shih et al., 2015).
NF-κB contains dimers of the Rel protein family that includes
RelA (p65), p50, p52, Rel B, and C-Rel. It is amply expressed
in neurons and glial cells as a heterodimer of RelA (p65) and
p50 subunits (Ridder and Schwaninger, 2009). Under resting
conditions, NF-κB dimers are retained in the cytoplasm, in an
inactive state, by interacting with its endogenous inhibitor IκB to
prevent nuclear translocation (Napetschnig and Wu, 2013).

Two major signaling pathways can activate NF-κB, canonical
and noncanonical pathways. The most researched canonical
NF-κB pathway is activated by many different exogenous and
endogenous factors, including DAMPs, cytokines, ROS, growth
factors, immune-related receptors, and other signals such as
neurotransmitters and nerve growth factors. These factors are
perceived by specific membrane receptors such as TLRs and IL-1
receptors and many others that trigger the activation of the IKK
(IκB upstream kinase). IKK activation induces phosphorylation,
ubiquitination, and degradation of the IκB resulting in NF-κB
translocation to the nucleus and stimulation of the transcription
of many different genes (Ridder and Schwaninger, 2009). The
noncanonical NF-κB pathway responds to ligands of members of
the TNF family receptor and does not rely on IκB degradation
but rather depends on the processing of the NF-κB precursor
(Sun, 2012). Canonical NF-κB pathway is involved in both acute
and chronic inflammatory responses and in cell survival whereas
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noncanonical NF-κB pathway cooperates with canonical NF-κB
pathway in regulating different immune functions (Sun, 2017).

NF-κB is highly expressed in all cell types in the brain with
different functions. NF-κB is observed in neuronal processes and
in isolated synapses (Meffert et al., 2003). It is constitutively
activated in hippocampal neurons (Fridmacher et al., 2003),
in GABAergic interneurons (O’Mahony et al., 2006) as well
as in other types of neurons from various regions of the
brain (Shih et al., 2015). Many different stimuli have been
shown to activate neuronal NF-κB including inflammatory
mediators, neuronal growth factor (NGF), brain-derived growth
factor (BDNF), and excitatory neurotransmitters (Snow and
Albensi, 2016). Neuronal NF-κB is activated through NMDA
glutamate receptors and L-type voltage calcium channels in
neurons from the hippocampus, cerebellum, and the cortex
(Meffert and Baltimore, 2005). Under physiological conditions,
NF-κB promotes synaptic activity which maintains the ideal
basal constitutive level in neurons and is repressed by IκB in an
autoregulatory manner (Dresselhaus andMeffert, 2019). Trophic
factor deprivation decreases NF-κB activity in cerebellar neurons
by increasing the NF-κB inhibitor IκB (Kovács et al., 2004).

NF-κB signaling disruption increases neurodegeneration in
excitatory neurons (Fridmacher et al., 2003) and in GABAergic
interneurons indicating a role for NF-κB in synaptic plasticity
and memory (O’Mahony et al., 2006). On the other hand, NF-κB
activation promotes dendritic spines while the inhibition of NF-
κB activity reduces dendritic spines suggesting a role for NF-κB
in the excitatory synaptic function (Boersma et al., 2011). NF-κB
regulates a large number of gene targets implicated in neuronal
synaptic plasticity that are involved in behavior (Dresselhaus and
Meffert, 2019). Additionally, several studies cite evidence that the
activation of NF-κB is required for neuronal survival (Bhakar
et al., 2002; Kaltschmidt et al., 2005; Mattson and Meffert, 2006).

In contrast, NF-κB has low basal activity in glial cells and
there is no report indicating that glial NF-κB can be activated
under resting state or by neurotransmitters as in the case with
neurons. However, it has been reported that microglial NF-κB
appears to have a role in the development and regulation of
neuronal excitability and synaptic plasticity (Kyrargyri et al.,
2015). Astrocytes have an important function in forming the BBB
as well as in neuronal support and repair. Moreover, astrocytes
are involved in the termination of excitatory signals by removing
glutamate from synapses that rely on NF-κB activation (Ghosh
et al., 2011).

ROLE OF NF-κB IN CEREBRAL ISCHEMIA

The main controversy is whether NF-κB activation has a
neuroprotective role or its function as an inflammatory mediator
exacerbates neuronal damage after cerebral ischemia. NF-
κB regulates caspase inhibitors, TNF-receptor associate factor
(TRAF), and the Bcl-2 family proteins (Wang et al., 1998,
1999) increasing cell survival. These antiapoptotic and survival-
promoting genes can code for resistance to cell death under
pathological conditions (Yang et al., 2007; Mettang et al., 2018).
Overexpression of p65 rescued apoptotic cortical neurons while
selective inhibition of NF-κB enhanced damage (Bhakar et al.,

2002) suggests that NF-κB is involved in an anti-apoptotic
function in neurons. In contrast, other studies propose that the
neuronal activation of NF-κB contributes to the death of neurons
after cerebral ischemia (Nurmi et al., 2004; Zhang et al., 2005).
NF-κB is activated in degenerating hippocampal CA1 neurons
24–72 h after global ischemia (Clemens et al., 1997) and 24 h after
focal ischemia in association with reactive glial cells, and at later
times, in rats (Gabriel et al., 1999). Moreover, infarct volumes are
decreased in experiments with mice lacking the p50 subunit of
NF-κB indicating that NF-κB activation could promote neuronal
death after ischemia (Nurmi et al., 2004). NF-κB has different
functions that may depend on the NF-κB complex composition
(Lanzillotta et al., 2015).

Besides neurons, NF-κB signaling pathways in glia can be
activated in response to injury through TLR signaling, increasing
the production of inflammatory mediators (Dresselhaus and
Meffert, 2019). Microglia, the immune resident macrophages
in the brain, can become activated by an NF-κB-mediated
mechanism under injury conditions. This activation can
trigger a release of large amounts of pro-inflammatory
cytokines, such as TNFα, IL-1β, and ROS (Block et al.,
2007) that can generate secondary neurotoxicity aggravating
neurodegeneration. Astrocyte activation by TLR is involved in
innate immune reactions secreting IL-1β and IL-6 (Kopitar-
Jerala, 2015) and after cerebral ischemia, astrocytes are involved
in inflammation mediated by NF-κB (Deng et al., 2018).
Astroglial NF-κB inhibition induces a decrease in the expression
of chemokines and leukocyte infiltration showing a role in the
intracellular pro-inflammatory activation (Gonzalez-Reyes and
Rubiano, 2018).

Neurotoxicity mediated by glial cells may give an
explanation of the neuronal damage and NF-κB activity
decreases after cerebral ischemia (Mattson and Meffert, 2006).
Considerable evidence now suggests that neuronal NF-κB has
an anti-apoptotic and survival role while its activation in glial
cells is involved in inflammation and cell death. NF-κB’s possible
protective role in neurons should be separated from the most
likely probable degenerative role in glia (Kaltschmidt et al., 2005;
Dresselhaus and Meffert, 2019).

CONCLUSIONS

Inflammation is a central component in the progression of cell
damage after cerebral ischemia that involves neurons, glia, and
immune cells. Growing evidence indicates that inflammation
has a dual role: while the acute inflammatory response seems
to aggravate an ischemic injury, the recovery and tissue repair
depend on later inflammatory processes. Moreover, it is accepted
that pro-inflammatory glial and immune cells in the acute phase
of ischemia may differentiate into anti-inflammatory cells that
contribute to the regeneration processes during the chronic
phase of cerebral ischemia. It is well established that NF-
κB has a crucial role in cell survival and inflammation. All
brain cell types express NF-κB, but under basal conditions it
is constitutively activated in neurons, while it has little activity
in glial cells, showing different functions in different nerve
cells. Neuronal NF-κB has a potential preservative role that
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should be differentiated from the degenerative role it plays in
glial cells under ischemic conditions. Based on all the above,
an ideal and successful anti-inflammatory treatment should
attack and inhibit, in a very selective manner, the deleterious
constituents of the inflammatory process during cerebral
ischemia and, simultaneously, enhance the beneficial aspects of
the inflammatory response. Additionally, the treatment should
selectively target, in its actions, different cell types. In the context
of cerebral ischemia, a deeper understanding of the step-by-step
progression of the inflammatory cascade as well as the specific
functions of NF-κB, in the different cell types, is crucial for the
development of an effective therapeutic regimen.
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Neurotrophic factors (NTFs) are small secreted proteins that support the development,
maturation and survival of neurons. NTFs injected into the brain rescue and regenerate
certain neuronal populations lost in neurodegenerative diseases, demonstrating the
potential of NTFs to cure the diseases rather than simply alleviating the symptoms.
NTFs (as the vast majority of molecules) do not pass through the blood–brain barrier
(BBB) and therefore, are delivered directly into the brain of patients using costly and
risky intracranial surgery. The delivery efficacy and poor diffusion of some NTFs inside
the brain are considered the major problems behind their modest effects in clinical
trials. Thus, there is a great need for NTFs to be delivered systemically thereby avoiding
intracranial surgery. Nanoparticles (NPs), particles with the size dimensions of 1-100 nm,
can be used to stabilize NTFs and facilitate their transport through the BBB. Several
studies have shown that NTFs can be loaded into or attached onto NPs, administered
systemically and transported to the brain. To improve the NP-mediated NTF delivery
through the BBB, the surface of NPs can be functionalized with specific ligands such
as transferrin, insulin, lactoferrin, apolipoproteins, antibodies or short peptides that will
be recognized and internalized by the respective receptors on brain endothelial cells.
In this review, we elaborate on the most suitable NTF delivery methods and envision
“ideal” NTF for Parkinson’s disease (PD) and clinical trial thereof. We shortly summarize
clinical trials of four NTFs, glial cell line-derived neurotrophic factor (GDNF), neurturin
(NRTN), platelet-derived growth factor (PDGF-BB), and cerebral dopamine neurotrophic
factor (CDNF), that were tested in PD patients, focusing mainly on GDNF and CDNF. We
summarize current possibilities of NP-mediated delivery of NTFs to the brain and discuss
whether NPs have impact in improving the properties of NTFs and delivery across the
BBB. Emerging delivery approaches and future directions of NTF-based nanomedicine
are also discussed.

Keywords: Parkinson’s disease, brain-derived neurotrophic factor, cerebral dopamine neurotrophic factor,
dopamine neurons, endoplasmic reticulum stress, glial cell line-derived neurotrophic factor, nanomedicine,
neuroinflammation
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INTRODUCTION

Potential of Neurotrophic Factors in
Neurodegenerative Diseases and Open
Challenges
Neurotrophic factors (NTFs) (trophic = survival) are typically
proteins of 10 to 35 kDa in molecular weight that support
the development, differentiation, survival and plasticity of
neurons (Huttunen and Saarma, 2019). NTF-based therapies
hold great promise for curing neurodegenerative diseases such as
Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic
lateral sclerosis (ALS), and Huntington’s disease (HD) that are
currently incurable. Compared to potential alternative therapies,
NTFs have the following advantages:

(a) NTFs are disease-modifying. All commercial and most
of the emerging therapeutic approaches alleviate the
symptoms of neurodegenerative diseases without
curing them, while NTFs are able to slow down
neurodegeneration and reverse the diseases at least in
certain animal models and in some clinical trials (Lu et al.,
2013; Chmielarz and Saarma, 2020).

(b) Decrease of NTF levels or knockdown of their receptors
results in neuronal loss and other disease-related outcomes.
Decreased levels of NTFs have been found in the brains of
AD, HD, and PD patients (Rinne et al., 1989; Lorigados
Pedre et al., 2002), while supplementation of NTFs
can protect affected neurons in the animal models of
neurodegenerative diseases. In mice deficient in NTFs or
their receptors disease-related neurons are often lost or
affected (Kramer et al., 2007; Lindahl et al., 2020).

(c) NTFs regulate the functional activity of neurons. This is
achieved by regeneration of neuronal axons, stabilization
and stimulation of synapses and regulation of the synthesis
and release of neurotransmitters and expression of their
transporters (Kumar et al., 2015; Castrén and Antila, 2017).

Despite the mentioned advantages that most of other potential
therapies do not have, early studies have pointed out several
problems associated with the clinical implementation of NTFs.
Two of the most important obstacles observed are the side
effects of NTFs and their low clinical benefit, whereas the
main proposed reason for both is inadequate dosing and
delivery of NTFs into the brain. The very first studies employed
systemic administration of NTFs (Bartus and Johnson, 2017).
However, most of the NTFs have short in vivo half-lives,
poor pharmacokinetic properties and very low penetration rates
through the blood–brain barrier (BBB). Thus, their access to the
neuronal targets is restricted by their proteolytic degradation,
different clearance mechanisms (such as rapid excretion by
kidneys) and binding by various components of peripheral tissues
(Thorne and Frey, 2001).

As the result, NTFs are currently delivered directly into the
brain of PD patients using costly and risky intracranial surgery
(Huttunen and Saarma, 2019). Only mid- and late-stage patients
can be treated using brain surgery, since invasive treatments are
considered unethical for the early stage patients. There is a great

need for the efficient NTF peripheral delivery systems that could
avoid intracranial surgery and allow treating early stage patients.

Current review focuses on the potential of nanoparticle
(NPs)-based strategies to improve the stability and delivery
of NTFs into the brain. We focus mainly on the delivery of
NTFs in PD, and cover well-known NTFs as well as a new
family of unconventional NTFs consisting of mesencephalic
astrocyte-derived neurotrophic factor (MANF) and cerebral
dopamine neurotrophic factor (CDNF) that have recently shown
considerable therapeutic potential in the animal models of PD.

Clinical Potential of NTFs in Parkinson’s
Disease
Parkinson’s disease is the second most common
neurodegenerative disease that affects over 10 million people
throughout the world. PD is characterized by progressive loss
of nigrostriatal dopaminergic neurons in the midbrain that
leads to severe movement disorders (Figure 1) and loss of
peripheral dopaminergic neurons that mediates non-motor
symptoms. Current PD treatment strategies are mostly based on
dopamine replacement medicines and deep brain stimulation
that temporarily alleviate the symptoms. However, none of
the available treatments provide long-lasting relief from the
symptoms and do not slow down or stop neurodegeneration.
The use of NTFs as the disease-modifying treatment in PD has
been explored for around 20 years, whereas several NTFs have
shown a considerable potential (Table 1).

Nerve growth factor (NGF) was the first NTF used in PD
patients, and it was tested in one PD patient as support for
the adrenal chromaffin tissue graft in the putamen (Olson
et al., 1991). In the above-mentioned study, intraputamenal
infusion of NGF was applied and resulted in the prolonged
functional improvement compared to the earlier studies using
the grafts without the support of NGF. However, later studies
using the intraventricular infusion of NGF in AD patients
concluded that the “negative side effects appear to outweigh
the positive effects” (Jönhagen et al., 1998), at least for the
intraventricular route of administration, and the clinical trials
with NGF in PD patients were not conducted. In addition,
dopamine neurons do not express a transmembrane receptor
tyrosine-kinase (TrkA), a high-affinity receptor of NGF, and
do not respond to NGF (Holtzman et al., 1995). In addition
to NGF that was tested in one patient, four growth factors,
glial cell line-derived neurotrophic factor (GDNF), neurturin
(NRTN), platelet-derived growth factor (PDGF-BB), and CDNF
have been tested in clinical trials in PD patients. The results
of the clinical studies with GDNF, NRTN, and PDGF-BB
were summarized by Sullivan and Toulouse (2011), recently
updated by Huttunen and Saarma (2019), Barker et al. (2020),
and Sidorova and Saarma (2020) and briefly summarized in
Table 1. The clinical benefit of NTFs in these clinical trials
was mostly assessed using Unified Parkinson’s Disease Rating
Scale (UPDRS) demonstrating the severity of motor symptoms.
Additionally, most of the studies evaluated the activity of
dopamine transporters (DAT) using DAT positron emission
tomography (DAT PET) as an indirect method for assessing the
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FIGURE 1 | Schematic midsagittal cross-section of the human brain. Dopaminergic neurons localize in substantia nigra pars compacta and project their axons into
striatum. In clinical trials with PD patients NTFs were delivered intracranially into lateral ventricles (glial cell line-derived neurotrophic factor, GDNF) or, predominantly,
into putamen [GDNF, neurturin (NRTN), platelet-derived growth factor (PDGF-BB) and cerebral dopamine neurotrophic factor (CDNF)].

severity of the degradation of nigrostriatal dopamine neurons.
While some of the studies demonstrated beneficial effects of
NTFs, especially on DAT activity level, the others concluded

TABLE 1 | Neurotrophic factors (NTFs) used in PD patients.

NTF Characterization

Nerve growth factor
(NGF)

The first NTF discovered (Levi-Montalcini and Hamburger,
1951). NGF was tested in one PD patient as a supporting
tool for adrenal chromaffin tissue grafts (Olson et al., 1991).

Glial cell
line-derived
neurotrophic factor
(GDNF)

Most studied NTF in PD. GDNF was discovered by Lin et al.
(1993). In 1994 the first in vivo study with GDNF
demonstrated that intranigrally injected GDNF improved
apomorphine-induced rotational behavior in
6-hydroxydopamine (6-OHDA)-injected rats (Hoffer et al.,
1994). Six clinical trials were conducted with GDNF (Gill
et al., 2003; Nutt et al., 2003; Slevin et al., 2005; Lang
et al., 2006; Heiss et al., 2019; Whone et al., 2019). In
these trials, GDNF was injected into the brain in the form of
protein or in the form of gene therapy with viral vector.

Neurturin (NRTN) NRTN demonstrated neurorestorative properties in the
nigrostriatal neurons in animal models of PD (Kotzbauer
et al., 1996). Intraputaminal adeno-associated type-2 viral
vector (AAV2)–delivered gene of NRTN was not superior to
sham surgery when assessed using the UPDRS motor
scores in clinical trials (Marks et al., 2008; Warren Olanow
et al., 2015).

Platelet-derived
growth factor BB
(PDGF-BB)

PDGF-BB demonstrated neurorestorative properties in the
nigrostriatal neurons in animal models of PD (Zachrisson
et al., 2011). No change in clinical rating scores in
placebo-controlled clinical trial with PD patients (Paul et al.,
2015).

Cerebral dopamine
neurotrophic factor
(CDNF)

CDNF was discovered in 2007 and demonstrated
neurorestorative properties in the nigrostriatal neurons in
animal models (Lindholm et al., 2007). CDNF achieved its
primary endpoint of safety and tolerability in a recent phase
I-II clinical trial (Herantis Pharma, 2020; ClinicalTrials.gov:
NCT03295786, NCT03775538).

a lack of the benefit. We discuss possible reasons of this
discrepancy below.

Glial cell line-derived neurotrophic factor is the most studied
NTF in PD. GDNF acts on neurons through its receptor,
tyrosine kinase rearranged during transfection (RET) in the
presence of a co-receptor, GDNF Family Receptor α1 (GFRα1)
(Figure 2). RET activation triggers complex intracellular
signaling cascades, promoting the survival and regeneration of
neurons (Airaksinen and Saarma, 2002).

Six clinical trials in PD patients with GDNF were conducted.
Two open-label trials demonstrated the improvement in
UPDRS (Gill et al., 2003; Slevin et al., 2005), whereas one
open-label and two double-blind placebo controlled clinical
trials resulted in no improvement in UPDRS (Nutt et al.,
2003; Lang et al., 2006; Whone et al., 2019). One gene
therapy approach using an AAV2 vector to deliver GDNF
gene to putamen of PD patients with some encouraging
preliminary results is still ongoing: NCT01621581 (Heiss
et al., 2019). Possible reasons of conflicting results from
different clinical trials with GDNF can be attributed to
several factors: delivery site of GDNF in the brain (putamen
vs. cerebral ventricles), origin of the NTF (mammalian vs.
bacterial), development of anti-NTF antibodies, different NTF
dosage/delivery regimens, and differences in the age of the
patients and stages of the disease. Below we briefly comment on
the studies, where GDNF did not show improvement in UPDRS
compared to placebo.

In the first clinical trial, GDNF was delivered into lateral
ventricle (Nutt et al., 2003). It is currently suggested that
GDNF did not reach nigral neurons using this delivery method.
In the study by Lang et al. (2006), development of anti-
GDNF antibodies in the blood of PD patients was observed,
suggesting the leakage of GDNF into periphery and, as a result,
its insufficient delivery of NTF to the brain that might have
compromised the results. Indeed, only less than 10% total
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FIGURE 2 | Schematic structure of two neurotrophic factors, GDNF and CDNF, and their modes of action in neurons. GDNF signals through receptor tyrosine kinase
RET in the presence of a GDNF binding co-receptor, GFRα1. Upon activation, RET is transphosphorylated at cytoplasmic tyrosine residues and triggers complex
intracellular signaling cascades, Akt, MAPK, and c-Src signaling pathways, promoting the survival and regeneration of neurons (modified from Airaksinen and
Saarma, 2002). CDNF receptors are not identifyed yet. Presumably, CDNF signals through the receptor localized on the endoplasmatic reticulum membrane,
alleviating unfolded protein response, reducing inflammation and promoting the survival of neurons.

putaminal coverage by GDNF was observed in this clinical trial,
suggesting insufficient delivery (Salvatore et al., 2006). In the
study by Whone et al. (2019), during a course of 40 weeks,
intermittent GDNF intraputamenal infusions (120 µg GDNF
to each putamen) were performed once every 4 weeks. The
cumulative 4-week GDNF dose per putamen in this study was
3.5-fold smaller than in the continuous dosing study by Lang
et al. (2006) (120 µg vs. 420 µg). The resulting tissue GDNF
concentrations in the exposed volumes were estimated to be∼18-
fold lower in the study by Whone et al. (2019), suggesting that
delivered GDNF dose was insufficient. Altogether, three clinical
trials, where GDNF did not demonstrate improvement in UPDRS
compared to placebo, had considerable drawbacks in the study
design that have been widely discussed. In addition, all these
studies used GDNF produced in Escherichia coli that rendered
unglycosylated GDNF. GDNF has seven S-S-bridges that are not
formed in E. coli. For these reasons bacterially produced GDNF
was shown to possess a lower stability and activity than the GDNF
produced in mammalian cells (Piccinini et al., 2013, Grondin
et al., 2019).

Cerebral dopamine neurotrophic factor and MANF are the
newest discovered NTFs with unconventional structure and
modes of actions (Lindahl et al., 2017; Figure 2). CDNF was
discovered in 2007 and showed a greater potential to cure PD
in vivo compared to the “gold standard” NTF–GDNF (Lindholm
et al., 2007; Voutilainen et al., 2011). A first-in-man clinical study

with intraputamenal CDNF, a Phase I-II randomized, placebo-
controlled, double-blind, multicenter clinical study in patients
with advanced PD (>10 years since first motor symptoms) was
conducted by Herantis Pharma Plc. and was completed in August
2020 (manuscript in preparation). CDNF was administered
into the putamen of the patients once a month for 6 months
at either mid-dose (120 µg for 2 months and 400 µg for
the following 4 months) or high-dose (120 µg for 2 months,
400 µg for 2 months and 1200 µg for 2 months), followed
by a 6-month active treatment extension study, in which all
patients received one of two doses of CDNF, including the
placebo group. CDNF achieved its primary endpoint of safety
and tolerability. In addition to the primary safety endpoint,
secondary endpoints assessing e.g., severity of motor symptoms
by UPDRS, and exploratory assessments evaluating the integrity
of nigrostriatal dopaminergic system by DAT PET, actigraphy
and cerebrospinal fluid proteomics were included. Significant
increases in DAT PET signaling and improved UPDRS scores
were observed in some but not all CDNF-treated patients. Further
clinical studies with non-invasive CDNF delivery are planned
(Herantis Pharma, 2020).

As mentioned, a sub-group of patients in the clinical study
with CDNF and all GDNF-treated patients in a study with GDNF
conducted by Whone et al. (2019) had a significant increase in
DAT PET signaling, but only some of the patients had improved
UPDRS score: a post hoc analysis found nine (43%) patients in
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the GDNF-treated group but no placebo patients with a large
clinically important motor improvement (≥10 points) in the OFF
state. Whone et al. (2019) thoroughly discussed possible reasons
for the phenomenon and asked whether patient phenotypes had
played a role. However, post hoc covariate analyses investigating
phenotypic characteristics such as age, disease duration, disease
severity, and tremor predominance did not identify any subtype
of the patients who experienced an enhanced benefit (Whone
et al., 2019). It would be tempting to identify a subgroup of
PD patients that are either more or less likely to respond to
GDNF/CDNF therapy.

Together with CDNF, MANF belongs to a novel evolutionarily
conserved family of NTFs. MANF was discovered in 2003 and
was shown to selectively protect nigral dopamine neurons in vitro
(Petrova et al., 2003) and in vivo in animal models (Voutilainen
et al., 2009). Despite that MANF was discovered earlier than
CDNF, it has not yet been tested in clinical trials. The potency
of MANF to protect dopamine neurons in vivo in a rat PD model
(unilateral intrastriatal injection of 6-OHDA) was shown to be
lower compared to CDNF. While MANF demonstrated potential
to rescue cell bodies of dopamine neurons in the substantia
nigra (SN) pars compacta (SNpc) in a 6-OHDA rat model, its
protective effect on neuronal axons (the fibers of dopamine
neurons in the striatum) was modest or absent (Voutilainen
et al., 2009, 2011), making it a dubious NTF candidate for
clinical trials in PD patients. However, the fact that MANF
mitigates the inflammatory response and ER stress warrants
further studies of neurorestorative potential of this NTF in other
neurodegenerative diseases (Kovaleva et al., 2020; Yagi et al.,
2020).

DISCUSSION

Ideal NTF and Hypothetical Perfectly
Designed Clinical Trial
Clinical studies with NTFs have vastly advanced our
understanding of the proteins that should be taken into
account for the design of clinical trials with NTFs in PD patients.
Some of the design parameters are shown in Box 1.

Delivery Method–Systemic vs. Intracranial
Systemic (non-invasive) administration of NTFs would be the
ideal method of delivery. Although early research articles
demonstrated some benefits of NTFs delivered systemically,

BOX 1 | Properties of the ideal NTF for PD.
1. Can be delivered systemically (e.g., intranasal or injection enabling to avoid

brain surgery);
2. Good diffusion in the brain enabling to reach target cells;
3. Stability in the body fluids (e.g., blood) and tissues enabling to reach

the target cells in sufficient concentrations;
4. Specificity toward dopamine neurons enabling reduction of side effects;
5. Ability to treat non-motor symptoms;
6. Systemic delivery without side effects and immune response;
7. Possibility of starting treatment soon after diagnosis when significant

number of dopamine neurons are still alive.

later better controlled studies failed to replicate the efficiency
or identified serious side effects of NTFs that limited the
dosage (Bartus and Johnson, 2017). These disappointing results
promoted the implementation of the invasive methods, where
NTFs were delivered directly into the brain, eihter by infusion
of the protein using mini-pumps or gene delivery with viral
vectors. There are several serious problems associated with
the intracranial delivery. Firstly, intracranial delivery implies a
costly and risky neurosurgical procedures associated with safety
concerns that may result in different adverse outcomes such as
inflammation (Lang et al., 2006). Secondly, development of anti-
NTF antibodies may occur, if NTF leaks into the periphery.
Previous study suggested that anti-GDNF antibodies developed
due to the leakage of intra-putaminally infused GDNF into the
periphery (Barker et al., 2020). Thirdly, intracranial delivery of
NTFs does not allow treatment of many non-motor symptoms
of PD. Finally, due to the ethical considerations and severity
of microsurgical intervention, only middle to late-stage patients
are eligble for the intracranial treatment with NTFs that poses
a problem for efficacy of NTFs: the more advanced is PD, the
less DA neurons are in the brain to protect leading to decreased
efficiency of the therapy.

Delivery Site, Dosing Device and Diffusion Inside the
Brain
Degeneration of dopamine neurons starts from their synapses
and the axons in caudate putamen (Figure 1), whereas cell
bodies in the SNpc degenerate later. NTFs are not able to reverse
the apoptosis of completely degenerated neurons; instead, they
restore the axons of the stressed and degenerating dopamine
neurons and their contacts (Sidorova and Saarma, 2020). Thus,
the degenerating axons in caudate putamen are the main targets
of NTFs, and according to current understanding, the NTFs
should be delivered to the axons of the neurons into caudate
putamen (discussed in more details below).

There are mainly two methods to deliver NTFs directly into
the brain:

(1) The intracerebroventricular method that relies on the
implantation of a catheter and or an internal reservoir with
the drug followed by controlled drug injection from this
reservoir into lateral ventricle.

(2) The intraparenchymal/intracerebral method relying
on the placement of tiny catheters into the brain
parenchyma and continuous or periodical connection of
the catheters to the external drug reservoir. Drug either
diffuses inside the brain by a concentration gradient
(“regular” injection) or “pumped” using a positive pressure
gradient pump [convection enhanced delivery (CED)]
(Furtado et al., 2018).

In the first attempt to treat human PD patients with GDNF,
the intracerebroventricular delivery method was applied and
resulted in no improvement in the UPDRS (Nutt et al., 2003).
Since GDNF diffuses poorly in the brain, it was hypothesized
that GDNF never reached the nigral target neurons in sufficient
quantities. Since the pool of cerebrospinal fluid in the brain
ventricles is turned over every 4–5 h and any drug injected
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into the ventricles is flushed into the blood with very limited
BBB penetration (Furtado et al., 2018), it is reasonable to
hypothesize that intraventricular NTF delivery is a suboptimal
delivery method for most of the NTFs in PD. In the second
phase II trial 15 µg/24 h of GDNF was continuously infused
to the putamen of the patients. The treatment was rather well
tolerated, yet showed no therapeutic benefit for the patients (Lang
et al., 2006). Importantly, the development of GDNF-neutralizing
antibodies in six patients argues for the peripheral leakage of
GDNF, suggesting problems with the mini-pump connection
and uncertainties in the amounts of GDNF delivered into the
brain. In the third double-blind phase II clinical study in PD
patients intraputamenal CED of GDNF protein was used, where
GDNF was delivered once a month to the putamen at a dose of
120 µg per putamen. Again, the motor UPDRS scores did not
significantly differ between the GDNF and the placebo groups,
albeit significant improvements were observed in individual
cases. It was suggested that intermittent intraputamenal CED of
GDNF resulted in an adequate coverage of the putamen with
NTF, overcoming prior drug delivery limitations (Whone et al.,
2019). Moreover, since GDNF binds readily to the cell surface
and extracellular matrix heparin sulfate proteoglycans (Bespalov
et al., 2011) and diffuses poorly in the brain, it was suggested
that 120 µg per putamen per month was perhaps not enough to
induce a significant effect. The coverage of GDNF delivered to the
putamen utilizing CED is around 30% (transfrontal approach) or
50% (posterior approach) (Barker et al., 2020). For comparison,
the coverage of the putamen in the CDNF Phase I trial was
predicted to be around 60–75% using similar device and delivery
site (e.g., infusion into putamen using CED). Thus, it is expected
that bioavailability of CDNF to the neuronal axons is significantly
higher compared to GDNF due to its better diffusion properties
(Voutilainen et al., 2011).

NTF Dosage and Continuity of the
Infusion–Continuous vs. Intermittent
There is still a debate regarding the NTF doses and continuity of
infusion to achieve the best results. The majority of clinical trials
in PD patients have been conducted using continuous infusion
of high doses of NTFs or their constitutive overexpression
from viral vectors. However, by characterizing the distribution,
toxicity and the functional effects of GDNF after CED into the
striatum of rats in vivo, Taylor et al. (2013) concluded that high
concentrations (above 0.6 µg/µl) of GDNF were associated with
neuronal and synaptic toxicity. This study advised that “CED of
low concentrations of GDNF, with dosing intervals determined
by tissue clearance, has most potential for effective clinical
translation by optimizing distribution and minimizing the risk
of toxic accumulation.” Interestingly, the preliminary report on
phase I-II clinical study of CDNF in PD patients also suggested
that the improvement of the DAT PET was mostly characteristic
for the mid-dose CDNF patients (120 µg for 3 months + 400 µg
for 3 months) compared to the high-dose patients (120 µg for
2 months + 400 µg for 2 months + 1200 µg for 2 months)
(Herantis Pharma, 2020). Considering that cellular responses to
the NTFs can be bell-shaped [e.g., effect of the GDNF on the
neurite outgrowth is higher in case of lower doses (Mills et al.,

2007)], it is crucial to optimize the dose of each NTF in clinical
trials individually, depending on the delivery method as well as
the physico-chemical and biological characteristics of the NTF.

Patient Age and Stage of the Disease
When PD is first diagnosed, there is around 50–70% reduction
in the density of axons of dopamine neurons in the putamen
and about 30% reduction in the number of cell bodies in the
SNpc (Cheng et al., 2010). By 5–6 years post-diagnosis, the
putamen is nearly completely devoid of the axons of dopamine
neurons, leaving only a small number of neuronal axons that
can be restored by potential treatments (Kordower et al., 2013).
Currently, only middle- to late-stage (mainly >8 years post-
diagnosis) PD patients are eligble for the intracranial treatment
with NTFs, meaning there are almost no axons to restore in the
putamen. In the ideal case, the treatment of PD patients should
be started as soon as the diagnosis is clear and confirmed (some
time windows are advised to follow the PD progression, since
there are curently no 100% reliable methods for early diagnosis),
and this is ethically acceptable only in case peripheral delivery.
Development of novel (targeted) delivery systems would help to
overcome this problem and allow treatment of PD patients with
NTFs immediately after the diagnosis.

Solving the Delivery Problem: From
Intracranial Delivery to Nanoparticles
and Brain Targeting
Particle-based delivery systems are of considerable interest
because particles can improve the solubility of NTFs, prolong
the half-life of NTFs in blood circulation and/or in the brain,
provide a controlled sustained release of NTFs and improve
the local delivery of NTFs or enable the delivery in a systemic
manner (Tan et al., 2012). For PD therapy, particles can be
delivered to the brain by at least three different routes: locally,
systemically or intranasally, and by the means of differently
sized particles: microparticles or NPs (Torres-Ortega et al., 2019).
Early proof of concept studies on NTF delivery with particles
focused mainly on microparticles and local administration via
stereotactic surgery (Jollivet et al., 2004; Clavreul et al., 2006;
Tatard et al., 2007; Garbayo et al., 2011, 2016; Herrán et al., 2013,
2014; Requejo et al., 2015). As an important milestone, the safety
and efficiency of GDNF encapsulated into microparticles was
demonstrated in the experiments with parkinsonian monkeys.
In this study micro-encapsulated GDNF injected into putamen
provided motor improvement and dopaminergic function
restoration in monkeys lesioned by 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) (Garbayo et al., 2016). In another set
of studies, superior restorative effect of the combination of GDNF
and vascular endothelial growth factor (VEGF) encapsulated into
micro- or nanospheres and implanted into 6-OHDA-lesioned
rats was demonstrated (Herrán et al., 2013, 2014).

Increasingly, the local delivery by microparticles was replaced
by systemic delivery using particles with at least one size
dimension below 100 nm, e.g., NPs. Similarly to microparticles,
NPs improve the pharmacokinetic properties of NTFs, and due to
their small size they also facilitate the delivery of NTFs through
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the BBB. NPs or other nanoscale structures that are a part of drug
formulations, are referred to as nanomedicines. Box 2 defines the
use of terms “NPs” and “nanomedicines” in the current review.

Within the realm of nanomedicine, NPs are often used
as non-viral vectors for drug delivery to different cells and
organs, including the brain. Depending on the properties of
the drugs, they can be either placed into NPs or attached to
their surfaces. The first NPs for drug delivery were developed
in the 1960s (Kreuter, 2007). Despite the relatively long history
of nanomedicine, however, there were only 56 U.S. Food and
Drug Administration (FDA)-approved nanomedicines on the
market in 2016 (Bobo et al., 2016) and around 30 nanomedicines
approved by the European Medicines Agency (EMA) in 2018
(Soares et al., 2018). However, the number of approved medicines
is growing rapidly, and more than dozen of nanomedicines are
currently in clinical trials (Gadekar et al., 2021). Remarkably,
one of the last approved nanomedicines are lipid-based NPs
that are now a key component of COVID-19 mRNA-based
vaccines, BioNTech/Pfizer’s BNT162b2 and Moderna’s mRNA-
1273 (Shin et al., 2020; Nature Reviews Material Editorial, 2021),
demonstrating increasing importance of nanomedicines.

Most of the approved nanomedicines are anti-cancer drugs,
whereas the main benefit of “nano” is in the improvement of
the physico-chemical properties and stability of the active drug
and its passive accumulation in tumor cells, while the active
cell- and organ-targeting has not been achived yet, despite some
encouraging data from animal models. In the highly cited and
discussed article, after analyzing the scientific literature from
the past 10 years, Wilhelm et al. (2016) concluded that “only
around 0.7% (median) of the administered NP dose is found
to be delivered to a solid tumor.” This problem is more than
relevant for the brain targeting by NPs, since brain is the most
poorly accessible organ in the body due to the presence of the
BBB that protects the brain from harmful environmental factors,
chemicals and drugs.

To the best of our knowledge, there are no FDA-approved
nanomedicines on the market yet that facilitate the penetration
of drugs through the BBB. However, there are numerous research
articles demonstrating that drugs that do not cross the BBB can
be loaded into NPs and transported into the brain in vivo (Saraiva
et al., 2016). In the current review, we focus on NP-mediated
delivery to the brain, although many alternative non-invasive
strategies are being actively explored to tackle or surmount
the BBB, including several relatively new approaches such as
transient opening of the BBB by ultrasound, laser light or

BOX 2 | Definitions of nanoparticles and nanomedicines.
Nanoparticles: Natural, incidental or manufactured particles with three
external dimensions at “nanoscale,” i.e., in the size range of 1–100 nm
(ISO/TS 80004-2:2015). In the current review we mean manufactured
(synthetic) nanoparticles.

Nanomedicine: “A branch of medicine that applies the knowledge and tools
of nanotechnology to the prevention and treatment of disease. Nanomedicine
involves the use of nanoscale materials /. . . / for diagnosis, delivery, sensing or
actuation purposes in a living organism” (Nature, 2020). Colloquially, the plural
form “nanomedicines” usually refers to the products of nanomedicine.

chemicals, intranasal delivery, or facial intradermal injections
(Khan et al., 2017; Furtado et al., 2018). Due to the small size
and large surface area, NPs display advantages as drug delivery
systems, posing high drug loading capacity and penetration of
biological barriers. As exemplified below, in some cases NP-
mediated delivery can be combined with alternative approaches,
such as transient opening of the BBB and intranasal delivery. In
addition, NPs can be functionalized with brain-targeting ligands
to reinforce their BBB penetration.

The BBB consists of tightly connected monolayer of brain
endothelial cells sheathed by astrocyte end-feet (Figure 3) that
is impermeable to almost 100% of large molecules and about
95% small molecules. The BBB acts as a physical barrier due to
the presence of intramembranous proteins called tight junctions
that connect endothelial cells and form a highly selective network
to force most molecular traffic toward a transcellular route
(i.e., through cells) across the BBB, rather than the paracellular
route (i.e., through the intercellular space between cells), as
in most endothelia (Abbott et al., 2006). BBB permeability is
actively regulated by the cross-talk between endothelial cells,
astrocytes and several other cell types (microglia, pericytes,
oligodendrocytes, neurons etc.) that localize on the “brain”
side and, altogether, form a functional structure known as the
neurovascular unit (Furtado et al., 2018).

The composition, characteristics, permeability regulation of
the BBB and their considerations for NP-mediated delivery have
recently been described in an excellent review by Furtado et al.
(2018). Proteins such as NTFs are transported through the BBB
via receptor-mediated transcytosis (Sweeney et al., 2018), e.g.,
they are taken up by endocytosis of endothelial cells on the
“blood” side and released to the “brain” side. The surface of the
capillary basement membrane is almost completely covered by

FIGURE 3 | Schematic structure of the blood–brain barrier. Modified from
Abbott et al. (2006) and Lau et al. (2013). Neurotrophic factors and
nanoparticles are mainly transported through the BBB via receptor-mediated
transcytosis or endocytosis. Once across the BBB, NTFs, and NPs must
traverse the extracellular space (ca 40 nm microenvironment formed by gaps
between brain cells) that limits the diffusion of molecules that are significantly
larger than 40 nm or/and bind to the extracellular matrix. It has been
suggested that NPs may also follow the alternative, “speedy cytoplasmic
route” through the brain tissue, assumingly via the connections of astrocytes
(Kreuter, 2014).
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the end-feet of astrocytes that are separated from the capillary
endothelium by a distance of only 20 nm (Sonavane et al.,
2008). Thus, to reach the brain, the molecules, NTFs of NPs
should be transported across the membranes of several cell
types, i.e., endothelial cells and astrocytes. Once across the BBB,
molecules or NPs must traverse extracellular space (narrow
microenvironment formed by gaps between brain cells) that
is around 40 nm and is partly filled by the dense negatively
charged extracellular matrix (Nicholson and Hrabìtová, 2017).
Extracellular matrix limits the diffusion of the molecules that
bind to the extracellular matrix (such as GDNF, NRTN) and
the transportation of NPs significantly bigger than 40 nm due
to size limitations. However, it has been suggested that once in
the brain, NPs may follow the speedy cytoplasmic route through
brain tissue, whereas astrocytes may provide such a cytoplasmic
route (Kreuter, 2014).

As a rule, only a tiny fraction of NTFs introduced by peripheral
delivery methods reaches the brain, since NTFs are rapidly
inactivated by cellular and extracellular proteases, excreted by
kidneys and bound by proteins and other components of the
blood and tissues (Thorne and Frey, 2001). When placed inside
or attached to the NPs, NTFs are stabilized from enzymatic
clearance and sequestration. The efficiency of NPs in delivering
the drug to the brain mainly depends on the circulation times of
NPs in the blood and the ability to cross the BBB that are largely
defined by the NP size, composition and, especially, surface
functional groups.

Nanoparticle Size
In vitro studies conducted with different cell lines and various
types of NPs have suggested that the most optimal cell association
and endocytotic uptake occur in the NP size range of 15–70 nm
(Jiang et al., 2008; Furtado et al., 2018). In general, while >100 nm
NPs are less efficient in the BBB penetration, <5 nm NPs are
quickly removed from systemic circulation by renal clearance and
will not reach brain in sufficient quantities. Shilo et al. (2015)
studied the uptake of 20, 50, 70, and 110 nm gold (Au) NPs to
mouse immortalized brain endothelial cell line bEnd3 in vitro
and showed that the 70 nm Au NPs were the most optimal for
uptake while the 20 nm Au NPs possessed the maximum free
surface area for uptake by bEnd3 cells. In another study, Ohta
et al. (2020) investigated the penetration of 3, 15, and 120 nm Au
NPs through the monolayer of bEnd3 cells in vitro, treated shortly
by focused ultrasound to induce transient widening of their tight
junctions. In this experiment, the 15 nm Au NPs showed the
highest passage through the cell monolayer. However, in vitro
studies do not provide information on the fate of NPs inside
the brain, e.g., their distribution among the brain regions, cell
population and clearance mechanisms. Sonavane et al. (2008)
studied the tissue distribution of 15, 50, 100, and 200 nm Au
NPs after i.v. administration in mice, and found that the 50 nm
and especially the 15 nm NPs were the most widespread in all
organs, including the brain. The NP percent in brain compared
to the delivered dose was low for all NPs: 0.075% for the 15 nm,
0.036% for the 50 nm, 0.023% for the 100 nm, and 0.0003% for the
200 nm NPs, demonstrating that smaller NPs should be preferred
for the brain delivery. More well-designed in vitro transcytosis

studies, and especially relevant in vivo studies are crucially needed
to understand NP size-dependent BBB penetration and the later
fate of NPs in the brain.

Nanoparticle Composition
There are many classes of NPs and a few dozen of them are
already on the market as a part of various nanomedicines (Bobo
et al., 2016). Below we briefly highlight the NP classes that
we consider the most promising for the NTF delivery to the
brain (Figure 4).

Lipid-based NPs are liposomes and solid lipid NPs. Liposomes
are among the simplest and most commonly used biodegradable
NPs enabling the delivery of the drugs through the BBB
(Torchilin, 2005; Wohlfart et al., 2012). They consist of a lipid
bilayer(s) that form a hydrophilic core. Due to this amphiphilic
structure, liposomes are able to incorporate both hydrophilic
and hydrophobic drugs. Hydrophilic drugs may be entrapped
inside the hydrophilic core of the liposomes and hydrophobic
drugs may be placed into the internal hydrophobic part of the
lipid bilayer(s). Solid lipid NPs possess a solid hydrophobic
core consisting of biocompatible lipids such as fatty acids,
waxes or triglycerides stabilized by surfactants. These NPs are
biocompatible, possess high drug entrapment efficiency, stability
and controlled release (Furtado et al., 2018).

Polymeric NPs are dendrimers, nanocapsules, or nanospheres
consisting of synthetic or natural polymers. Some of the
most widely employed polymers are poly-n-butyl cyanoacrylate
(PBCA), poly(lactic-co-glycolic acid) (PLGA), poly(glycolic acid)
(PGA), poly(L-glutamic acid) (PLE), poly(lactic acid) (PLA),
human serum albumin, and chitosan. One of the first polymeric
NPs for NTF delivery to the brain was PBCA NPs, which have
been increasingly replaced by biodegradable PLA, PLE, or PLGA
NPs. PLGA NPs have been approved by FDA and EMA for use in
drug delivery systems (Kurakhmaeva et al., 2009; Danhier et al.,
2012).

Dendrimers, such as polyamidoamine dendrimers
(PAMAMs), have been successfully used for the delivery of
NTF genes. Under physiological conditions, PAMAM-DNA
complexes have a positive net charge that facilitates their
interaction with net negatively charged cell membrane.

Inorganic non-degradable NPs such as fullerenes, metal-
based NPs and carbon-based nanomaterials have a lower clinical
potential compared to biodegradable NPs. However, inorganic
NPs are frequently used as tools in the proof-of-concept studies,
since they are often easily detectable in cells by analytical
methods: inductively coupled plasma mass spectrometry for
the detection of metals, measurement of surface plasmon
resonance characteristics for Au and Ag NPs, and fluorescence
characteristics for graphene quantum dots, etc. In addition,
several exciting articles have recently demonstrated that some
inorganic NPs such as Au and graphene quantum dots efficiently
penetrated the BBB and per se prevented and reversed alpha-
synuclein (αSyn) aggregation in a PD model [graphene quantum
dots (Kim et al., 2018)], and inhibited amyloid beta (Aβ)-
related toxicity in AD models [Au NPs (Javed et al., 2019)] and
carbon dots (Zhou et al., 2019). In the section “Perspective”
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FIGURE 4 | Schematic illustration of various classes of NPs suitable for the delivery of NTFs through the blood–brain barrier.

of this review, we discuss in more detail potential therapeutic
impact of these NPs.

Neurotrophic factors are encapsulated into NPs or attached to
their surface using different methods, depending on the physico-
chemical properties of NPs and NTF (Figure 5). NTFs or genes
of NTFs may be incapsuated into PAMAMs or loaded into
liposomes as described for BDNF and GDNF genes (Xing et al.,
2016; Lin et al., 2020). In case of polymeric as well inorganic NPs,
NTFs can be conjugated via surface groups or adsorbed passively
onto the surface on NPs (this study, Figure 6). Finally, NTFs
can be attached to the polymers of polymer-polyethylene glycol
(PEG) complexes to form self-assembilng NPs (Jiang et al., 2018).

FIGURE 5 | Schematic illustration of the mechanisms of NTFs’ (green dots)
binding to NPs.

Nanoparticle Surface Modifications (Coatings)
Nanoparticle surface modifications include molecules, polymers
or peptides covalently or non-covalently attached to the NPs.
These surface ligands are crucial for improved delivery of NPs to
the brain, since they either prolong the circulation of NPs in the
blood or facilitate the penetration of NPs through the BBB, mostly
via the interaction of NP-attached ligand with the receptors on
brain endothelial cells.

Surface functionalizations prolong NP circulation in the
blood
The first type of surface functionalization has been applied
to “stealth” NPs–e.g., to increase their circulation rates in
the bloodstream by protecting them from the adsorption of
blood proteins that promote NP uptake by the cells of the
reticuloendothelial system (Ke et al., 2017). In addition, blood
proteins and other molecules that non-specifically adsorb onto
the surface of NPs in biological fluids (e.g., blood) may reduce the
efficiency of targeting ligands by physically masking the latter’s
action (Monopoli et al., 2012). To prevent the adsorption of
proteins, NP clearance by immune cells, and masking of targeting
ligands, NPs are often functionalized with PEG or dextran. This
is one of the oldest strategies for improving the circulation rates
of NPs and individual drugs. In addition, dense coating of NPs
with PEG improves their diffusion in the brain, even for NPs
of >100 nm in size, whose limited diffusion inside the brain is
otherwise minimal (Nance et al., 2012).

Non-covalent surface modifications improving BBB targeting
The second type of NP surface modification was described
decades ago, which relies on the application of different
surfactants such as polysorbate 80 or poloxamer 188 (PX188)
that guide NPs to the brain (Gulyaev et al., 1999). The precise
mechanism of surfactant-NP-mediated uptake through the BBB
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is still under debate, from increasing the adsorption of NPs
to blood capillaries and increased retention until inhibition of
the efflux system, especially by P-glycoprotein (Kreuter, 2014).
One of the prevailing explanations suggests that polysorbate
80, PX188 and some other surfactants facilitate the adsorption
of apolipoproteins E or A–I from blood that trigger the
interaction of surfactant-coated NPs with receptors on brain
endothelial cells, thereby enabling NPs to cross the BBB via
endocytosis (Kreuter et al., 1997; Saraiva et al., 2016). In our
study, we employed this strategy to deliver peripherally injected
radioactively labeled CDNF through the BBB (Figure 6, our
unpublished preliminary data). For that we adsorbed 125I-labeled
CDNF to the non-toxic biodegradable PLGA NPs (200 nm,
Phosphorex) and overcoated the construct with PX188 to
enhance their brain targeting. We demonstrated that a 1.5-fold
more radioactivity (expressed as counts per minute, CPM) was
detected in the brain of rats in terms of the CDNF adsorbed to
NPs (125I-CDNF-NP) compared to free non NP adsorbed CDNF
(125I-CDNF) 1 h after subcutaneous injection. In addition to the
radioactivity in the brain, we also measured radioactivity values
in other organs as a proxy for CDNF distribution. We observed
that: (1) the fraction of CDNF was negligible in the brain (0.03%
without NPs and 0.046% with NPs) compared to other organs,
and (2) in most organs, their radioactivity levels were increased
in terms of CDNF-NP compared to free CDNF (Figure 6B).
This suggests that the effect of NPs was not brain-specific: NPs
rather increased the stability of CDNF, leading to increased levels
of CDNF in different organs including the brain. To specifically
target the brain, novel mode advanced methods are needed, and
some approaches are discussed below.

Covalent surface modifications improving BBB targeting
The third and the most “modern” approach relies on the
surface functionalization of NPs with BBB targeting ligands such
as transferrin, insulin, lactoferrin, apolipoproteins, antibodies,
cell penetrating peptides, or homing peptides. These ligands
are either recognized by the respective receptors on brain
endothelial cells, endocytosed by endothelial cells and released
on the “brain side” of the BBB (transferrin, insulin, lactoferrin,
apolipoproteins, antibodies, and many homing peptides), or
penetrate directly through cellular membranes (cell-penetrating
peptides) (Sullivan and Toulouse, 2011; Niewoehner et al., 2014).
Some representative examples of targeting ligands used for the
transportation of NTFs through the BBB or bypassing the BBB
are shown in Table 2. One of the pioneering works in this
field was published by Wu and Pardridge (1999). The authors
conjugated BDNF to the transferrin receptor antibody OX26 and
demonstrated restoration of CA1 region in hippocampus after
ischemia in rats after i.v. delivery of PEG-BDNF-OX26. Later,
transferrin and lactoferrin were attached to different types of
nanocarriers and used to deliver various NTFs across the BBB
(Table 2). However, this method provided only about a 2 to
3-fold improved transport across the BBB (Xing et al., 2016).
PAMAMs functionalized with lactoferrin and PEG were used
to deliver the GDNF gene in a 6-OHDA rat model. Since both
lactoferrin and transferrin are large proteins (over 70 kDa),
subsequent attempts were made to reduce the length of these

targeting ligands to improve the efficiency of delivery. For
example, Prades et al. (2012) conjugated short homing peptide
THRPPMWSPVWP (THR) targeting the transferrin receptor
to Au NPs, together with the therapeutic peptide CLPFFD to
destroy the toxic aggregates of β-amyloid in AD. The authors
showed that the concentration of Au NPs in rats was about 3–
4 times higher than Au NPs without THR after 1 h i. p. injection.
Still, the percentage of THR-CLPFFD-Au NPs was low in the
brain: 0.0765% from injected dose in the best case, at 2 h after
i. p. injection. Since it was previously demonstrated that short
peptides called angiopeps exhibited a higher transcytosis capacity
and parenchymal accumulation in an artificial in vitro BBB model
than transferrin and lactoferrin (Demeule et al., 2008), angiopep-
and PEG-conjugated dendrigraft poly-L-lysine NPs were used
to transport GDNF gene through the BBB (Huang et al., 2013).
Rotenone-treated rats with five injections of angiopep-PEG-
dendrigraft poly-L-lysine NPs bearing GDNF gene demonstrated
the best improved locomotor activity and an apparent recovery of
dopamine neurons compared to the control and groups receiving
lower doses of angiopep-PEG-dendrigraft poly-L-lysine NPs. The
exact percentage of NPs reaching the brain was not determined
in this study. However, the body distribution of 125I-labeled
angiopep-conjugated NPs was studied by Ke et al. (2009) in
murine brains 48 h after i.v. injection of NPs with different ratios
of angiopep. This study demonstrated that the concentrations
of 125I-labeled angiopep-conjugated NPs with different ratios of
angiopep were 3.06, 5.12, and 8.42-fold higher in the brain than
NPs without angiopep, where the increasing rate of brain uptake
corresponded to the higher ratio of angiopep in NPs. Thus,
short peptides seem to be a promising approach to increase NP
delivery to the brain, and the research and development of new
brain-targeting peptides or optimization of old ones may be a
valuable strategy.

Alternative Strategies: Bypassing the BBB or BBB
Opening
As the delivery of NTFs to the brain using NPs functionalized
with the BBB-targeting ligands did not lead to major
breakthroughs just yet, various alternative strategies were applied
to bypass or transiently open the BBB. In the relatively modern
non-invasive delivery method relying on transient opening of
the BBB, the surface of NPs can be functionalized with, e.g.,
microbubbles (MBs) that oscillate during the application of
ultrasound, leading to transient opening of the BBB. Recently,
MBs-functionalized liposomes with GDNF or/and BDNF genes
were successfully delivered through the BBB in vivo in mice after
i.v. administration and subsequent ultrasound-assisted transient
BBB opening. Both GDNF and BDNF provided a neuroprotective
effect in a mouse MPTP model of PD, with improvements shown
in behavioral deficits and rescued dopamine neurons (Lin et al.,
2016, 2020).

An alternative non-invasive delivery method bypassing the
BBB is intranasal delivery (Aly and Waszczak, 2015) that can be
combined with the targeted delivery. For example in the study
by Hernando et al. (2018), human immunodeficiency virus 1
(HIV-1)-derived cell-penetrating transactivator of transcription
(TAT) peptide was conjugated to chitosan-lipid NPs bearing
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FIGURE 6 | Delivery of 125 I-labeled CDNF through the blood–brain barrier in vivo using nanoparticles [counts per minute (CPM) per mg tissue]. 125 I CDNF was
adsorbed on the surface of 200 nm poly(lactic-co-glycolic acid) nanoparticles (125 I CDNF-NP) or used without NPs (125 I CDNF) and administered subcutaneously
in vivo in rats (100 µl equaling to 954 000 CPM were delivered). Rats were perfused with PBS for 20 min. (A) 125 I CDNF in the brain after 1 h (CPM/mg brain).
(B) Distribution of CDNF in different organs after 1 h (CPM per mg tissue).∗p < 0.05, n = 4. Unpublished data. Experiments were performed under the permits
ESAVI/12830/2020.

GDNF and was tested in a mouse MPTP model of PD. The
TAT-NP-GDNF-treated group revealed motor recovery, which
was confirmed with immunohistochemistry studies showing
increased number of dopamine neurons in the striatum as
revealed by staining of tyrosine hydroxylase (TH), a marker of
dopamine fibers and neurons.

An interesting intranasal delivery system was recently
proposed by Jiang et al. (2018). The authors synthesized self-
assembling PEG-PLE-BDNF NPs, in which active BDNF was
released upon interaction with its receptors, minimizing potential
side effects of BDNF caused by non-specific release. The
authors administered NPs intranasally, and after 30 min detected
an increased level of nano-BDNF accumulation in the brain
(compared to native BDNF) in all studied brain regions, except
for the midbrain, where was a trend for the increased native
BDNF. The highest increase in BDNF levels was observed in
the olfactory bulb (∼6.7 times), hippocampus (∼9.9 times), and
brainstem (∼4.0 times) over native BDNF. Notably, in contrast to
free BDNF, PEG-PLE-BDNF NPs significantly reduced dopamine
neuron loss in the ipsilateral SN induced by intrastriatal injection
of lipopolysaccharides.

One of the latest non-invasive delivery methods bypassing
the BBB is a newly discovered methodology utilizing the
brain lymphatic vasculature. Recent proof-of-concept study
demonstrated that this method, which relies on subcutaneous
injection of NPs at the neck near the lymph node, is 44-fold more
efficient compared to conventional i.v. route for fluorescent-dye
loaded PLGA NPs in mice (Zhao et al., 2020). To the best of our
knowledge, this method has not yet been used for the delivery of
NTFs through the BBB.

Summary: The Potential of Nanoparticles
for Improved NTF Delivery to the Brain
The NP-mediated delivery of NTFs to the brain is a complex
phenomenon and its efficiency is a sum of several components:

(a) stability of NTFs in the body fluids, (b) ability of NTFs to
penetrate the BBB, and (c) diffusion of NTFs in the brain and
their bioavailability to the target cells. Very few studies have so far
addressed all of these components and mostly have reported the
final result: improved locomotor behavior, reduced loss of TH+
neurons in the SN or the fold increase of NTF-NP concentration
in the brain compared to the free NTFs. Below we elaborate
on different components of successful NP-mediated delivery of
NTFs to the brain and briefly summarize what may be achieved
by the means of NPs.

Clearly, NPs can improve the stability of NTFs in the
body fluids. While free NTFs are easily removed from
circulation due to their rapid degradation by extracellular
peptidases, tissue binding, receptor-mediated clearance, and
glomerular filtration (Thorne and Frey, 2001), placement
of NTFs into or onto NPs protects NTFs from enzymatic
cleavage and tissue binding (physical protection) as well as
glomerular filtration (glomerular filtration efficiently removes
1–30 kDa-sized peptides and proteins, while NPs increase
their size). Conjugation of PEG to NTFs and NPs may
further improve their pharmacokinetic properties and stability
(Milton Harris and Chess, 2003).

Can NPs significantly improve the transportation of NTFs
across the BBB? Although the types of NPs, time points,
endpoints, animal models, and NP delivery methods are different
in various studies and therefore cannot be compared in a
straightforward manner, we have extracted relevant numbers
from different articles to derive a sketch about the efficiency of
current targeted systemic deliveries. Modest increases in NTF
delivery by NPs were reported using large targeting ligands
[transferrin: 2–3 times higher immunoreactivity of BDNF in
cerebral cortex of rats compared to the background in naïve
rats (Xing et al., 2016)] and surfactants (PX188): 1.5-fold
higher radioactivity of 125I-CDNF-NP in the brain of naive rats
compared to free 125I-CDNF (this study, Figure 6A). Promising
results were reported by using the high ratio of short peptide
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TABLE 2 | Ligands used for nanoparticles, for the transportation of neurotrophic factors through the blood–brain barrier.

Strategy Ligand Example Effect; administration route* References

Targeting of transferrin
receptor

TfR antibody (OX26) PEG-BDNF-OX26 Restoration of CA1 region in hippocampus after ischemia in
rats in vivo; i.v.

Wu and
Pardridge,
1999

Targeting of transferrin
receptor

Transferrin PEG-Liposomes with
BDNF gene-transferrin

Increased immunoreactivity of BDNF in cerebral cortex of
rats compared to the background; i.v.

Xing et al.,
2016

Targeting of lactoferrin
receptor

Lactoferrin PEG-PAMAM-GDNF-
lactoferrin

Dose-dependent improvement in locomotor activity and
reduced loss of TH+ neurons in SN of 6-OHDA-treated
rats; i.v.

Huang et al.,
2009

Targeting of LRP-1
receptor

Angiopep (19 aa) Dendrigraft
poly-L-Lys-PEG-GDNF
gene-angiopep

Improved locomotor activity and recovery of dopamine
neurons in rotenone rat PD model

Huang et al.,
2013

Conjugation of NTF to
cell penetrating peptide
(CPP)

TAT (11 aa) TAT-GDNF Increased number of viable neurons in the striatum after
ischemia; i.v.

Kilic et al., 2003

Conjugation of NTF to
CPP

TAT TAT-GDNF TAT-GDNF fusion protein reached dopamine neurons but
did not increase the number on TH+ neurons in mouse
MPTP model; i.v.

Dietz et al.,
2006

Bypassing of BBB None PEG-PLE-BDNF NPs Active BDNF was released upon interaction with its
receptors, minimizing potential side effects. Increased level
of BDNF-containing NPs accumulated in the brain
(compared to native BDNF) in all studied brain regions,
except for midbrain. Delivery route not specified.

Jiang et al.,
2018

Bypassing of BBB;
Conjugation of NTF to
CPP

TAT Chitosan-TAT-GDNF Increased number of viable TH+ neurons, decreased
number of Iba-1 cells in MPTP-treated mice; i.n.

Hernando
et al., 2018

Transient microbubbles
(MB)-induced BBB
opening

Ultrasound-responsive
MB inducing transient
opening of the BBB

MB-Liposomes with
GDNF gene
MB-Liposomes with
BDNF gene
MB-Liposomes with
BDNF and GDNF
genes

Improvement of behavioral deficits and rescued dopamine
neuron loss in MPTP mice in GDNF, BDNF and
GDNF+BDNF groups; i.v.

Lin et al., 2016,
2020

Magnetic
resonance–guided
transient BBB opening

Ultrasound-responsive
MB inducing transient
opening of the BBB

MB-PEG-
polyethylenimine-GDNF
gene

Localized delivery of GDNF to striatum; 11-fold increase in
striatal GDNF in 6-OHDA-treated rats. 2.2-fold increase in
DA levels, 3.2-fold increase in dopamine cell number in the
SNpc and 5-fold increase in TH+ fiber density in the
striatum at week 12 in 6-OHDA-treated rats. i.v.

Mead et al.,
2017

* i.n. – intranasal delivery, i.v. – intravenous delivery.

angiopep conjugated to NPs: 3.06, 5.12 and 8.42-fold higher 125I-
angiopep-NP radioactivity in the brains of mice compared to NPs
without angiopep (Ke et al., 2009). The most promising results
were reported for transient opening of the BBB, where an 11-fold
increase in striatal GDNF protein was achieved in 6-OHDA-
treated rats (Mead et al., 2017). Notably, the NP percentage in the
brain compared to the delivered doses were still remarkably low
in all identified studies and varied from 0.01 to 0.077%, whereas
most of the NPs were localized in the spleen or liver (Sonavane
et al., 2008; Prades et al., 2012; Rich et al., 2020; this study,
Figure 6B). Thus, the efficiency of NPs in the transportation of
NTFs across the BBB is still far from optimal.

Can nanoparticles facilitate spreading of NTFs inside the
brain? The diffusion of free NTFs in the brain depends on the
NTF size, charge, and presence of NTF receptors. The diffusion
of smaller (<10 kDa) NTFs is not significantly restricted, while
larger NTFs (>40 kDa) whose sizes begin to resemble the
dimensions of extracellular space (15–40 nm), may encounter

diffusion restrictions (Nicholson and Tao, 1993; Thorne and
Frey, 2001). In addition, the presence of high-affinity receptors
at NTF delivery sites may hinder the diffusion of NTFs. For
example, Yan et al. (1994) injected radioactively labeled NGF,
BDNF, and neurotrophin-3 (NT-3) into rat lateral cerebral
ventricle and followed their distribution in the brain. While NGF
reached the target cells, injection of BDNF resulted in few or
no labeled neurons in the basal forebrain or in the SN. The
authors concluded that the abundant expression of the BDNF
receptor, TrkB, on the ependymal layer of the ventricle and brain
parenchyma was the main reason behind the poor access of
BDNF to its cellular targets.

Nanoparticles may help to overcome these difficulties. While
NTFs diffuse in the extracellular space, NPs may follow the speedy
cytoplasmic route through brain tissue. Since it is known that
astrocytes make cytoplasmic bridges between different brain cells
and connect a wide range of brain regions, it was suggested that
astrocytes offer a “network of highways” that can be used by
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polymeric NPs to move inside the brain cells (Kreuter, 2014).
PEGylation of NPs seems to facilitate the spreading of NPs inside
the brain. It has been demonstrated in vivo and ex vivo in brain
tissues that PEG-functionalized PLGA NPs diffuse in normal
rat brain and PLGA NPs without PEG functionalization do not,
whereas the percent of diffusive fractions correlated with the PEG
surface density and NP size (Nance et al., 2012). Thus, PEGylated
NPs might help to facilitate the diffusion of NTFs inside the brain
that is especially useful for the NTFs such as GDNF that are
readily bound by the components of extracellular matrix.

Nanoparticles can also mitigate other possible risks associated
with the systemic delivery of NTFs, for example, possible side
effects such as immune response or activation of receptors in
“wrong” tissues. An intracerebroventricularly delivered GDNF
trial was halted due to side effects (Nutt et al., 2003), which were
likely due to extremely high GDNF doses affecting hypothalamus.
Considering that GDNF receptors are expressed in different
organs throughout the body, Manfredsson et al. (2020) suggested
that GDNF administration for PD likely requires site-specific
putaminal delivery that seems to be more advantageous over
systemic delivery. However, targeted delivery with NPs would
allow systemic treatment with NTFs by increasing the doses of
NTFs in the brain and decreasing it, in the periphery. Since
in PD dopamine neurons degenerate not only in the SN, but
also in other brain regions, as well as in the periphery, it would
be beneficial for NTFs to reach these neurons. In addition, in
contrast to GDNF, CDNF, and MANF act mostly on stressed and
diseased neurons and, therefore, their presence in the periphery
could be beneficial for, e.g., enteric neurons (Lindahl et al., 2020)
to relief the non-motor symptoms of PD such as constipation.

Despite initial encouraging results on safety of some NPs
and their approval by FDA and EMA, potential side effects
of NPs in the context of neurodegenerative diseases should be
thoroughly explored. As stated in the recent review, no single
clinical trial based on the use of NPs to treat PD has been
registered yet (Torres-Ortega et al., 2019). Authors concluded
that the scarcity of validated methods for characterization of
NPs, manufacturing issues and safety and clinical translation
concerns are main current limitations of nanotechnologies for
PD therapy that should be considered during development of
nanomedicines for PD.

PERSPECTIVE

Nanoparticle-Mediated Drug Delivery for
Emerging Approaches
While NTFs maintain and restore dopamine neurons that are
damaged but not lost, cell transplants are suggested to restore
the lost cells. Relatively large number of clinical transplantation
trials using developing dopamine neurons from human fetal
midbrain has been conducted. Although the outcomes were
positive in some PD patients, there were numerous problems in
other patients such as graft-induced dyskinesia or propagation of
pathological αSyn aggregates into the grafted cells (Li et al., 2008).
Recently, the first studies using human stem cell-derived and
pluripotent stem cell-derived dopamine neurons were conducted

(Barker et al., 2018; Schweitzer et al., 2020; Tao et al., 2021). A key
requirement for cell-replacement therapy to be successful is that
engrafted neurons stay alive and integrate into resident neuronal
networks by forming new synaptic contacts (Parmar et al., 2020).
NTFs delivered systemically with NPs could serve as a supporting
tool in these therapies, keeping neurons alive and facilitating the
establishment of neuronal contacts (Gantner et al., 2020).

Another PD therapy is the use of small molecules that
mimic the action of NTFs, NTF mimetics, e.g., GDNF
family ligands (GFLs) that promote the survival of different
neuronal populations. Despite their promising neurorestorative
properties, these molecules still suffer from poor pharmacological
characteristics, do not efficiently penetrate the BBB, and activate
several receptors in different cell types (Sidorova and Saarma,
2020). NPs could improve the physico-chemical properties (such
as solubility) and BBB penetration properties of these molecules.

A modern potential treatment for PD is reprogramming of
brain cells, such as in vivo conversion of astrocytes into dopamine
neurons that currently relies on genes of transcription factors
that are delivered into the brain using lentiviruses injected
into the striatum (Rivetti Di Val Cervo et al., 2017). Similarly,
reprogramming of glial cells into neurons using CRISPR-CasRx
has recently been demonstrated using Ptbp1 knockdown in the
striatum (Zhou et al., 2020). These modern techniques rely on the
delivery of DNA and RNA that could be delivered systemically
using NPs (Wei et al., 2020).

Dual Functionality of NPs
In addition to their nanocarrier function, NPs themselves
have been increasingly shown to support various functions
of neurons, prevent the aggregation of proteins, reduce
inflammation, and alleviate endoplasmic reticulum (ER) stress
caused by pathological processes in the brain of patients with
neurodegenerative diseases. This emerging dual strategy that
combines drug carrier and therapeutic function of NPs may be
of significance.

Nanoparticles as Neuroprotective and
Anti-Inflammatory Agents
Several research articles reported improved growth,
differentiation or survival of neuronal cells and neurons on
nanomaterials, especially on carbon-based materials such as
graphene (Convertino et al., 2020), carbon nanotubes (Shao
et al., 2018), and nanodiamonds (Alawdi et al., 2017). Some
forms of graphene oxide prevented the loss of dopamine
neurons and decreased αSyn levels in vitro in the cell line
SN4741 derived from the murine SN (Rodriguez-Losada et al.,
2020). Graphene promoted axonal elongation by reducing the
number of retrogradely transported NGF in the culture of
primary dorsal root ganglion neurons (Convertino et al., 2020).
Nanodiamonds decreased inflammation, improved learning, and
stimulated expression of BDNF in an aluminum-induced rat
model of AD, probably via modulation of the NF-κB pathway
(Alawdi et al., 2017). Similarly, several inorganic NPs were
neuroprotective against inflammation and reactive oxygen
species (ROS). For example, selenium NPs reversed oxidative
damage and neuronal loss in a mouse model of epilepsy
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(Yuan et al., 2020) and cerium oxide NPs blocked pro-
inflammatory signaling and drove microglial transformation
from a pro-inflammatory phenotype to an anti-inflammatory
phenotype under pathological conditions in microglial cell
line BV-2 (Zeng et al., 2018). Similarly, biomimetic NPs
coated with the cell membranes of neuronal cells promoted
the transformation of microglia into the anti-inflammatory
phenotype to relieve neuroinflammation and recover dopamine
levels in a mouse model of PD (Liu et al., 2020). Thus, some NPs
could serve as therapeutics by reducing ROS and inflammation
which underlie neurodegenerative diseases.

Nanoparticles as Inhibitors of Protein Aggregation
Aggregation of proteins into pathological fibrils and subsequent
ER stress caused by misfolded proteins are common hallmarks
of a range of neurodegenerative diseases including Aβ in AD
and αSyn in PD. Inhibiting protein amyloid aggregation has
become one of the popular approaches to potentially treat AD
and PD. Several articles have recently demonstrated that Au and
carbon-based NPs efficiently penetrated the BBB and, in addition
to their nanocarrier function, prevented and reversed αSyn
aggregation in PD models and Aβ aggregation in AD models.
It has been demonstrated that graphene quantum dots not
only prevented formation of αSyn fibrils but also disassembled
formed fibrils (Kim et al., 2018). Specifically, the authors of
the latter study demonstrated that the protective effects of
quantum dots were also valid in vivo in an αSyn fibrils-induced
mouse model of PD: stereotaxically injected αSyn provoked
accumulation of fibrils in the striatum and SN but systemic
administration of graphene quantum dots reduced the levels of
phosphorylated αSyn in murine brain and reduced behavioral
deficits. The mechanism of pathological fibrillar remodeling is
not fully understood but it is most probably attributed to the
reduction of β-sheets and increase of α-helices and random coils
in the secondary structure of αSyn fibrils by graphene quantum
dots. Since quantum dots contained a high number of COOH
groups on their surface, these groups could interact with the
positively charged N-terminal domain of α-Syn and facilitate
disaggregation of αSyn fibrils (Kim et al., 2018). Similar findings

have been reported for Aβ-forming fibrils and plaques in AD,
where Au NPs, graphene and carbon dots inhibited Aβ fibrillation
and remodeled previously formed fibrils (Mahmoudi et al., 2012;
Javed et al., 2019; Zhou et al., 2019), probably by clearance and
extracting peptides from Aβ fibrils (Yang et al., 2015). Javed
et al. (2019) demonstrated that Au NPs sequestered intracerebral
Aβ due to their capacity to bind with misfolded proteins in
a chaperone-like manner. All above-mentioned NPs bear a
significant potential for the treatment of protein-aggregation-
related neurodegenerative diseases via dual strategies combining
the properties of NPs as drug carriers and as drugs themselves to
mitigate protein aggregation and ER stress.
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Well-known effects of neurotrophic factors are related to supporting the survival and

functioning of various neuronal populations in the body. However, these proteins seem

to also play less well-documented roles in glial cells, thus, influencing neuroinflammation.

This article summarizes available data on the effects of glial cell line derived neurotrophic

factor (GDNF) family ligands (GFLs), proteins providing trophic support to dopaminergic,

sensory, motor and many other neuronal populations, in non-neuronal cells contributing

to the development and maintenance of neuropathic pain. The paper also contains our

own limited data describing the effects of small molecules targeting GFL receptors on the

expression of the satellite glial marker IBA1 in dorsal root ganglia of rats with surgery- and

diabetes-induced neuropathy. In our experiments activation of GFLs receptors with either

GFLs or small molecule agonists downregulated the expression of IBA1 in this tissue

of experimental animals. While it can be a secondary effect due to a supportive role

of GFLs in neuronal cells, growing body of evidence indicates that GFL receptors are

expressed in glial and peripheral immune system cells. Thus, targeting GFL receptors

with either proteins or small molecules may directly suppress the activation of glial and

immune system cells and, therefore, reduce neuroinflammation. As neuroinflammation

is considered to be an important contributor to the process of neurodegeneration these

data further support research efforts to modulate the activity of GFL receptors in order to

develop disease-modifying treatments for neurodegenerative disorders and neuropathic

pain that target both neuronal and glial cells.

Keywords: neurotrophic factors, glial cell line-derived neurotrophic factor (GDNF), GDNF family ligands, receptor

tyrosine kinase RET, RET agonist, neuropathic pain, neuroinflammation, glia

INTRODUCTION

Neurotrophic factors (NTFs) support the development, survival, and functioning of different
neuronal populations via activation of intracellular signaling cascades important for well-being
of the cells. Currently four families of proteins are being referred to as NTFs: neurotrophins,
neurokines, glial cell line-derived neurotrophic factor (GDNF) family ligands (GFLs), and
cerebral dopamine neurotrophic factor (CDNF)/mesencephalic astrocyte-derived neurotrophic
factor (MANF). Members of the first three families of NTFs signal via transmembrane kinase or
kinase-associated receptors (Sidorova and Saarma, 2016; Sidorova et al., 2019). The mechanism
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of CDNF/MANF signaling is less well-studied, they are
endoplasmic reticulum associated proteins and may interact
with lipids. Some studies suggest that the entry of CDNF and
MANF into the cell as well as their biological effects can
be mediated by lipids (Bai et al., 2018). Recent study also
showed that transmembrane protein neuroplastin, belonging to
immunoglobulin superfamily, may serve as a receptor for MANF
and mediate anti-inflammatory effects of this NTF (Yagi et al.,
2020).

Although the effects of NTFs were originally evaluated in
neuronal cells, growing body of evidence indicates that they may
also influence glial cells and modulate neuroinflammation. In the
current review we will focus mainly on the role of GFLs and their
receptors in sensory neurons and glial cells in neuropathic pain,
but also mention some other NTFs.

Neurotrophins, neurokines and GFLs have been extensively
studied in sensory system and in neuropathic pain (Khan and
Smith, 2015; Eapen et al., 2019; Mahato and Sidorova, 2020a).

According to a definition given by International Association
of the Study of Pain (IASP) neuropathic pain is a “pain caused
by a lesion or disease of the somatosensory nervous system”
(Murnion, 2018). Current view on pathogenesis of neuropathic
pain implies the interplay of several cell types including at least
sensory neurons, glial cells, peripheral immune cells and target-
derived cells. Nerve lesion activates glial and immune cells which
start to secrete various proinflamatory cytokines, growth factors
and other inflammatorymediators which sensitize peripheral and
central neurons (Ji X.-T. et al., 2013).

The role of neurotrophins and neurokines in
neuroinflammation is well-established (Davis et al., 2018;
Lima Giacobbo et al., 2019; Parker et al., 2019; Hu et al., 2020;
Yin et al., 2020). These proteins are also mainly pronociceptive
although some of them can have antinociceptive effects
as well (Khan and Smith, 2015; Hu et al., 2020). A good
summary of neurotrophins’ actions in the sensory system
can be found in the review of Khan and Smith (2015).
According to the available information CDNF and MANF
suppress neuroinflammation (Nadella et al., 2014; Zhang
et al., 2019) and may promote nerve regeneration (Lindholm
et al., 2007; Zhao et al., 2016) and repair lesioned tissues
(Neves et al., 2016; Tseng et al., 2018; Eesmaa et al., 2021),
however, their effects in sensory system at the moment are
poorly documented. Anti-inflammatory effects of MANF in
human beta cells are mediated by downregulation of cytokine
expression (IL-1b and TNF-a) (Hakonen et al., 2018). In a model
of traumatic brain injury MANF also suppressed expression
of proinflammatory cytokines and reduced the disruption of
blood brain barrier. On molecular level MANF downregulated
NF-κB signal transduction pathway (Li et al., 2018). Since these
mechanisms are rather universal for inflammatory responses
in the body further studies on the effects of MANF and
CDNF in somatosensory system in neuropathic pain models
are warranted.

Scientific literature on biological effects of GFLs in
neuropathic pain contains variable data (Sah et al., 2005;
Ossipov, 2011; Merighi, 2016; Ferrini et al., 2020, Cortés et al.,
2017). While in rats in injury-based models of neuropathic

pain these proteins seem to exert mainly analgesic effects,
in inflammatory pain models and in mice they often induce
hyperalgesia and/or allodynia. Administration schedule and
duration of the treatment with GFL also seem to influence
the outcome (Mahato and Sidorova, 2020a). In recent clinical
trials in patients with neuropathic pain one of GFLs, artemin
(ARTN, also known as enovin and neublastin), was found
to be safe and relatively well-tolerated (Rolan et al., 2015;
Okkerse et al., 2016). Moreover, it exhibited analgesic effects
in a cohort of patients with neuropathic pain resistant to
the treatment with standard analgesics (Backonja et al.,
2017).

While the main mechanism of GFLs effects in neuropathic
pain is considered to appear as a result of trophic support
and neurorestoration in somatosensory system, these proteins
may also modulate neuroinflammation. This effect can be
secondary and appear as a result of restoration of injured
sensory neurons, which in turn reduces neuroinflammation,
but can also be mediated by a direct action of GFLs
in glial cells. In the present review we at first will list
the cell types playing a role in neuropathic pain and
depict their interactions. Afterwards we will discuss the
effects of GFLs in neuronal and non-neuronal cells in
somatosensory system. We will also describe the expression
of GFLs receptors in various cell types in somatosensory
system and present own data showing downregulation of
satellite glial marker in dorsal root ganglia (DRGs) upon
treatment with GFLs or GFL receptors agonists in animals with
experimental neuropathies.

CELL TYPES PLAYING A ROLE IN

NEUROPATHIC PAIN

In early studies, neuropathic pain was associated exclusively
with neuronal dysfunction (Zhuo, 2007). Therefore, the first-
line treatments for neuropathic pain are mainly aimed at
reducing the excitability of neurons by modulating the activity
of ion channels (gabapentinoids) or enhancing endogenous
inhibitory mechanisms (tricyclic antidepressants and serotonin-
noradrenaline reuptake inhibitors) (Attal and Bouhassira, 2015;
Finnerup et al., 2015).

In general in acute and neuropathic pain signal from
nociceptors does not immediately damage neurons, the
nociceptors thresholds are lower than the stimulus intensity
needed to damaged tissues, and, once activated, they
release a cocktail of fast-acting (glutamate) and slow-acting
neurotransmitters (peptides, trophic factors) from their central
terminals (Merighi, 2016).

In the concept of neuronal dysfunction NMDA receptors,
which play a critical role in synaptic plasticity in pain
transmission pathways may represent a key component.
However, in practice, targeting NMDA receptors turned out
to be complicated. Non-selective NMDA antagonists produce
a number of side effects that limit their clinical use and
contribute to treatment failure (Aiyer et al., 2018). NMDA
receptor antagonists selective for the N-methyl D-aspartate
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receptor subtype 2B (NR2B) (Kim et al., 2012) produce less
adverse events (Wu and Zhuo, 2009; Zhang et al., 2009), but their
efficacy remains to be improved (Boyce et al., 1999; Dahanl et al.,
2011; Swartjes et al., 2011).

Although the pathophysiology of neuropathic pain is still
controversial, an important step forward in understanding its
mechanisms was the realization that neurons are not the only
cell type involved in the etiology of this condition. Macrophages,
satellite glial cells, microglia and astrocytes, all these non-
neuronal cells produce both pro-nociceptive and anti-nociceptive
mediators (see Figure 1), which can bind their respective
receptors in the nociceptor neurons and modulate their
sensitivity and excitability, thus mediating pain transmission in
the PNS and CNS.

Macrophages have different phenotypes related to their
functional status, including pro-inflammatory M1-like and anti-
inflammatory M2-like phenotypes (Martinez and Gordon, 2014).
These cells are involved in modulation of pain through the
release of pro-inflammatory (such as TNF and IL-1β) or anti-
inflammatory mediators (such as IL-10) (Ji et al., 2016).

Satellite glial cells (SGCs) are the main type of homeostatic
glial cells in PNS ganglia (sensory, parasympathetic and
sympathetic). SGCs are functionally similar to astrocytes (Jasmin
et al., 2010). In animal model of intervertebral foraminal stenosis
and low-back pain, chronic compression of the DRGs led to
an enhancement of glial fibrillary acidic protein expression in
SGCs (in the absence of hypertrophy and proliferation usually
occurring after sciatic nerve axotomy), an increase in SGCs
coupling via gap junctions and a decrease in inwardly rectifying
potassium currents. These events were accompanied by increased
excitability of DRG neurons. Based on collected data the authors
suggested that altered potassium balance in SGCs may lead
to the neuronal hyperexcitability (Zhang et al., 2009). SGCs
similarly to astrocytes in CNS scavenge extracellular glutamate,
however, the increase in the number of gap junctions leads to
glutamate recycling thus contributing to the development and/or
maintenance of neuropathic pain (Ohara et al., 2008; Jasmin et al.,
2010).

Microglial cells are among the key players in the development
of neuropathic pain (Block et al., 2007; Suter et al., 2007; Beggs
et al., 2012).

Microglia in response to any damage or other abnormal
situation in the nervous system initiates an inflammatory
response. Due to the presence of immune receptors such as
toll-like receptors (TLRs), nucleotide-binding oligomerization
domains (NODs), NOD-like receptors, and many scavenger
receptors microglial cells (as well as some other cells in
the nervous system, e.g., astrocytes) are able to recognize
pathological stimuli (Ransohoff and Brown, 2012). In response
to these stimuli, microglia releases inflammatory mediators such
as tumor necrosis factor (TNF)-α, interleukin (IL)-1, IL-6 and
IL-12, interferon-γ (IFNγ) and generates reactive oxygen and
nitrogen species (Block et al., 2007; Colton and Wilcock, 2010;
Guzman-Martinez et al., 2019), which produce a long-lasting
sensory neuron hypersensitivity.

After peripheral nerve injury, molecules released from
the spinal cord neurons contribute to spinal microglial
activation, causing proliferation and changes in morphology.

The key molecule that modulates microglial activity is ATP,
an endogenous ligand of the P2 purinergic receptor family.
Microglia expresses several subtypes of P2 receptor, and of
these, the P2X4 has become the main cross-signaling junction
point between microglia and neurons: activation of this receptor
stimulates the release of trophic factors and other signaling
mediators which in turn trigger neuronal processes such as pain
signaling disinhibition (Trang et al., 2011; Ji et al., 2016; Tsuda
and Inoue, 2016) and/or neurorestoration.

Importance of microglia in the development of neuropathic
pain is also highlighted in the research article of Tsuda et al.,
where the authors showed that näive spinal microglia of
experimental animals expresses a receptor for the cytokine IFN-
γ (IFN-γR) in a cell-type-specific manner. Stimulation of this
receptor converts resting microglia into activated form and
produces a long-lasting hypersensitivity in response to innocuous
stimuli (tactile allodynia, a hallmark symptom of neuropathic
pain). Conversely, ablating IFN-γR severely impairs nerve
injury-evoked microglia activation and tactile allodynia without
affecting microglia in the contralateral dorsal horn. At the same
time, basal pain sensitivity remains unaffected. The authors
also demonstrated an up-regulation of Lyn tyrosine kinase and
purinergic P2X4 receptor in IFN-γ-stimulated spinal microglia
which are crucial events for neuropathic pain development
(Tsuda et al., 2009).

Important role in activation of glial cells in neuropathic
pain belongs to BDNF (Ferrini and De Koninck, 2013).
Spinal microglia in response to peripheral nerve injury
upregulates expression of P2X4 receptors. Activation of
P2X4 receptors initiates a signaling cascade which leads to
BDNF release which causes aberrant nociceptive output that
underlies pain hypersensitivity characterized by hyperalgesia,
allodynia, and spontaneous pain (Trang et al., 2011). BDNF
produced by microglia forms a positive feedback loop and
acts as an autocrine microglia stimulator (Zhang et al., 2014).
Also, in experimental morphine-induced hyperalgesia model
morphine caused upregulation of P2X4Rs in the spinal cord
microglia, driving synthesis and release of BDNF (Ferrini et al.,
2013).

In addition, BDNF activates astrocytes which may sensitize
the nociceptive pathway through the release of pro-inflammatory
factors, such as cytokines, prostaglandins, or neurotrophins,
which in turn contributes to neuropathic pain development
(Zhang et al., 2011).

Microglia also interacts with astrocytes after sensory nerve
injury. Wang et al. (2017) showed that tetanic stimulation
of sciatic nerve induces sciatic nerve injury and long-lasting
hypersensitivity in rats. In this model IL-18 was released
from activated microglia and together with chemokine CX3CL1
activated NF-kB pathway in astrocytes via IL18R and CX3C1R,
respectively which resulted in upregulation of the expression
of pro-inflammatory cytokines (Wang et al., 2017). In addition
astrocyte-derived IL-1β and IL-23 are thought to promote
allodynia/behavioral sensitization to nociceptive stimulation, by
modulating NMDA receptor activities in post-synaptic neurons
(Bian et al., 2014).

Astrocytes perform numerous critical functions in the
nervous system including, amongmany others, neurotransmitter
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FIGURE 1 | Interaction between nociceptors and different non-neuronal cells. ATP, Adenosine triphosphate; BDNF, Brain derived neurotrophic factor; Glu, glutamate;

IL-1β, Interleukin 1 β; IL-10, Interleukin 10; M1, pro-inflammatory phenotype; M2, anti-inflammatory phenotype; TGF-α, Transforming growth factor α; TNF-α, Tumor

necrosis factor α.

recycling, formation of the blood-brain barrier, regulation
of extracellular ion concentrations, and modulation of
synaptic transmission.

After nerve injury, astrocytes lose their ability to maintain
the homeostatic concentrations of extracellular potassium ions
and glutamate, which leads to neuronal hyperexcitability
(Ji R.-R. et al., 2013). Astrocytes can also signal directly to
neurons through physically coupled networks mediated by gap
junctions which facilitate intercellular signal transmission. Gap
junction communication is mediated by connexin-43 (Cx43),
the predominant connexin expressed in astrocytes. Nerve injury
induces persistent up-regulation of Cx43 in astrocytes and
switches the function of Cx43 from gap junction communication
to paracrine modulation (Chen et al., 2014). This paracrine
regulation leads to the increased release of glutamate, ATP, and
chemokines by astrocytes. The astrocyte-derived chemokines
act as neuromodulators and can potentiate excitatory synaptic
transmission in the spinal cord pain circuitry.

A single human astrocyte may form contacts with more than
1 million synapses (Oberheim et al., 2009). The complexity of
the connections points to an important role of astrocytes in
nervous system that bears further investigation. As compared
with microglial activation, astrocyte activation in chronic
pain conditions is more persistent and usually occurs later

than microglial activation, indicating their contribution to the
chronification of pain (Ji R.-R. et al., 2013).

Liu et al. (2020) in a recent review described interactions
of microglia and astrocytes in the neurovascular unit using
the concept of phenotypic switch between pro-inflammatory
(M1 and A1, respectively) and anti-inflammatory (M2 and A2,
respectively) phenotypes.

The most-discussed current classification of
microglia/macrophages is based on the M1/M2 paradigm,
which is related to their pro- and anti-inflammatory properties
(Martinez and Gordon, 2014). The M1/M2 paradigm is
often criticized as too simplistic (Ransohoff, 2016). However,
this paradigm conveniently reflects the most phenotypically
distant (polar) differentiation states of macrophages, and the
terminology has caught on and is extensively used in research
literature (Ransohoff, 2016; Poltavets et al., 2020).

The main idea is that microglia appears to be more sensitive
to pathogens; these cells activate and secrete “molecular signals”
such as interleukin-1 alpha (IL-1α), TNF-α, and the complement
component subunit 1q (C1q) to trigger reactive astrocytes
(Liu et al., 2020). Astrocytes in turn release NTFs to support
neuronal survival. For instance, Chen et al. (2015) showed that
astrogliosis is neuroprotective as a result of NTFs release from
astrocytes. Neutralization of supernatant GDNF released from
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astroglia significantly reduced neuroprotective effect of astroglia
in a model of inflammation caused by bacterial inflammogen
lipopolysacharide (LPS). Importantly, LPS failed to induce the
synthesis and release of TNF-α and iNOS/NO from highly-
enriched astroglial culture (Chen et al., 2015). This may suggest
that astroglia itself may not have the ability to directly recognize
the innate immune stimuli such as LPS. Instead astrocytes rely on
microglia which recognize inflammogen and trigger the release
of NTFs from astrocytes (BDNF, CNTF, NGF, MANF) in order to
counterbalance collateral damage caused by activated microglia
and neuroinflammation. This process aims to support neuronal
survival (Liddelow et al., 2017; Jha et al., 2019; Pöyhönen et al.,
2019).

Although the vast majority of researchers agree on the
important role of microglia in the development and maintenance
of neuropathic pain in some studies the importance of
astrocytes in this process is stressed. For instance, it was
shown that in vincristine-evoked chemotherapy-induced
neuropathic pain in rats with obvious mechanical allodynia
spinal astrocytes rather than microglia were dramatically
activated. These data suggest that astrocytes can play a key
role in pathophysiology of chemotherapy-induced neuropathic
pain and Astrocyte-Cytokine-NMDAR-neuron pathway may
be one of the mechanisms underlying chemotherapy-induced
neuropathic pain (Ji R.-R. et al., 2013).

To summarize this section, multiple cell types play a role in the
development and maintenance of neuropathic pain (Figure 1).
It is nearly impossible to isolate neuronal or non-neuronal
components playing the leading role in this process. Perhaps
a key strategy in neuropathic pain management should be
focused on the regulation of interactions between glial cells,
including astrocytes and microglia, and neurons (Zhuo et al.,
2011). Thus, understanding of communications between various
cell types playing roles in neuropathic pain is very important
for the development of efficient analgesics (Ji R.-R. et al., 2013;
Ji et al., 2016). NTFs or their receptors which, as described
in the following sections, are able to influence both neuronal
and non-neuronal cells, may represent valuable targets for
innovative drugs for neuropathic pain management. GFLs and
their receptors (see below) are especially interesting in the context
of neuropathic pain as they are, in contrast to other NTFs, were
shown to restore all types of sensory neurons and to target their
axons into topographically correct regions of spinal cord in a
model of dorsal root crush (Harvey et al., 2010). Extensively
studied approach focused on the disruption of NGF signaling
using monoclonal antibodies or neurotrophin inhibitors is less
attractive in this sense as it is not disease-modifying.

GLIAL CELL LINE-DERIVED

NEUROTROPHIC FACTOR FAMILY

LIGANDS, THEIR RECEPTORS AND

SIGNALING

GFLs include 4 closely related proteins: GDNF, neurturin
(NRTN), artemin (ARTN), and persephin (PSPN) and
a distant recently discovered member, a protein called

Growth/differentiation factor 15 (GDF15). The main receptor
transmitting GFL signals inside neurons is a receptor tyrosine
kinase Rearranged in transfection (RET) (Trupp et al., 1996;
Mahato and Sidorova, 2020b). GFLs do not bind RET directly,
instead they interact with a co-receptor GDNF family receptor
alpha (GFRα) or GDNF family receptor α-like (GFRAL).
GDNF has highest affinity to GFRα1, but can also signal via
GFRα2, NRTN’s preferred receptor is GFRα2, ARTN’s—GFRα3,
PSPN’s—GFRα4. In addition, NRTN, ARNT, and PSPN can
all exert their biological effects via GFRα1. GDF15 binds to
GFRAL and does not seem to have affinity to GFRα co-receptors
(Emmerson et al., 2017; Mullican et al., 2017; Yang et al.,
2017). Formation of a dimeric ligand-co-receptor complex
(stoichiometry 1:2) leads to the recruitment of two monomers of
RET into the compex, autophosphorylation of tyrosine residues
in RET kinase domain and subsequent activation of multiple
signaling cascades and enzymatic pathways important for
cellular survival and functional activity (Airaksinen and Saarma,
2002), such as JAK/Stat, PI3K/Akt, MAPK, JNK, RAC1, VAV2,
PLCγ (Mulligan, 2014; Zhu et al., 2015).

In addition to RET, GFLs in complex with GFRα co-receptors
signal via neural cell adhesion molecule (NCAM) activating
Fyn and FAK protein kinases. This mechanism was shown
to mediate migration of Schwann cells and neurite outgrowth
in hippocampal and cortical neurons (Paratcha et al., 2003).
Also GFLs can activate certain events in the cells via surface
Heparan Sulfate Proteoglycan, Syndecan−3 in the absence of
co-receptors. GFL interaction with Syndecan-3 stimulates Src-
dependent signaling and is important for migration of cortical
GABA-ergic neurons (Bespalov et al., 2011).

EFFECTS OF GLIAL CELL LINE-DERIVED

NEUROTROPHIC FACTOR FAMILY

LIGANDS IN PRIMARY SENSORY

NEURONS

GDNF and ARTN have well-established roles in somatosensory
system. Modulation of their expression levels in the tissues of
experimental animals alters the number of sensory neurons in
DRGs. In GDNF knockout mice the number of sensory neurons
in DRGs is reduced by ∼30% and in mice overexpressing
GDNF—increased by about 30%. In mice overexpressing ARTN
the number of primary sensory neurons is increased by 20%
(reviewed in Ernsberger, 2008). Ablation of GDF15 gene in
mice also led to the 20% decrease in the number of primary
sensory neurons in DRGs (Strelau et al., 2009). However, NRTN
overexpression in the skin was not accompanied by the changes
in overall number of sensory neurons in DRGs (Wang et al.,
2013).

DRG neurons of mammalians express RET and GFRα

co-receptors. Expression of RET and GFRα coreceptors in
primary sensory neurons highly, but not completely overlap. The
number of DRG neurons expressing GFL receptors depends on
developmental stage and increases after birth. Approximately
60% of adult rodent DRG neurons in normal conditions are RET
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positive, upto 50% are GFRα1-positive, up to 33% are GFRα2–
positive and upto 40% are GFRα3–positive (Ernsberger, 2008;
Mahato and Sidorova, 2020a). In human DRGs higher number
of neurons express RET (80%) and GFRα2 (52%) (Josephson
et al., 2001). Expression of GFL receptor complex components
in primary sensory neurons can change after lesion. In rodents
the number of RET-positive and GFRα3-positive cells in DRGs
increases, but the number of GFRα2-positive cells decreases.
The neurons which in normal conditions express GFRα2 upon
injury are converted into GFRα3-positive cells (Wang et al., 2011;
Mahato and Sidorova, 2020a).

The data regarding GFLs expression in DRG neurons are
somewhat controversial. According to the recent review of
Merighi (2018) small portion of DRG neurons (<10%) expresses
GDNF protein as shown by immunological methods. At the
same time transcriptomics studies failed to detect GDNF mRNA
in DRGs. We also failed to reliably detect mRNA of GFLs in
uninjured rodent DRGs by RT-qPCR method. This discrepancy
can be explained by either contribution of non-transcriptional
mechanisms in the GFL protein synthesis or unspecific binding
of GDNF antibodies. Indeed, in our hands many commercially
available GDNF antibodies produced non-specific staining in the
tissues of experimental animals. Interestingly, in DRGs GDNF-
immunoreactive neurons were also CGRP-immunoreactive,
while RET andGFRα co-receptors expressing neurons aremainly
IB4-positive (Merighi, 2018).

In the spinal cord GFL receptors are expressed in lamina
IId which receives and integrates input mainly from C-fibers
(Merighi, 2018). Anatomic localization of GFL receptors in
the spinal cord supports the important role of GFLs in pain
signal transmission.

The GDNF co-receptor (GFRα1) can be released from the
surface of neurons and glia in its soluble form. In this way GFLs
can interact with corresponding GFRαs in solution and then with
RET on cell surface thus activating cells expressing only RET
(Airaksinen and Saarma, 2002; Jmaeff et al., 2020b).

The effects of GFLs in primary sensory neurons in the
context of neuropathic pain are complex. From one hand they
support the survival and repair sensory neurons, eliminating
lesion and consequently the cause of neuropathic pain. Therefore,
these proteins and their receptors serve as attractive therapeutic
targets for disease-modifying treatments of NP. However, GFLs
also stimulate the expression of various proteins increasing
excitability of neuronal cells, such as ion channel subunits
and thus potentiate signal appearing as a result of nociceptive
stimulation. We recently reviewed effects of GFLs in different
chronic pain models in detail. In general, in neuropathic pain
GFLs given intermittently are mainly analgesic, however they
may be pronociceptive in inflammatory pain states and in healthy
animals (Mahato and Sidorova, 2020a).

Interestingly, certain pronociceptive effects of GFLs can be
mediated by sensory neurons expressing only GFL co-receptors
in the absence of RET. In particular, in DRGs cold stimulation
activates TRPM8-positive neurons expressing GFRα3, but
lacking RET (Lippoldt et al., 2013, 2016). This means that in
certain subpopulations of primary sensory neurons GFLs signal
via other known (e.g., NCAM) or yet to be identified receptor(s).

GFRα co-receptors are also expressed in non-neuronal cells,
which can influence nociceptive response to stimulation. This
suggests that some of pronociceptive effects of GFLs can be
mediated via RET independent mechanisms and highlights the
possibilities to improve tolerability of GFL-based therapeutics, by
development of variants selectively targeting RET.

EFFECTS OF GLIAL CELL LINE-DERIVED

NEUROTROPHIC FACTOR FAMILY

LIGANDS IN GLIAL CELLS

Due to the well-established neurotrophic activity of GFLs they
have been mainly studied for the ability to protect neurons from
neurotoxic or mechanical lesion (Gash et al., 1996; Boucher
et al., 2000; Airaksinen and Saarma, 2002; Gardell et al., 2003;
Sidorova et al., 2017; Mahato and Sidorova, 2020a). However,
several studies demonstrated the ability of these proteins to affect
non-neuronal cells involved in inflammatory process which is
developing upon the injury occurring in somatosensory system.
GFLs receptors GFRα1 and RET are expressed in glial cells and
can be upregulated under pathological conditions. GDNF itself
is widespreadly expressed in both neuronal and non-neuronal
cells in the developing human fetal brain starting from 7 weeks
of gestation (Koo and Choi, 2001).

Primary rat glial cells cultures mainly composed of astrocytes
express at least GDNF, NRTN, GFRα1, and GFRα2 (Rémy et al.,
2001). Moreover, GFRα1 and GDNF are released by the reactive
astrocytes (Bresjanac and Antauer, 2000; Marco et al., 2002).

Microglial cells express GFRα1 and RET (Honda et al., 1999;
Boscia et al., 2009, 2013; Rickert et al., 2014) and also synthesize
and secrete GDNF (Matsushita et al., 2008). GFLs have proven
effects in these cells (Rocha et al., 2012; Rickert et al., 2014).
For example, Rickert et al. (2014) showed that GDNF, NRTN,
ARTN and PSPN are able to reduce nitric oxide production
by microglial cells and decrease mRNA levels of IL-1β, TNF-
α, IL-6, and Cox-2 in these cells. Thus, this study proves that
at least in vitro GFL members interfere with the synthesis and
release of pro-inflammatory and neurotoxic molecules generated
by the activated microglia (Rickert et al., 2014) implying active
involvement of GFL in quenching neuroinflammation. Rocha
et al. (2012) in the culture of midbrain microglia stimulated
with zymosan A, demonstrated that astrocytic GDNF is able
to inhibit the activation of microglia, namely, its phagocytic
activity and the production of reactive oxygen species, since
both parameters were greatly reduced in cells incubated with
an astrocyte conditioned medium. To evaluate the nature of the
soluble mediators astrocyte conditioned media was treated with
specific antibodies against GDNF, CDNF, and BDNF in order
to specifically sequester each of the above-mentioned NTFs and
thus revert the changes induced by their presence (Rocha et al.,
2012).

Chang et al. (2006) showed that GDNF has a positive
regulatory effect on functional activity of primary rat microglia
increasing the enzymatic activity of superoxide dismutase (SOD),
expression of surface antigen intercellular adhesion molecule-
1 (ICAM-1), the production of the integrin alpha5 subunit,
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and the phagocytic capability (Chang et al., 2006). GDNF was
also able to support the survival of primary microglia in vitro
(Salimi et al., 2003).

Matsushita et al. (2008) investigated the ability of microglia
to produce and secrete GDNF in vitro. Secretion, but not
synthesis of GDNF, was strongly suppressed in LPS-stimulated
microglia. Because the stimulation of microglia with LPS led
to the accumulation of GDNF in the cells as well as their
morphological activation, it is plausible to hypothesize that the
deposition of GDNF in the cells may be necessary for the process
of microglial activation. The suppression of GDNF secretion
was mediated by protein kinase C alpha (PKCα) and mitogen-
activated protein kinases (MAPK) signaling cascades (Matsushita
et al., 2008).

Apart from the direct effects on microglial and astroglial
cells, GDNF modulates the relationships between microglia and
astrocytes and astrocytes and neurons. Microglia-derived GDNF
protected astrocytes against in vitro ischemia-induced damage
(deprivation of glucose, oxygen, and serum) (Lee et al., 2004;
Lu et al., 2005). GDNF inhibited the apoptosis of the ischemic
astrocytes via upregulation of expression of extracellular signal-
regulated kinase (ERK1/2) and nuclear factor-kappa B (NF-kB)
pathways in a caspase 3-independent manner (Chu et al., 2008;
Zlotnik and Spittau, 2014).

GDNF released from astroglia protected neurons from
inflammation-induced neurotoxic damage, showing that at least
in this condition the astrogliosis is principally neuroprotective
(Chen et al., 2015).

In deafferentation pain model the bone marrow mesenchymal
stem cells (BMSC) inhibited neuroinflammation by transforming
microglial destructive M1 phenotype into regenerative M2
phenotype, thus alleviating pain. This process likely occurred
via GDNF-induced suppression of NF-κB and activation of
PI3K/AKT signaling pathways (Zhong et al., 2020).

In addition to neurons and glia GDNF can also influence non-
nervous system cells. Endothelial cells may also express GFRα1
and GFRα2 as it was shown for the cells composing blood-retinal
and blood brain barriers (Igarashi et al., 1999, 2000). GDNF also
enhanced the phagocytic activity of the macrophages via GFRα1
in a Ret-independent manner (Hashimoto et al., 2005).

A recent review by Duarte Azevedo et al. (2020) compiled
information regarding GDNF and its production in health
and disease in the central nervous system. The authors
conclude that neuroinflammation induces GDNF expression
in activated astrocytes and microglia, infiltrating macrophages,
nestin-positive reactive astrocytes, and neurons/glia (NG2)-
positive microglia-like cells (Duarte Azevedo et al., 2020). In
addition, RET and GFRα1 expression in glia is upregulated
thus, GDNF can produce direct effects in these cells
(Duarte Azevedo et al., 2020).

One important direction of pain research is detecting sex
differences, deciphering the mechanisms of these differences
in the development and maintenance of neuropathic pain and
the analysis of sex difference in response to analgesics. Routine
animal studies have generally been conducted in males mainly
to avoid the influence from cyclic sex hormone fluctuations
occurring in females and thus to reduce animal usage and

overcome funding limitations. However, there are numerous
reports in literature indicating that neuropathic pain is more
common in women. Moreover, women tend to be less responsive
to analgesics. While the scope of this review does not allow us to
go deep into this topic, a nice summary of the available data and
hypotheses explaining sex differences in pain perception can be
found in the reviews and editorials authored and co-authored by
J. Mogil (Craft et al., 2004; Mogil and Bailey, 2010; Mogil, 2016,
2020; Rosen et al., 2017).

Given to the fact of sex-bias in the recent years the number
of animal studies deciphering sex differences in pain has
substantially increased (Bartley and Fillingim, 2013). Despite
of the efforts final conclusions on the mechanisms of sex-
specific differences in pain are yet to be reached. In experimental
animals both sexes show identical morphological reactivity
of microglia (i.e., microgliosis) after nerve injury. However,
microglia inhibitors are anti-nociceptive only in male rodents
(Sorge et al., 2015). The sex-specific differences in GFLs and GFL
receptors expression are not clearly described. Lopes et al. (2017)
in a recent study conducted using RNA-seqmethodology failed to
detect clear sex-bias in the expression of neuronal or glial markers
in somatosensory system, but reported a difference in expression
of peripheral immune cell markers (Lopes et al., 2017). Further
studies of sex difference in pain are essential to understand the
mechanisms and develop efficient analgesics.

TARGETING GFL RECEPTORS WITH

SMALL MOLECULES OR PROTEINS

DOWNREGULATE GLIAL MARKER

EXPRESSION IN SURGERY AND

DIABETES-INDUCED NEUROPATHY

In line with the literature described above, our preliminary
experimental results also support the notion that GFLs or
compounds targeting GDNF receptor RET (Bespalov et al., 2016;
Sidorova et al., 2017; Viisanen et al., 2020) can reduce the
expression of satellite glia marker in sensory ganglia of animals
with surgery or diabetes-induced neuropathy.We developed RET
agonists (compounds BT18 and BT44) and showed that they,
similarly to GDNF and ARTN, activate RET and downstream
signaling in immortalized cells. In surgery- and diabetes-induced
models of neuropathic pain in rats both of these compounds
alleviated mechanical hypersensitivity. They also protected and
restored expression of sensory neuron markers in DRGs in vivo
(Bespalov et al., 2016; Sidorova et al., 2017; Viisanen et al., 2020).
We evaluated the expression of glial marker Ionized Calcium-
Binding Adapter Molecule 1 (IBA1) in DRGs of rats with
neuropathies after the treatment with ARTN or RET agonists
(experimental design and sample collection procedures, as well
as the effects of compound on pain threshold and on neurons
are described in details elsewhere (Sidorova et al., 2017; Viisanen
et al., 2020) using immunohistochemistry method described in
details in Jokinen et al. (2018). Briefly, 5 micrometers sections
of DRGs were probed with antibodies against IBA1 (1:1000, Cat.
No. 019-19741, Wako, Richmond, VA, USA). For visualization
of the bound antibodies we used a VECTASTAIN ABC HRP
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FIGURE 2 | Expression of IBA-1 in dorsal root ganglia (DRG) of animals with surgery (spinal nerve ligation, A–C) or diabetes-induced neuropathy (D,E). (A) Expression

of IBA1 (area) in DRGs which spinal nerve was ligated upon the treatment with vehicle (VEH), BT18 (the first generation RET agonist, subcutaneously at the dose 25

mg/kg every other day for 12 days, started 1 h after the lesion), and ARTN (at the dose 0, 5 mg/kg every other day for 12 days, started 1 h after the lesion), n = 3 per

group. (B) Expression of IBA1 in DRGs on the unligated side of the body (healthy), the treatments and doses are the same as in (A), n = 3 per group. (C) Expression

of IBA1 (area) in DRGs which spinal nerve was ligated upon the treatment with vehicle (VEH) or BT44 (the second generation RET agonist, subcutaneously at the dose

12.5 mg/kg every other day for 12 days, started 2 days after the lesion) or on unleasoned side (UNL), n = 3–4 per group. (D) Expression of IBA1 (area) in DRGs of

healthy animals (healthy) or animals with diabetes-induced neuropathy treated subcutaneously with vehicle (DM) or BT44 (at the dose 5 mg/kg every other day for 3

weeks started on the day of lesion), n = 4–5 per group. (E) As in (D), but the number of cells is calculated, n = 5 per group, *p < 0.05, **p < 0.01 by ANOVA and

post-hoc test, #p < 0.05 by post-hoc test (ANOVA p = 0.059).

Kit according to the manufacturer’s instructions. Sections were
imaged with help of 3DHISTECH Scanner (3DHISTECH Ltd,
Budapest, Hungary). Image analysis (the number of IBA1-
positive cells and the area covered by IBA1-positive staining) was
performed with Matlab R2014b software (Mathworks, Natick,
MA, USA) using a custom script (Penttinen et al., 2016; Jokinen
et al., 2018). The data collected from two non-consecutive
sections per animal were averaged and used for statistical analysis
by ANOVA with Dunnett’s post-hoc test. Each group included
3–5 animals.

In our pilot experiments we consistently saw a decrease in
the area and/or number of IBA1-positive cells in DRGs of
animals with experimental neuropathies treated with ARTN or
RET agonists compared to the values seen in DRGs of animals
treated with vehicle (Figure 2). In some of these experiments this
reduction was statistically significant, while in others we saw only
a trend to a decrease. In ipsilateral DRGs of rats with spinal nerve
ligation-induced neuropathy the area of IBA1-positive staining
was ∼3 times higher compared to that in contralateral DRGs.
The treatment of rats with spinal nerve ligation (SNL) with
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either BT18 or ARTN every other day except weekends for a
12-days period starting 1 h after the surgery (Bespalov et al.,
2016) resulted in a statistically significant decrease in the area
covered by IBA1-positive signal in ipsilateral DRGs (Figure 2A).
At the same time in contralateral DRGs statistically significant
changes in the expression of studied marker were not detected
(Figure 2B). In another experiment we also saw a statistically
significant increase in IBA1 expression in ipsilateral DRGs after
spinal nerve ligation (Viisanen et al., 2020). The treatment with
a RET agonist, compound BT44, which started 2 days after
the surgery when neuropathy was already established, partially
normalized this change, although statistically significant decrease
was not seen (Figure 2D). In rats with diabetic neuropathy
induced by streptozotocin (STZ) administration (Viisanen et al.,
2020) BT44 treatment resulted in the decrease in the area
(Figure 2D), but did not influence in the number of IBA1-
positive cells (Figure 2E). This result is fully in line with recently
published data of Ciglieri et al. (2020). These authors observed
cytoarchitectonic changes related to glia-neuronal interactions in
DRGs upon the treatment with STZ, while the overall number of
SGC remained largely unaffected. In particular, STZ differentially
affected the expression of SGC marker surrounding different
subpopulations of DRG neurons and disturbed glia-neuron and
neuron-neuron contacts in this tissue (Ciglieri et al., 2020).

To summarize, our data taken together are in line with
published observations on the ability of GFLs to downregulate
activation of glial cells and mitigate neuroinflammation
described above. While clinical translation of GFL proteins
is complicated, small molecules targeting their receptors
(Sidorova et al., 2017; Jmaeff et al., 2020a,b; Viisanen et al.,
2020) may be a better alternative for use in humans to treat
neuropathic pain. Previously we showed that RET agonists
are neuroprotective/neurorestorative in animal models of
neuropathic pain (Sidorova et al., 2017; Viisanen et al., 2020).
Here, we provide evidence that these small molecules can also
downregulate glial cells activation being thus dual action agents.

SUMMARY AND CONCLUSIONS

GFLs attracted a lot of attention of scientific community
as potential disease-modifying treatments against
neurodegeneration due to their well-known neuroprotective
effects in various neuronal populations. In the present paper we
reviewed published and provided our own data showing that

GFLs can also modulate neuroinflammation which accompanies
and exaggerates neurodegeneration. Based on the available
data regarding the expression of GFL receptors in various
cell types it is reasonable to conclude that these proteins may
directly influencing immune, endothelial and glial cells, and also
regulate their interactions. The ability of GFLs to influence both
neuronal and glial cells further increases their attractiveness
as targets for the development of novel treatments against
neurodegeneration. While the use of GFL proteins in humans
is complicated, small molecules that target GFL receptors
may serve as better alternatives for clinical translation. We
developed compounds that target the main GFL receptor RET
and possess both neuroprotective properties and an ability to
suppress glial activation in sensory system. Further optimization
of these compounds can result in a disease-modifying drug
normalizing the function of all cell types involved in the process
of pain chronization, which will revolutionize neuropathic
pain management.
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Department of Brain Biochemistry, Maj Institute of Pharmacology, Polish Academy of Sciences, Krakow, Poland

Air pollution is regarded as an important risk factor for many diseases that affect a
large proportion of the human population. To date, accumulating reports have noted
that particulate matter (PM) is closely associated with the course of cardiopulmonary
disorders. As the incidence of Alzheimer’s disease (AD), Parkinson’s disease (PD),
and autoimmune disorders have risen and as the world’s population is aging, there
is an increasing interest in environmental health hazards, mainly air pollution, which
has been slightly overlooked as one of many plausible detrimental stimuli contributing
to neurodegenerative disease onset and progression. Epidemiological studies have
indicated a noticeable association between exposure to PM and neurotoxicity, which
has been gradually confirmed by in vivo and in vitro studies. After entering the body
directly through the olfactory epithelium or indirectly by passing through the respiratory
system into the circulatory system, air pollutants are subsequently able to reach the
brain. Among the potential mechanisms underlying particle-induced detrimental effects
in the periphery and the central nervous system (CNS), increased oxidative stress,
inflammation, mitochondrial dysfunction, microglial activation, disturbance of protein
homeostasis, and ultimately, neuronal death are often postulated and concomitantly
coincide with the main pathomechanisms of neurodegenerative processes. Other
complementary mechanisms by which PM could mediate neurotoxicity and contribute
to neurodegeneration remain unconfirmed. Furthermore, the question of how strong
and proven air pollutants are as substantial adverse factors for neurodegenerative
disease etiologies remains unsolved. This review highlights research advances regarding
the issue of PM with an emphasis on neurodegeneration markers, symptoms, and
mechanisms by which air pollutants could mediate damage in the CNS. Poor air
quality and insufficient knowledge regarding its toxicity justify conducting scientific
investigations to understand the biological impact of PM in the context of various types
of neurodegeneration.

Keywords: particulate matter, neurotoxicity, neuroinflammation, oxidative stress, neurodegeneration,
autoimmunity

INTRODUCTION

Air pollution is regarded as an important risk factor for many diseases that affect a large proportion
of the human population (Mannucci et al., 2015). The most frequent and pronounced associations
are elicited by the negative consequences of polluted air within the respiratory system, causing
or worsening the course of chronic obstructive pulmonary disease, asthma, or allergic reactions.
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Depending on the exposure conditions, source of particles,
their chemical composition, and their physical properties, their
health effects may differ (Wyzga and Rohr, 2015). Short-
term exposure (from several hours to several days) to high
concentrations of ambient particulate matter (PM) may trigger
acute reactions in an organism, primarily in the most vulnerable
population groups, i.e., children, pregnant women, the elderly,
and people suffering from chronic disorders (Anderson et al.,
2012; Mannucci et al., 2015; Kurt et al., 2016; Morakinyo et al.,
2016; Sanidas et al., 2017). Long-term exposure even to relatively
low concentrations of air pollutants over many years contributes
to chronic diseases (Chen et al., 2008a), increasing mortality
due to respiratory and cardiovascular incidents (Anderson et al.,
2012; Kurt et al., 2016; Morakinyo et al., 2016; Sanidas et al.,
2017), lung cancer morbidity (Li et al., 2018), reproductive
function disorders (Carré et al., 2017) and postnatal development
alternations (Sram et al., 2017). Air pollution is also a prevalent
detrimental stimulus to the central nervous system (CNS) that
has been slightly overlooked as one of many plausible causes of
neuroinflammation processes. During the last few years, several
research groups have considered PM exposure as an important
environmental risk factor for neurotoxicity that may potentiate
the risk of neurodevelopmental and neurodegenerative disorders
(Block and Calderón-Garcidueñas, 2009; Ranft et al., 2009;
Levesque et al., 2011; Genc et al., 2012). Nevertheless, to date,
the suggested mechanism responsible for air pollution-induced
pathology in the CNS or the consequent activation of multiple
deleterious pathways has not been completely explored and
validated.

The Matter of Composition
Airborne particulate matter comprises a complex mixture
of chemical and biological constituents. The composition
of PM can substantially vary across geographical regions,
sources of emissions, and even weather or seasons (Cheung
et al., 2011; Chen R. et al., 2017). Particles from natural
sources originate from minerals (soil and sea salt), biogenic
agents (plant pollen, spores, and microorganisms), sandstorms,
volcanic eruptions, earthquakes, and wildfires. However, the
prevailing anthropogenic sources of PM include power station
emissions, heating fumes (soot and ash), and dust from
roads and construction work (Kim et al., 2015; Wang et al.,
2017). The predominance of anthropogenic particles is mostly
related to industry, transportation, and fuel combustion (e.g.,
motor vehicle emissions, traffic-related exhaust, and particles
from tire and brake wearing; Karagulian et al., 2015; Wang
et al., 2017). Primary particles are directly emitted from their
sources into the atmosphere. Secondary particles, which stem
from photochemical reactions and physical processes in the
atmosphere, concomitantly increase the risk posed by air
pollution (Kelly and Fussell, 2012). Several reports concerning
the negative effects of PM emphasize its dependence on the
chemical composition, groups of compounds, surface properties
(e.g., charge and primary or secondary coatings), and specific
elements after both short-term and long-term exposure (Wang
et al., 2017). The carbonaceous part of air pollution is regarded
as more involved in adverse health effects, and some polycyclic

aromatic hydrocarbons (PAHs) are considered particularly
important (Castaño-Vinyals et al., 2004; Wyzga and Rohr, 2015).
However, several elements and inorganic components (Al and S)
are also responsible for the detrimental effects on human health
(Kim et al., 2015). The major metal constituents of PM include
Cr, Co, Ni, Mn, Zn, V, Cu, and mainly Fe. The latter is present in
particularly high concentrations in pollution produced by fossil
fuel combustion (Park et al., 2006).

The Matter of Size
It has been acknowledged that the size of particles is directly
associated with the main causes of the negative impacts of
PM (Brown et al., 2013). Ambient particles characterized by
size are divided into coarse particles (PM10) with diameters of
2.5–10 µm, fine particles (PM2.5) with diameters below 2.5 µm,
submicron particles (PM1) with diameters less than 1 µm, and
ultrafine particles (UFPM or PM0.1) smaller than 100 nm (Block
and Calderón-Garcidueñas, 2009). The minor size fraction of
PM is the main contributor to the particles’ high chemical and
biological activity both locally and systemically due to their large
aggregated surface area (Cassee et al., 2013). Given their greater
particulate mass, large particles do not remain well suspended
in air aerosol. Smaller particles can be sustained in the air
for a prolonged time and achieve orders of magnitude higher
particulate counts and surface areas, allowing greater adsorption
of other toxic air pollutants (Allen et al., 2017).

The Matter of Adsorption
The increasing toxicity of PM depends more on the particle
surface area than its composition (Sager et al., 2008). More
specifically, significantly greater conveyance of adsorbed
components is allowed by the larger surface of UFPM (Block
and Calderón-Garcidueñas, 2009; Mazzoli-Rocha et al., 2010).
The literature data reveal that ultrafine particles elicit the release
of some cytokines and free radicals, which is a phenomenon not
observed after exposure to corresponding fine particles. In these
studies, using the same dose, ultrafine particles were 41 times
more toxic than fine particles on the 1st day after exposure.
However, when the dose was normalized by the surface of the
administered particles, this relation decreased to two (Singh et al.,
2007; Sager et al., 2008). Notably, some adsorbed compounds
(e.g., transition metals and lipopolysaccharides) may become
toxic stimuli independent of the particle or undergo multiple
interrelated chemical reactions that may further increase
toxicity (Peters et al., 2006; Block and Calderón-Garcidueñas,
2009). Thus far, researchers appear to only have a preliminary
understanding of the factors in air pollution that may play a
significant role in CNS pathology.

ROUTES OF PM ENTERING AND
AFFECTING THE BRAIN

When considering the influence of PM on the CNS, whether
particles reach the brain remains unclear. The most apparent
impact of air pollution occurs in the respiratory system and
through the respiratory system (Anderson et al., 2012). A
significant portion of pollutant masses, mainly large particles
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(PM10), is captured and removed in the upper respiratory tract
via mucociliary clearance, mechanical processes (coughing and
sneezing), or engulfment by macrophages. The smallest particles
(PM0.1) enter the alveoli, where they can pass directly into
the blood vessels. From the circulatory system, particles may
cross the blood-brain barrier (BBB) to the CNS. Some of the
smallest particles can penetrate directly into the brain from the
nasal or oral cavity through the olfactory epithelium, olfactory
nerve, trigeminal nerve, and vagal afferents (Oberdörster et al.,
2004). A significant portion of particles eliminated from the
upper respiratory tract is swallowed and absorbed through the
gastrointestinal (GI) tract (Mutlu et al., 2018). The potential route
through the eyes remains still not sufficiently clarified but it
cannot be tacitly ignored (Boyes et al., 2012). All of these routes
and processes also seem to be involved in the pathomechanisms
of mental and neurodegenerative diseases (Figure 1).

From the Periphery to the Brain (or Not)
It has been demonstrated that residues of airborne particles
deposited throughout the alveolar region of the lung can
translocate across the alveolar-capillary barrier into the
systemic circulation and subsequently to extrapulmonary
organs, including the brain (Oberdörster et al., 2004; Elder and
Oberdörster, 2006). The CNS is an immunologically privileged
area. It is isolated by a functional tight BBB that prevents the
penetration of pathogens, leakage of toxins, and peripheral
pathological factors, including inflammatory mediators. The
BBB is built and maintained by blood vessel endothelial cells
called pericytes, contiguous and interconnected with astrocytes,
basal lamina, and microglia (Liebner et al., 2018). Those cell-cell
adhesion complexes acting as paracellular gates and membrane
fences are described as tight junctions (TJs). Under physiological
conditions, the transport of essential nutrients into the brain
and disposal of waste products are based on relevant specialized
transporter systems. Despite the presence of this specific
barrier that separates the brain from the systemic circulation,
some evidence in the literature suggests that blood-derived
particles may translocate through the intact BBB and increase
its permeability (Sharma et al., 2009). Several nanoparticles,
including manganese, iridium, silver, titanium, and cerium
dioxides, have been detected in different brain areas, which
is noticeably suggestive of the translocation and wide brain
distribution of particles upon inhalation conditions in rodents
(Elder and Oberdörster, 2006; Yokel et al., 2013; Kreyling, 2016;
Patchin et al., 2016). Without an exactly recognized mechanism,
it is presumed that particles are able to trigger local and
systemic inflammation, leading to the release of inflammatory
mediators and cytokines. TLR4/NADPH oxidase-dependent
mechanisms are presumed to be involved (Kampfrath et al.,
2011; Woodward et al., 2017). Activation of TLR2/NF-kB has
also been demonstrated, both in vascular endothelial cells
(Le et al., 2019) and in neuronal cells (Tian et al., 2021). In
general, the TLR signaling activation results in the production
of inflammatory cytokines and interferons (type 1) that occurs
through a MyD88-dependent and interleukin-1 receptor (TRIF)-
dependent pathways. Importantly, the genes encoding TLRs
(TLR1–10) in humans are present in polymorphic variants that

may contribute to the appearance of malfunctioning proteins
and lead to increased susceptibility to autoimmune diseases
(Zhang et al., 2021). Combined with excessive reactive oxygen
species (ROS) generation by activated glia, further oxidative
stress, alternations in the mitochondrial potential, and decreased
viability of brain microvascular endothelial cells, particles could
presumably induce TJ leakage and eventually interrupt the
BBB even without crossing it (Choi et al., 2014; Mumaw et al.,
2016).

Nose-to-Brain Route
In inhalation studies, a direct route by which nanosized PM
arrives at the nasal mucosa through the cribriform plate along the
olfactory nerve axon and subsequently reaches the olfactory bulb
(OB) has been recently documented (Matsui et al., 2009; Lucchini
et al., 2012; Ajmani et al., 2016). Subsequently, nanoparticles
target the olfactory cortex by afferent olfactory neurons (Wang
et al., 2017). Similarly, after nasal instillation of ultrafine
particles, translocation to the OB and induction of tumor
necrosis factor alpha (TNFα) and macrophage inflammatory
protein (MIP)-1α were noted (Win-Shwe et al., 2015b). It
has been proven that inhaled UFPM rapidly causes oxidative
stress in the olfactory epithelium. Subsequent inflammatory and
neurodegenerative responses in OB include increased apoptosis
in olfactory neurons. Delayed responses in the cerebral cortex
and cerebellum involve the increased expression of TNFα (Cheng
et al., 2016). This particular route is of special interest in terms of
neurodegenerative aspects since OB neurons are among the first
to display characteristic markers of Parkinson’s disease (PD).

Eye-to-Brain Way
Besides, a fraction of airborne PM could be inhaled through
the nasal mucosa, it could also enter the eye socket directly
through the air in dust-polluted areas or be transferred from the
hands through rubbing of the eyes (Wang et al., 2017). Direct
contact of nanoparticles with the eye might lead to absorption
and penetration into the ocular tissues, however, a tear film
with aqueous and lipid layers and the corneal epithelium with
tight junctions may limit this penetration. Although the retina
has a blood-retinal barrier that is similar to the BBB, particles
small enough to cross the BBB might be expected to easily enter
the retina (Seyfoddin et al., 2010). Thus, there is some unclear
probability that particles can drain into the nasal cavity through
the nasolacrimal duct and subsequently enter the CNS (Boyes
et al., 2012). According to advanced pharmaceutical research
conducted with nanomaterials to explore enhanced penetration
following eye drop application (Nagpal et al., 2010; Seyfoddin
et al., 2010), particles with selective solubility and nanosized
parameters can penetrate the eye after contact exposure.

The Microbiome-Gut-Brain Axis
The previously described routes of PM entry into the brain
demonstrate that some of the smallest particles can be
translocated through sensory nerve endings (Jayaraj et al.,
2017). A significant fraction of particles eliminated from the
upper respiratory tract via mucociliary clearance is swallowed
with saliva and mucus and may be absorbed in the GI tract
(Möller et al., 2004; Beamish et al., 2011). In the guts, air
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FIGURE 1 | Schematic overview of possible routes of particle matter (PM) entering and affecting the brain. General routes are bolded in capital letters. Potential
interactions between the different pathways are indicated by arrows.

pollution components have a negative effect on intestinal flora
by altering its natural composition and inducing a chronic
pro-inflammatory tendency in the body via ROS generation
and nuclear factor NF-kB activation (Salim et al., 2014; Mutlu
et al., 2018). Several reports indicate that in addition to
chronic inflammation, PM exposure causes an increase in gut
permeability associated with a disruption of tight junction
proteins in the colonic epithelium (Mutlu et al., 2011). GI
epithelial cells act as the primary physical barrier of the gut,
and this barrier function might be affected by the intestinal
epithelial injury induced by PM (Beamish et al., 2011; Salim
et al., 2014). Although it is not possible to quantify how much
PM exactly reaches the GI tract, recent emerging research
suggests that the microbiota–gut–brain axis is also involved
in neurodegenerative diseases, such as Alzheimer’s disease
(AD) and PD, and psychiatric conditions, such as addiction
(Sherwin et al., 2018; Stefano et al., 2018). Accumulating
evidence supports the view that gut microbes influence central
neurochemistry and behavior and are capable of producing
most neurotransmitters found in the human brain (Dinan
and Cryan, 2017). Gut bacteria are able to contact the brain

through the vagus nerve and immune system and through
the production of microbial metabolites (e.g., cresol) and
modulation of circulating tryptophan (O’Mahony et al., 2015;
Foster et al., 2016; Sarkar et al., 2016). In reference to another
neurodegenerative disorder with an autoimmune background,
it has been recently demonstrated that altered gut microbiota
can inhibit the expression of myelin genes and differentiation
of oligodendrocytes, certainly providing a new perspective
regarding the pathogenesis of multiple sclerosis (MS; Hoban
et al., 2016).

POTENTIAL MECHANISM UNDERLYING
THE PARTICLE-INDUCED DETRIMENTAL
EFFECTS ON THE CNS

Despite the large diversity in the chemical composition and
physical properties of air pollutants, the most frequently
described toxicity mechanisms are the induction of oxidative
stress and inflammatory processes in the periphery and
CNS (Wang et al., 2017). Both mechanisms are tightly
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linked, interdependent, and regarded as key players in
neurodegeneration pathogenesis (Jellinger, 2010; Fagundes
et al., 2015). Among the potential mechanisms underlying
the particle-induced detrimental effects on the CNS and the
etiology of neurodegenerative disease, increased oxidative
stress, neuroinflammation, endoplasmic reticulum (ER)
stress, mitochondrial dysfunction, and disturbance of protein
homeostasis are often postulated (Wang et al., 2017).

Oxidative Stress and Neuroinflammation
Highly reactive free radicals, particularly ROS in the form of
superoxide anion (O−2 ), are produced in mitochondria as a
result of respiratory chain activity (Pavlin et al., 2016; Angelova
and Abramov, 2018). At low concentrations, free radicals in
some immune cells (monocytes, macrophages, and granulocytes)
regulate functioning and participate in intracellular signaling and
the elimination of microorganisms absorbed by phagocytosis in a
mechanism of cytotoxicity (Sarniak et al., 2016; Tan et al., 2016).
There are numerous enzymatic and nonenzymatic antioxidative
processes in cells that maintain an oxidoreductive balance. Both
organic and inorganic particles can generate ROS directly on
their surface as a response to a cell or a whole organism.
Free radicals produced as a result of particle-cell interactions
implicate lipid peroxidation, nucleic acid damage, and structural
disruption of proteins. Transition metals present in PM act
as catalysts in Fenton’s reactions and serve as a source of
ROS, whereas the organic fraction induces the expression of
CYP450 cytochrome (CYP1A1) and enhances ROS production
with the involvement of xenobiotic biotransformation enzymes
(Pavlin et al., 2016; Wang et al., 2017). The oxidative changes
induced by free radicals in biologically important molecules,
including proteins, lipids, and nucleic acids, may lead to a
loss of their functionality (Pavlin et al., 2016; Angelova and
Abramov, 2018). Even small disturbances in the functioning of
the respiratory chain or antioxidant mechanisms may initiate
oxidative stress, contributing to the further escalation of the
process via mitochondrial damage and impairment of their
function. Mitochondria are, in fact, simultaneously the main
source of free radicals and the first target of their negative action.
These organelles contain lipid membranes, enzymatic proteins,
and mitochondrial DNA, being extremely important for life
processes and are susceptible to oxidative damage by free radicals
formed in their immediate vicinity (Angelova and Abramov,
2018; Nissanka and Moraes, 2018).

Within the overall response of the body to air pollution,
oxidative stress and inflammatory processes are closely related.
In the lungs, particles are absorbed (phagocytized) by pulmonary
macrophages and other phagocytes. As a result of phagocytosis,
cell activation and the activation of intracellular mechanisms
of ROS synthesis used for intracellular killing of pathogens
occur (Sarniak et al., 2016). Intensive ROS generation causes a
change in the oxidoreductive status of macrophages and their
proinflammatory activation (Tan et al., 2016). Nevertheless,
it is necessary to consider the fact that immune processes
play undeniably vital roles in maintaining neuroprotection
and regeneration (Hammond et al., 2019). However, this
evoked pathway involves the release of numerous inflammatory

mediators that activate the immune system (proinflammatory
cytokines) and cell migration factors (chemokines) that increase
the expression of adhesion molecules in various cell types,
including immune cells and endothelial blood vessels. As a
result, this pathway may lead to unsealing the blood-brain
barrier and the inflow of peripheral cells of the immune system
to the brain, which is among the pathomechanisms of the
inflammatory process in the CNS (Chen et al., 2016). Thus, the
peripheral inflammatory processes induced by air pollution may
be transferred to the CNS and participate in neurodegeneration.
Similar phenomena occur in the CNS under the influence
of particles penetrating along nerves. In the CNS, brain
macrophages, i.e., microglia cells, are activated analogously. This
activation occurs in response to the presence of particles in the
brain or as a reaction to incoming inflammatory signals from the
periphery (Chen et al., 2016). Differing from other cells, neurons
are excitable cells that require additional energy to maintain
proper membrane potential and generate and conduct action
potentials and the intracellular transport of neurotransmitters
(Pavlin et al., 2016). Intensive ROS synthesis in the immediate
vicinity of neurons leads to a vicious cycle of oxidative stress,
cellular energy metabolism modulation, impairment of their
function, and, in extreme situations, death (Peixoto et al., 2017).
A high content of nucleic acids, proteins, and unsaturated fatty
acids and a low concentration of antioxidants render the brain
more vulnerable to redox imbalance. It is well known that
oxidative stress and inflammatory processes in the CNS are the
basis of the typical phenomena observed in neurodegeneration.
Therefore, interference with neurodegenerative processes by the
effects of air pollution is likely as indicated in clinical and
experimental studies (Angelova and Abramov, 2018; Nissanka
and Moraes, 2018).

Glial Activation and BBB Damage
Microglia constitute a special population of tissue macrophages
in the CNS that represent up to 16% of cells (depending on
the structure of the brain) and perform various functions
as follows: participate in creating and removing synapses,
detecting and fighting infections, eliminating damaged cells
and tissue deposits, repairing nervous tissue and restoring
normal function (Roman et al., 2013). Microglial cells undergo
proinflammatory activation by endogenous cell-damaging
factors or peripheral proinflammatory signals. Thus, the
peripheral activation of the immune system and inflammatory
processes can induce analogous processes in the CNS, especially
in cases of impaired BBB permeability (Liebner et al., 2018).
The proinflammatory activation of microglial cells is associated
with a change in their morphology, increases in the expression
of many surface markers, and release of migration mediators
(chemokines), facilitating an influx of peripheral immune cells
to the CNS, the release of free radicals (oxygen and nitrogen
species) and synthesis of cytotoxic cytokines, such as TNF-
α, interleukin-1 beta (IL-1β) and interferons (Roman et al.,
2013). These processes tend to remove pathogens or damaged
cells, further extinguish inflammation, rebuild tissue, and
restore its normal function. Under pathological conditions,
uncontrolled proinflammatory activation of microglia can
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lead to secondary damage to cerebral vascular cells and the
escalation of this phenomenon. Astroglia is another cell
type in the brain that plays crucial roles in BBB integrity,
providing contact with neurons, maintaining homeostasis
of ions, moderating excess neurotransmitters, and secreting
neurotrophic factors (Seifert et al., 2006). Almost all types
of injuries within the CNS result in an astroglial activation
response (Chen et al., 2016). In humans chronically exposed to
high levels of air pollution, astroglia is reportedly activated as
confirmed by the enhanced expression of glial fibrillary acidic
protein (GFAP), which is a marker of astrocytic activation,
in the amygdala and frontal cortex (Calderón-Garcidueñas
et al., 2004, 2008b; Allen et al., 2014b). Whether astroglia
responds to air pollution components, inflammation, oxidative
stress processes, or cellular damage remains questionable. PM
has also been suggested to have the ability to both interact
with the cells that form the BBB and penetrate the BBB
through insufficiently identified mechanisms. Presumably,
nanosized particles have the capacity to injure endothelial
cells and damage the BBB by decreasing brain microvascular
endothelial cell viability, disturbing the mitochondrial potential,
sustaining oxidative stress, and decreasing the expression of
TJ proteins (Chen L. et al., 2008). The response of the cerebral
vasculature to air pollution exposure may manifest as an
increase in the cell adhesion molecules (intracellular, ICAM;
vascular, VCAM), the production of cytokines or ROS and
the upregulation of efflux transporters (P-glycoprotein and
multidrug resistance-associated protein-2), having significant
implications for drug availability in the brain parenchyma for
individuals living in heavily polluted cities and contributing
to CNS pathology. Inflammatory processes play an important
role in the pathomechanisms of neurodegeneration, including
both those generated in the periphery and those occurring in
the CNS. MS is an example of such an occurrence; in MS, the
immune response to the myelin sheath peptides of nerve fibers
is induced in the periphery, and this process is transferred
to the CNS, eventually causing neurodegeneration (Kawachi
and Lassmann, 2017). Direct proinflammatory activation of
microglia could also be a result of neuronal damage caused by
oxidative stress and cellular energy deregulation and the presence
of deposits of abnormal proteins or infectious agents and toxins
(von Bernhardi et al., 2015; Chen et al., 2016). Oxidative
stress also activates microglial cells because the oxidoreductive
state of the microenvironment and the presence of ROS
affect the functional status of macrophages (Tan et al., 2016).
Microglial activation and inflammatory processes are commonly
observed in the CNS in the course of many neurodegenerative
diseases and the natural aging process and are considered
among the most important or earliest pathomechanism
components (von Bernhardi et al., 2015; Chen et al., 2016;
Kawachi and Lassmann, 2017).

Alternations in Protein Homeostasis
Many late-onset neurodegenerative diseases are characterized by
the formation of intra- or extracellular protein aggregates. The
extracellular plaques in AD mainly consist of amyloid β (Aβ), and
the neurofibrillary tangles are formed by hyperphosphorylated

tau proteins. In PD, the intracellular inclusions (Lewy bodies)
are composed of alpha-synuclein (Bellucci et al., 2012; Breydo
et al., 2012). Currently, the abnormal aggregation of misfolded
proteins in neurodegeneration is thought to originate from
genetic mutations, posttranslational modification, malfunctions
of mitochondria or the ER, calcium imbalance, or excitotoxic
glutamatergic overstimulation (Agorogiannis et al., 2004;
Goodwin et al., 2013). Accumulated damaged or misfolded
proteins under physiological conditions are successfully
removed by cell clearance based on autophagy. In the case
of the failure of this mechanism, inflammatory reactions and
oxidative damage may be triggered. The direct or indirect effect
of inhalable particles on protein homeostasis is still under
consideration. Although, the association among PM composed
of metals, oxidative stress, inflammation processes mediated
by damage to mitochondria or proteins, and the intensification
of protein aggregation in PD and AD provides a potential,
interesting link between air pollution and neurodegeneration.
Combining protein aggregation in neurodegeneration processes
with environmental factors deserves more attention, and in
this context, it is worth mentioning that, the formation of
aggregates in AD and PD is not limited to the brain (Calingasan
et al., 2005). During the early stages of these diseases, protein
aggregates are found in the spinal cord and peripheral nervous
system, which notably broadens views regarding the pathological
basis of neurodegeneration (Braak et al., 2003; Clairembault
et al., 2015).

Importance of Glymphatic System
The glymphatic system includes the subarachnoid space
and the system of perivascular spaces penetrating deep into
the brain along with blood vessels, filled with cerebrospinal
fluid (CSF). The movement of the fluid forces the constant
production of CSF in the choroid plexus as well as the heart
rate, vascular pulsation, and, to a lesser extent, respiratory
movements. This system plays a very important role in the
removal of harmful metabolites, including Aβ, tau protein
and α-synuclein, tissue fluid replacement, and nutrient
delivery (Jessen et al., 2015). Studies conducted in recent
years have shown disturbances in the flow of CSF in the
glymphatic system in patients with AD (Tuovinen et al.,
2020). These alterations were mainly caused by the weakening
of intracranial cardiovascular pulsation and correlated with
the severity of cognitive dysfunction. Hypertension causes a
significant reduction in the flow of the CSF in the glymphatic
system, which reduces the leaching of harmful metabolic
products, including Aβ (Mestre et al., 2018). As exposure to
PM has the greatest negative impact on the respiratory and
cardiovascular systems (Kim et al., 2017; Ain and Qamar, 2021),
also indirectly influences the glymphatic system, contributing
to the accumulation of incorrectly folded proteins in the
brain, which may intensify neurodegenerative changes.
This indirect effect of PM on the glymphatic system and
neurodegenerative processes is still poorly understood and is
the subject of further research, especially since the non-invasive
assessment of the glymphatic system function using the
fMRI method may allow for a relatively early diagnosis of
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neurodegenerative disorders, including AD (Tuovinen et al.,
2020).

Disturbances in the Dopamine and
Glutamate Systems
According to the available data, PM exposure appears to
alter both neurotransmitters within dopamine and glutamate
systems. Some reports address the issue of glutamatergic
disturbances, although notably, the pattern of changes is not
consistent. A significant body of research provides evidence of
elevated Glu levels in the hypothalamus after prenatal 4-week
inhalational exposure of adolescent male mice to PM or an
increase in the mRNA expression of the NMDA receptor
subunits NR1, NR2A, and NR2B in the hippocampus (Win-
Shwe et al., 2008, 2015a). However, a 3-month exposure of
female adolescent mice did not result in any changes in
NMDA receptor subunits and was merely accompanied by
decreased levels of the glutamate transporter EAAT4 in the
mentioned brain area (Win-Shwe et al., 2012a). Another study
in female mice with highly comparable exposure and the
same structure uncovered an increase in the levels of NR2A
mRNA expression at higher doses (Win-Shwe et al., 2012b).
Elsewhere, as a result of 10-week inhalation exposure of mice to
nanosized PM, the neuronal glutamate receptor subunit (GluA1)
was decreased in the hippocampus. In turn, in hippocampal
slices after 2 h exposure, those researchers observed increased
GluA1, GluN2A, and GluN2B, but not GluA2, GluN1, or
mGlur5 post-synaptic proteins in cornu ammonis area-1 (CA1)
neurons. These findings further document the impact of PM
on glutamatergic functions (Morgan et al., 2011; Davis et al.,
2013).

A similar situation applies to dopamine. Some researchers
describe a decrease in the level of the dopamine metabolite
homovanillic acid (HVA) and dopamine turnover in the
striatum, nucleus accumbens, or brainstem following prenatal
exposure to air pollution (Yokota et al., 2009). However,
scientists have also reported reductions in the level of dopamine
and its metabolites in the prefrontal cortex and amygdala,
which were evident at 3 weeks but not 6 weeks later (Yokota
et al., 2013). Furthermore, in the subsequent work conducted
by this group, prenatal inhalation exposure to diesel exhaust
increased dopamine and its metabolites in the prefrontal cortex
and nucleus accumbens but not in the amygdala and ventral
tegmental area (Yokota et al., 2016). In another study, alterations
in dopamine turnover were observed in the striatum (Suzuki
et al., 2010).

Based on previously available research and collected data,
it is difficult to draw a coherent conclusion regarding this
potential mechanism of the negative impact of air pollution. It
is even more difficult to connect the observed changes under
the premises of PM influence on neurodegenerative processes in
this regard. The differences in the obtained results may be due
to the heterogeneity of the PM materials used in the exposure
treatment, differences in the experimental design and life span
of animals, the exposure method, the same-sex approach to
research, or additional factors and stimuli, such as behavioral
tests with varying degrees of invasiveness to animals.

Genetics and Epigenetics
The relationship between genetic mutations and
neurodegenerative diseases is repeatedly emphasized.
Interestingly, regarding neurodegeneration, only a few genes
have been considered causative agents, but most genes are
described as susceptibility-increasing genes (Burbulla and
Krüger, 2011; Rohn, 2013; Lee and Cannon, 2015). An example
of the latter type is the apolipoprotein E gene (ApoE), whose
variants are basically linked to cardiovascular disorders and
further AD (Giau et al., 2015). The link between genes and
the environment has been investigated in terms of some ApoE
carriers, who appear to be more affected by air pollution than
individuals without a mutation (Calderón-Garcidueñas et al.,
2015; Schikowski et al., 2015). Similarly, in familial PD, the
gene locus of leucine-rich repeat kinase 2 (LRRK2) mutations is
considered to be involved in sensitivity to environmental insults
instead of being causative for PD (Lee and Cannon, 2015).
Susceptibility to environmental factors is specified as a feature
related to epigenetic changes, especially in neurodevelopmental
abnormalities. The utmost issue encountered in this matter is
the difficulty in establishing such interactions because exposure
to an environmental insult early in life may only result in
subtle epigenetic changes, which, in turn, could have a relevant
effect in the form of increased susceptibility to age-related
neurodegenerative disorders subsequently in life (Modgil et al.,
2014). Some reports demonstrated that exposure to lead (Pb)
during the early life period causes a temporary upregulation
of APP (b-amyloid precursor gene in AD) in neonates, but
the levels are normalized in adulthood. It was observed that
subsequently in aged animals developmentally exposed to
Pb, APP was increased again. Most interestingly, exposure of
animals only in their late age did not result in similar changes
in APP gene expression (Basha et al., 2005; Zawia et al., 2009).
This type of research strengthens the phenomenon of ’genetic
imprinting’, which is construed as a trace from environmental
insult in childhood that subsequently increases vulnerability to
age-related disorders. Although it seems very likely that PM
exposure should be considered as such a negative environmental
impact, more research is required to draw conclusions regarding
this issue.

AIR POLLUTION, NEURODEGENERATIVE
PROCESSES, AND CNS DISEASES

Neurodegeneration is a pathological condition characterized
by the loss of functions, structure, or both within the nervous
system or neurons (Fakhoury, 2016). Neurodegeneration
leads to neuronal death and is referred to as a predominantly
irreversible process. The most common neurodegenerative
diseases are Alzheimer’s disease and PD. Neurodegeneration also
accompanies many other diseases of the nervous system, such as
multiple sclerosis, depression (Brown et al., 2018), stress-related
disorders (Miller and Sadeh, 2014), anxiety disorders (Perna
et al., 2016), and autism (Kern et al., 2013). Neurodegenerative
changes are also associated with the natural aging process
(Wyss-Coray, 2016). Generally, these processes tend to appear

Frontiers in Cellular Neuroscience | www.frontiersin.org 7 June 2021 | Volume 15 | Article 647643253

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


Jankowska-Kieltyka et al. The Air We Breathe

later in life and are characterized by the progressive dysfunction
or loss of specific neuron populations, which determines the
clinical picture of the disease. Behaviorally, neurodegeneration
may manifest as cognitive impairment along with motor and
somatic disabilities. At the anatomical level, various structural
changes are found in specific areas of the brain accompanied
by functional and biochemical alterations. The extracellular or
intracellular accumulation of abnormal proteins is reportedly
a characteristic histological hallmark. Despite differences in
the clinical symptoms of many diseases, dysfunction and
death of neurons are closely related to the disease course
and are based on common neurodegeneration mechanisms
(Jellinger, 2010). These mechanisms include abnormal protein
synthesis and degradation, oxidative stress, impairment of
mitochondrial functioning and cellular energy metabolism,
induction of inflammatory processes, and microglial activation.
The formation of intracellular protein deposits hinders the
essential process of intracellular transport in neurons, resulting
in abnormal neurotransmission. Protein aggregates also
contribute to mitochondrial dysfunction and excessive ROS
synthesis, resulting in impaired neuronal functions and death
[36]. Mechanisms enabling the removal of abnormally shaped
or structured proteins supposedly maintain homeostasis,
but their malfunctioning leads to cell death and represents
the main pathomechanism of various neurodegenerative
diseases, including AD and PD (Jeong, 2017; Zeng et al.,
2018).

Currently, an escalating body of research provides evidence
suggesting that exposure to air pollution may contribute to the
incidence or course exacerbation of neurodegenerative diseases,
including AD (Babadjouni et al., 2017; Kilian and Kitazawa,
2018), PD (Ritz et al., 2016; Lee et al., 2017) and MS (Roux et al.,
2017; Ashtari et al., 2018; Figure 2). Furthermore, long-term
exposure to air pollution is significantly related to the earlier
occurrence of aging symptoms, mild cognitive impairment
(MCI), and dementia (Clifford et al., 2016; Allen et al., 2017;
Babadjouni et al., 2017; Sram et al., 2017).

Air Pollution as a Risk Factor for AD
Alzheimer’s disease is the most common form of dementia,
affecting over 50 million patients worldwide (International
Alzheimer’s Disease, 2019). AD and other dementias are
currently considered the sixth of the top 10 causes of death
globally (The Top 10 Causes of Death, 2020). The estimates of the
world’s largest health organizations suggest that these numbers
may double or triple in the next few decades. Alzheimer’s
disease is clinically characterized by the loss of memory, inability
to learn and calculate, loss of language function, a deranged
perception of space, indifference, depression, delusions, and
other manifestations. AD is progressive and fatal within
approximately 4–8 years from diagnosis depending on other
factors (Stages of Alzheimer’s. n.d. Alzheimer’s Disease and
Dementia, 2020). This neurodegenerative disorder is driven
by the following two processes: extracellular deposition of
insoluble beta amyloid—Aβ (a component of senile plaques) and
intracellular accumulation of insoluble hyperphosphorylated tau
protein (the component of neurofibrillary tangles). Common

pathogenic theories of AD and aging emphasize the concept
that lesions and protein deposits are the initiators of the disease
due to their toxicity. Aβ deposition is specific to AD and is
thought to be primary. Another early pathological hallmark of
AD that is strongly correlated with cognitive impairment is
synapse loss in the neocortex and hippocampus. This synapse loss
is most likely due to Aβ oligomers acting on multiple synaptic
NMDA-type glutamate receptors and α7-nicotinic acetylcholine
receptors (Jeong, 2017). The role of neuroinflammation, free
radicals, diet, genetics, excitotoxicity, nonenzymatic glycation
of proteins, and other factors contributing to the loss of
neurons and synapses in the etiology of AD is highly important
and actively explored (Atri, 2019). AD pathology is indicative
of an active host response, adaptation, or a response to
environmental factors that may contribute to disease onset and
progression (Castellani and Perry, 2014). The most frequently
mentioned and proven risk factors for AD include aging and
genetic predispositions, particularly the presence of the ApoE
ε4 allele (Raber et al., 2004). In a study involving children
living in the highly polluted Mexico City, females, but not
males, with one copy of the ApoE ε4 allele obtained worse
cognitive scores than those with homozygous ApoE ε3 alleles
(Calderón-Garcidueñas et al., 2016). This finding could indicate
that if the genotype and environment specifically interact,
certain subpopulations could be more vulnerable to the effects
of air pollution on cognition. Additionally, lifestyle, medical
history, dietary habits, educational background, and exposure
to environmental hazards are presumed to play a key role in
AD etiology (Campdelacreu, 2014; Yegambaram et al., 2015).
A significant body of epidemiological research investigates
how urban and rural air and distance to roadways affect
brain function and cognition. Overall, the summary of these
studies seems to be alarming as the one consistent message
is that exposure to PM at any stage of life negatively impacts
cognition (Clifford et al., 2016; Oudin et al., 2016; Xu et al.,
2016).

Regarding the early-life period, living in heavily polluted
areas during childhood may result in an increased risk of
poor psychomotor stability and impaired motor coordination
and response time (Wang et al., 2009). Compared with
children living in rural areas of this country, children from
the polluted Mexico City demonstrated poorer outcomes
on multiple intelligence subscales, including full-scale IQ
and vocabulary (Calderón-Garcidueñas et al., 2008a, 2011).
By investigating the impact of individual fractions of air
pollutants, it has been found that the levels of black carbons
in air PM are inversely associated with some intellectual
performances, including vocabulary and visual skills of
learning and memory in children (Suglia et al., 2008; Chiu
et al., 2013). Additionally, in postmortem tests, the metal
content (manganese, nickel, and chromium) was found to
be higher in the brain tissue, and the number of deposits
of abnormal proteins characteristic of AD and PD, even in
children and young people, was reported to be intensified
(Calderón-Garcidueñas et al., 2013, 2018). Furthermore, a few
studies have shown that air pollution increases the expression
of oxidative stress markers and proinflammatory markers,

Frontiers in Cellular Neuroscience | www.frontiersin.org 8 June 2021 | Volume 15 | Article 647643254

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


Jankowska-Kieltyka et al. The Air We Breathe

FIGURE 2 | The key aspects of air pollution exposure contribution to the incidence or course exacerbation of neurodegenerative diseases: Alzheimer’s disease (AD),
Parkinson’s disease (PD), and multiple sclerosis (MS).

including cyclooxygenase-2 (COX-2), IL-1β, interleukin-12
(IL-12), NF-kB, CD14, and TNF-α, and decreases the prion-
related protein PrPC in multiple brain tissues in children
and adults in Mexico (Calderón-Garcidueñas et al., 2004,
2008b, 2012a,b). The same group of researchers conducted
extensive and pioneering research in the field of AD-specific
pathology, such as the abnormal buildup of Aβ plaques,
which has also been reported by others (Bhatt et al., 2015;
Cacciottolo et al., 2017). Their observations indicate that
children and young adults living in highly polluted areas
have greater amounts of Aβ42 immunoreactivity, Aβ diffuse
plaques, and hyperphosphorylated tau pre-tangles in the OB,
hippocampus, and cortical neurons than control subjects
(Calderón-Garcidueñas et al., 2004, 2008b, 2012b). In
addition, subjects homozygous for ApoE ε4 showed even
more pronounced changes mentioned above than those with
the ApoE ε3 allele (Calderón-Garcidueñas et al., 2008b, 2012b).
Undeniably, air pollution can affect neuroinflammation and
amyloid processing in the human brain, which are two causes
of neuronal dysfunction that precede the appearance of neuritic
plaques and neurofibrillary tangles, i.e., the hallmarks of AD.
However, notably, most research concerning this issue was
carried out by one research group in the same region and
population. This limitation does not undermine the veracity of
the presented results, but additional studies with an expanded
scope are needed in the future.

Most studies concerning air pollution effects on child
cognition primarily pay attention to precarious surroundings and
measurements of air pollution exposure, such as rural vs. city
residence or distance to a roadway, rather than attributing the
particular effect to an individual constituent of air pollution.
Unfortunately, environmental factors other than PM may be
importantly interfering considerations in determining the effects
of air pollution using these types of metrics (van Kempen
et al., 2012). For instance, it has been shown that road and
airway noise levels negatively affect attention and cognition test
scores. Considering the extended adverse effects of early-life PM
exposure in the context of triggering neurodegenerative diseases
subsequently in life, it could be notably challenging and desirable,
if feasible, to conduct long-term studies from childhood to
senescence while also considering many other factors.

In vivo studies examining the effects of PM exposure in an
AD mouse model used female 5xFAD mice with either the ε3
or ε4 allele of ApoE. The results showed an increase in Aβ

oligomers in protein samples, but only in the 5xFAD ApoE ε4
mice, suggesting that PM exposure effects on AD pathogenesis
can be increased in susceptible genotypes. However, reduced
CA1 neuronal density in the hippocampus was observed in
both the wild-type control mice and 5xFAD ApoE ε3 mice with
and without PM exposure (Cacciottolo et al., 2017). Another
group conducting research with this mouse model observed
significantly poorer outcomes in task assessing grip strength
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and motor coordination (but not the spatial working memory),
achieved after 13 weeks of diesel engine exhaust (DEE) exposure
in 5xFAD mice compared to the 5xFAD clean air exposed
controls. Noteworthily, in the same task, the wild-type mice
after DEE exposure also performed less well than their clean
air littermates, however without reaching statistical significance.
Although after 3 weeks of exposure of 5xFAD mice to DEE,
none of the results in the behavioral test were significantly
affected but those mice showed significantly higher cortical Aβ

plaque load and higher Aβ42 protein levels than the clean air
controls. Despite the sub-chronic (13 weeks) exposure to DEE,
observed effects in 5xFAD transgenic mice were not mediated by
systemic inflammatory responses, in analyses performed 11 days
after the last exposure. Still, the possible transient inflammation
during the DEE inhalation cannot be excluded, as another
successful research group confirmed the differential time course
of oxidative stress and inflammatory responses to nanosized
PM between various parts of the brain (Cheng et al., 2016;
Hullmann et al., 2017). Several in vitro studies have also shown
a buildup of Aβ plaques as an effect of increased neuronal and
glial beta-secretase (BACE) expression involved in promoting the
amyloidogenic pathway of APP processing, which was correlated
with a concomitant increase in the COX-1 and COX-2 protein
levels and a modest alteration in the cytokine profile (Bhatt et al.,
2015). In addition to neuroinflammatory states, microglia and
astrocytes, which are brain resident immune cells, are involved in
the metabolism and clearance of Aβ (Griffin et al., 1998; Nagele
et al., 2004; Heppner et al., 2015). in vitro and in vivo research
carried out thus far indicates that PM exposure is involved
in inflammatory processes (Campbell et al., 2005), oxidative
stress (Calderón-Garcidueñas et al., 2004; Zanchi et al., 2010),
amyloidogenesis (Calderón-Garcidueñas et al., 2004, 2008b,
2010, 2012b; Levesque et al., 2011; Cacciottolo et al., 2017), and
the negative impacts on behavior in animals (Allen et al., 2014b),
but much more work involving AD animal models is needed to
determine if and how PM exposure could alter AD and other
dementias.

Air Pollution as a Risk Factor for PD
PD is another progressive neurodegenerative disease with
a complex etiology based on an intricate combination of
environmental and genetic factors. In its course, the dominant
symptoms are tremor, rigidity, and bradykinesia, and postural
instability appears at a subsequent stage. PD is pathologically
characterized by the loss of nigrostriatal dopaminergic
innervation, although neurodegeneration is not limited to
nigral dopaminergic neurons. A decisive diagnosis requires
histopathological assessment with the identification of Lewy
bodies containing α-synuclein proteins or dystrophic Lewy
neurites. α-Synuclein aggregation is central to the development
of the disease. Several other processes are thought to be
involved in PD pathogenesis, and several studies suggest
that abnormal protein clearance, mitochondrial dysfunction,
and neuroinflammation play a crucial role in its onset and
progression. The most frequently mentioned risk factors include
age, genetics, and ongoing exposure to environmental toxins
(Kouli et al., 2018). Exposure to air pollution could be linked

to PD risk by observations of its deleterious effects on human
health, most of which are related to brain inflammation and
oxidative stress (Segalowitz, 2008; Block et al., 2012), which
are markers thought to be relevant to the development or
progression of PD (Chen et al., 2008b; Hirsch and Hunot,
2009; Ton et al., 2012). Although epidemiologic data related
to this issue have been limited, some research suggests that
an association exists between the risk of PD and air pollution
from traffic. In a postmortem study of stray animals, children,
and young adults, neuropathological lesions in feral dogs and
pathologic changes similar to those in PD in olfactory neurons
were found in residents living in highly polluted cities compared
with individuals from rural areas. A re-examination of prior
investigations in the rodent brain also indicated higher nigral
levels of proinflammatory cytokines and α-synuclein deposits
(Calderón-Garcidueñas et al., 2008a,b, 2010). This finding is
of special importance because aggregates of the α-synuclein
protein are major components of Lewy bodies, which are a PD
hallmark feature. Misfolded α-synuclein proteins were recently
found to be transmissible within the brain and able to spread
from affected to unaffected neurons (Desplats et al., 2009; Luk
et al., 2012). An early preclinical feature of PD is the loss of
the sense of smell (Doty, 2012), and OB neurons are among
the first to display characteristics of PD Lewy bodies according
to Braak’s staging theory (Braak et al., 2004). Perhaps it is not
without significance that airborne ultrafine particles have been
shown to translocate through the BBB (Oberdörster et al., 2004)
by first targeting afferent olfactory neurons in the olfactory
cortex (Wang et al., 2017). While a few groups have conducted
research investigating the increased risk of PD development
after short-term and long-term exposure to air pollution, other
studies have not found such associations (Lee et al., 2016; Liu
et al., 2016; Ritz et al., 2016; Chen C.-Y. et al., 2017; Palacios
et al., 2017). Epidemiologic research linking air pollution
and dopaminergic neurodegeneration is still scarce. Although
exposure to traffic-derived air pollution did not increase the PD
risk (Palacios et al., 2017), there was a small growth in the PD
prevalence and a lower age at onset among the participants with
higher manganese (Mn) and copper (Cu) exposure (Finkelstein
and Jerrett, 2007; Willis et al., 2010). The risk of PD exacerbation,
which is defined as emergency hospital admission for primarily
diagnosed PD, was significantly increased following short-term
exposure to higher concentrations of air pollutants, including
PM2.5, NO2, SO2, and CO (Lee et al., 2017). Additionally, the
PD prevalence has been associated with annual increases in
airborne metal concentrations (Palacios et al., 2014), PM10 and
PM2.5 (Liu et al., 2016) and long-term exposure over 20 years
to NO2 (Ritz et al., 2016) among female never smokers. The
results of other studies reporting the PD risk reveal statistically
significant associations with NOx, NO2, CO, and O3, and the
most significant association was between the PD risk and CO.
However, exposures to PM2.5, PM2.5–10, PM10, and SO2
were not found to be significantly related (Hu et al., 2019).
Nevertheless, the absence of an association does not necessarily
imply the absence of a causal relationship. Differences in
population demographics, study design, exposure method or
duration, and variation in the accuracy of regional air pollution
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monitoring may be responsible for these inconsistent results,
indicating the need for conducting more comprehensive studies.

Air Pollution as a Risk Factor for Multiple
Sclerosis
Multiple sclerosis is a generalized degenerative disease of the
brain and spinal cord in which neuronal loss and atrophy of
the brain tissue occur as a result of the following two basic
pathological processes: inflammation and neurodegeneration.
Inflammation is represented by myelin-specific T lymphocytes
directed against the myelin protein of myelin sheaths
surrounding axons. Autoreactive T lymphocytes sensitized
to myelin components may lead to the increased expression of
chemotactic cytokines and adhesion molecules and the migration
of T lymphocytes or macrophages to the CNS white matter. The
activation of the cascade of immune system protein reactions
leads to the development of inflammation and numerous areas
of demyelination. The formation of such areas can also be
initiated by the death of oligodendrocytes, followed by secondary
axon damage, gradually contributing to neurodegeneration.
Most likely, both processes occur in a manner dependent on
each other, but which process initiates the disease remains
unknown. Depending on the location of the damaged area in the
CNS, symptoms, such as visual disturbances, paresis, balance
problems, speech and muscle tension disturbances, dizziness,
fatigue, thermal hypersensitivity, and perception disorders,
may occur but usually not simultaneously. Although most
patients exhibit remissions between relapses, MS is described as
a heterogeneous disease without a typical clinical course pattern
(Hauser and Oksenberg, 2006).

While the mechanism of disease progression is increasingly
familiar, the cause of the disease remains unclear. An association
between genetic and environmental factors and autoimmunity
in MS has been found. Even though the exact cause triggering
relapses in MS is not well known, a strong linkage between
elevated concentrations of pollutants in the air (PM10, SO2,
NO2, and NOx) and increased susceptibility to infections has
been observed, and some pollutants are positively correlated
with relapses in MS patients (Oikonen et al., 2003; Kaźmierski
et al., 2004; Ascherio and Munger, 2007). Similarly, studies
performed in Georgia, US suggest a potential role of PM10 in
the etiology of MS, especially in females. However, notably,
this large study was based on self-declared diagnosis of MS
(without confirmation by a neurologist) and unclear measures
of air pollution while supposing that its levels were equivalent
over several years. A group of Iranian researchers also found
that long-term exposure to high levels of the mentioned
air pollutants caused higher relapse rates and differentiated
MS prevalence. Furthermore, the results of a French study
showed a significant association between the risk of relapse and
PM10 levels within 3 days prior to relapse. Another group of
French researchers cautiously concluded that PM10 exposure
appears to be a trigger for MS relapse. These authors rightly note
a certain dependence of seasonal relapse variation and season-
dependent factors, such as meteorological parameters and air
pollution. Finally, researchers in Italy supported the hypothesis
that high levels of PM10 may play a role in determining MS

occurrence, relapses, and hospital admissions (Gregory et al.,
2008; Heydarpour et al., 2014; Leray et al., 2015; Vojinović et al.,
2015; Angelici et al., 2016; Roux et al., 2017). Additionally, a
few imaging studies revealed a reduction in the white matter
volume and myelination impairment as a consequence of
exposure to PM and linked constituents of air pollution (Prado
et al., 2018). Biochemical tests have shown the presence of
antibodies against some neuronal proteins and myelin in the
blood (Babadjouni et al., 2017).

Overall, thus far, only a few studies have attempted to examine
the impact of air pollution on MS relapses, and all studies
have a few methodological weaknesses questioning the results.
Nevertheless, the mechanism by which this particular factor
may affect the disease has not been clarified. However, MS
relapses seem to be initiated by inflammation, which raises its
importance as a neurological model disease to study the influence
of air pollution. One hypothesis assumes that exposure to PM
causes the secretion of proinflammatory proteins and oxidative
factors unsealing the BBB, leading to immune attack mediated
by activated microglial cells and resulting in neuroinflammation.
Another hypothesis suggests that air pollution could decrease
immunological self-tolerance by producing autoantibodies or
modifying the gut microbiota, limiting the delivery of UVB
and causing vitamin D deficiency (Esmaeil Mousavi et al.,
2017). Despite the lack of conclusive significant evidence and
numerous extensive studies in this field, it is worth considering
air pollutants as among the noteworthy reasons for MS relapses
and exacerbation of symptoms.

In vivo studies examining the effects of PM exposure in an MS
mouse model used experimental autoimmune encephalomyelitis
(EAE) mice with comparable lesions as in the case of MS
patients induced by autoimmunization with brain antigens.
This model is the model most commonly used to investigate
this disease in terms of its pathogenesis and novel therapeutic
approaches (Lassmann, 2007). Very limited research has been
performed in this area in reference to the influence of PM
exposure; nevertheless, some results indicate modulated T-cell
differentiation and effector functions, especially in the case of
Th17 and Treg cells, and identify their crucial role in the
mechanisms of autoimmunity. The same diesel exhaust particles
worsened the severity of EAE symptoms, but other fractions
delayed the onset of EAE and reduced the peak clinical scores.
Despite the small amount of and large discrepancy in the
data obtained, it is postulated that exposure to PM could
disorganize the balance between effector and regulatory immune
cells and is responsible for Th1-mediated immunosuppression
after exposure to yet unidentified components of atmospheric
pollution (O’Driscoll et al., 2018, 2019).

Air Pollution and Natural Aging
The concept of natural aging assumes a multifactorial process
of molecular and cellular decline, including the loss of protein
homeostasis, DNA damage, lysosomal dysfunction, epigenetic
modifications, and immune deregulation, that slowly affects
tissue function over time (Wyss-Coray, 2016). These complex
changes lead to frailty and susceptibility to disease and
death. The idea of successful aging is often understood as
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FIGURE 3 | Potential mechanism of particle-induced detrimental effects on the central nervous system (CNS). Oxidative stress and inflammation may lead to blood
brain barrier (BBB) breakdown via activated immune cascades, redox imbalance, mitochondrial dysfunction, and microglia and astrocyte activation which could
culminate in brain autoimmunity and neurodegeneration (COX-2, cyclooxygenase2; ET-1, endothelin1; HO-1, heme oxygenase1; IL, interleukin; iNOS, inducible nitric
oxide synthase; MCP-1, monocyte chemoattractant protein1; MIP1-a, macrophage inflammatory protein-1α, NF-κB, nuclear factor kappa B; TNF-α, tumor necrosis
factor alpha).

maintaining high cognitive and physical functions, the lack of
chronic disease, and longevity (Cosco et al., 2014). Based on
epidemiological research, each of these aspects may be inversely
affected by chronic exposure to air pollution (Chen et al.,
2008a; Baccarelli et al., 2016). Elderly individuals are more
vulnerable to air pollution due to the progressive deterioration
of functional properties at the molecular, cellular, tissue, and

organ levels and higher prevalence of preexisting cardiovascular
and respiratory diseases, resulting in higher mortality (Sacks
et al., 2011; Fougère et al., 2015; Wong et al., 2015). Oxidative
stress and inflammation induced by exposure to air pollution
are suspected to accelerate the natural erosion of telomeres
due to aging. A Belgian study confirmed that higher annual
PM2.5 concentrations were linked to a decreased telomere
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length and reduced content of mitochondrial DNA, which are
considered aging markers (Pieters et al., 2016). Both mentioned
mechanisms, i.e., inflammation and oxidative damage, merge
following exposure to air pollution, resulting in an increased
risk of cognitive decline and dementia (Clifford et al., 2016;
Seaton et al., 2020). Residents aged over 65 years who live
in areas with high air pollution in China, Mexico, the USA
and Germany obtained significantly lower scores on certain
common cognitive tests used to assess dementia than those living
further from roadways (Sánchez-Rodríguez et al., 2006; Ranft
et al., 2009; Wellenius et al., 2012). The main culprit of the
reduction in verbal learning and increased rate of errors in tests
of working memory and orientation is considered black carbon
(Power et al., 2011) and PM2.5 (Gatto et al., 2014; Ailshire
and Clarke, 2015). The elevation in the overall mild cognitive
impairment (MCI) incidence at a 5-year German follow-up
exam in a cohort aged 47–75 years was significantly related to
the latter (Tzivian et al., 2016). Every 10 µg/m3 increase in
these two components is estimated to be equal to an additional
two years of cognitive decline by aging (Power et al., 2011).
Notably, no similar relationship was found between PM exposure
and cognitive decline in a younger adult population (mean
age of approximately 37 years; Ranft et al., 2009). In vitro
and in vivo studies are indispensable to decipher the link
between exposure to PM and the development of dementia.
A few reports have demonstrated that short-term exposure
(2–6 weeks) to high levels of ultrafine PM in mice can elicit
significant increases in proinflammatory cytokines, i.e., IL-1α

and TNF-α, glial responses, and the activation of NF-kB and
AP-1 transcription factors in brain tissue (Campbell et al.,
2005; Kleinman et al., 2008). Similarly, 6–10 weeks of exposure
to PM ranging from nanoscale to PM2, 5 in C57BL/6 mice
and Wistar rats resulted in increased IL-1α, IL-1β, TNFα,
heme oxygenase-1 (HO-1), GFAP, CD14, and CD68 mRNA,
which together confirm increased brain inflammation (Guerra
et al., 2013; Cheng et al., 2016). Unsurprisingly, after long-
term exposure to PM2.5 (30–39 weeks) in mice, the dominant
effect was also the inflammatory response in the brain with an
additional significant loss of dendritic spine density and dendrite
length in the CA1 region of the hippocampus, which is related
to impaired cognitive outcomes (Bhatt et al., 2015). Recent
in vitro studies revealed that high levels of PM applied to murine
microglial BV2 cells or rat-derived mixed astrocyte/microglia
culture resulted in cytotoxicity and increased the secretion of
proinflammatory cytokines (TNF-α, IL-6, and iNOS mRNA;
Morgan et al., 2011; Cheng et al., 2016). Concomitant with
increased inflammation in hippocampal slice culture, PM
exposure evoked concentration-dependent NMDA receptor-
mediated neurotoxicity (Morgan et al., 2011). Although the levels
of multiple neurotransmitters and cytokines are often reported
to be altered following exposure to PM, sometimes there are
significant changes and large variances between groups and sexes
(Allen et al., 2014a,b).

Although neurodegenerative disorders affect several
proportions of the global population, aging affects everyone;
it is tempting to classify neurodegenerative diseases as
manifestations of accelerated pathological aging. However,

this oversimplification does not accurately reveal the underlying
mechanisms that tie these two issues. Instead, to enhance
our understanding of how aging contributes to disease, it
is worth considering how environmental factors and genes
interact in particular diseases with distinct hallmarks of
aging and identifying the importance of these processes in
neurodegenerative processes (Wyss-Coray, 2016).

CONCLUDING REMARKS

This article provides an overview of the current views and
knowledge regarding the impact of air pollution on the cellular
processes responsible for the emergence of oxidative stress and
inflammation that may eventually lead to autoimmune responses
and neurodegenerative diseases (Figure 3). Previous research
provides a strong foundation for the case of air pollutants
as adverse factors for neurodegenerative disease etiologies.
The strongest premises concern the role of inflammation
and oxidative processes as a common ground shared by air
pollutants and neurodegeneration. Nevertheless, there is much
inconsistency in the effects reported in the presented studies,
which is most likely a consequence of various sources and
concentrations of pollutants, different times of exposure, testing
paradigms, and endpoints, which altogether may elicit diversified
and novel toxicity affecting the brain. The understanding of the
neurotoxic effects of air pollution and its constituents is still
limited, and previous investigations have several discrepancies;
hence, further studies are needed to comprehend the cellular
and molecular basis underlying the relationship between air
pollution and neurodegeneration processes. Further research
should determine the relevance of the applied measurement
methodology, exposure conditions and extended duration,
additional environmental and anthropogenic factors, and animal
models for humans in relation to relevant exposure situations.
There should be still an emphasis on the identity of the specific
neurotoxic mechanisms. A more comprehensive approach with
higher adequacy to humans supporting the translation of the
findings into public health regulations seems to be an important
issue to advance this field of research in the future. Certainly, we
must be circumspect in our conclusions. PM exposure may not
be responsible for damage to a specific brain region or a given
disease but rather could induce a challenging state in the brain
that then manifests according to an individual’s condition.
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Multiple sclerosis (MS) is a progressive autoimmune disease characterized by T-cell
mediated demyelination in central nervous system (CNS). Experimental autoimmune
encephalomyelitis (EAE) is a widely used in vivo disease model of MS. Glucocorticoids
such as dexamethasone (dex) function as immunosuppressants and are commonly
used to treat acute exacerbations of MS. Dex is also often used as a positive control
in EAE studies, as it has been shown to promote motor behavior, inhibit immune cell
infiltration into the CNS and regulate the activation of glial cell in EAE. This study further
validated the effects of intravenously administrated dex by time-dependent fashion in
EAE. Dex postponed clinical signs and motor defects in early stages of EAE. Histological
analysis revealed that the degeneration of myelin and axons, as well as the infiltration of
peripheral immune cells into the white matter of spinal cord was inhibited by dex in early
stages of EAE. Additionally, dex-treatment delayed the neuroinflammatory activation
of microglia and astrocytes. Furthermore, this study analyzed the expression of the
neurotrophic factor mesencephalic astrocyte-derived neurotrophic factor (MANF) in
EAE, and the effect of treatment with dex on MANF-expression. We show that in dex-
treated EAE mice expression MANF increased within myelinated areas of spinal cord
white matter. We also show that intravenous administration with hMANF in EAE mice
improved clinical signs and motor behavior in the early stage of EAE. Our report gives
insight to the progression of EAE by providing a time-dependent analysis. Moreover, this
study investigates the link between MANF and the EAE model, and shows that MANF
is a potential drug candidate for MS.

Keywords: MS, EAE, MANF, dexamethasone, neuroinflammation, UPR, Reactive glia

INTRODUCTION

Multiple sclerosis (MS) is a chronic demyelinating autoimmune disease of the central nervous
system (CNS). It affects over 2.8 million patients worldwide (Reich et al., 2018). Its pathogenesis
involves the activation of both peripheral and glial immune systems as a response to sensitization
to endogenous myelin, resulting in infiltration to the CNS by peripheral mononuclear cells and an
increase in pro-inflammatory signaling in both astrocytes and microglia in the CNS (Correale and
Farez, 2015; Chu et al., 2018; Ponath et al., 2018). Experimental autoimmune encephalomyelitis
(EAE) is one of the oldest neurological disease models in existence and is widely used to screen
pharmacological compounds searching for drug candidates for MS. It involves the immunization
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of a target animal’s immune system against myelin via the
injection of myelin components, such as myelin basic protein
(MBP), proteolipid protein (PLP) or myelin oligodendrocyte
glycoprotein (MOG) (Ransohoff, 2012). This immunization
results in a CD4+ T-cell driven inflammatory attack on the
CNS, which induces paralytic demyelination. EAE is a very
flexible model, and can be adjusted to utilize different animal
species, immunizing components, target cell types and disease
progressions. The most common model remains the C57BL/6
mouse EAE model, which features immunization with residues
35–55 of the MOG peptide emulsified in Freund’s adjuvant,
combined with injections with pertussis toxin. This results in
a reproducible, monophasic disease course (Ransohoff, 2012).
EAE models have in a few cases been used successfully in the
preclinical development of MS therapeutics (Yednock et al., 1992;
Brinkmann et al., 2002), but have generally been a poor predictor
of drug efficiency (Steinman and Zamvil, 2006; Constantinescu
et al., 2011; Lassmann and Bradl, 2017).

Shortcomings in predictiveness are believed to be caused by
key differences in the pathology of MS and EAE. While pathology
in MOG35–55/PTX immunized EAE mice is driven by CD4+ T
cells, and B cells play a very minor role, clonally expanding CD8+
T cells dominate lesions in MS and targeting B cells has been
therapeutically successful (Babbe et al., 2000; Hauser et al., 2008;
Kappos et al., 2011). On the other hand, MS is not induced by a
single antigen, and immunization with different components can
produce varied immune responses. Immunization with the MP4
MOG-PLP fusion protein, for example, shows more involvement
by B cells and CD8+ T cells than single-antigen immunized EAE
models (Kuerten et al., 2006).

MS cannot be cured. It is currently only treated with
immunomodulatory drugs that either reduce the number of
peripheral immune cells infiltrating the CNS, or shift their
phenotype toward a more anti-inflammatory state (Faissner and
Gold, 2018). Corticosteroids (CSs) such as methylprednisolone
and dexamethasone (dex) are used as first-line therapies
during acute exacerbations (Smets et al., 2017). The anti-
inflammatory mechanism of CSs is mediated through a binding
to glucocorticoid nuclear hormone receptors located in the
cytosol, leading to the translocation of the activated receptor to
the nucleus, where it regulates glucocorticoid response elements
(GREs). The activated receptors also directly inhibit general
pro-inflammatory cytokine pathways, such as nuclear factor-
kappa B (NF-κB). CSs can additionally bind to cell membrane
components, inducing rapid anti-inflammatory non-genomic
transduction cascades (Panettieri et al., 2019). Dex is often
utilized as a positive control in EAE studies, because it reliably
reduces motor function loss, delays the peak of the disease,
preserves myelin, and inhibits immune cell infiltration (Donia
et al., 2010; Dos Santos et al., 2019).

Neurotrophic factors (NTFs) play an important role in
CNS, regulating cellular processes such as differentiation and
proliferation. In states of disease, they show protective and
restorative effects. In EAE mice, knocking out CNTF (ciliary
neurotrophic factor) increases oligodendrocyte apoptosis and
negatively influenced disease progress and recovery compared
to the process in wild type mice (Linker et al., 2002).

Several NTFs have been considered as therapeutic agents for
neurological disease and injury (Pöyhönen et al., 2019), including
mesencephalic astrocyte-derived neurotrophic factor (MANF)
(Petrova et al., 2003), which has been reported to possess
protective and restorative effect in the peripheral nervous system
(PNS) and CNS in disease animal models (Voutilainen et al.,
2009; Lindahl et al., 2014; Mätlik et al., 2018). The association and
potential therapeutic of MANF in MS and its disease models has
not been investigated before.

Our report characterizes the effect of intravenously
administered dex on the pathological mechanisms and
progression of EAE by providing a time-dependent analysis
of its impact on neuroinflammation and demyelination in the
C57BL/6 model. It uncovers a regulation of MANF by dex
during EAE and investigates the time-dependent expression of
MANF in EAE mice. It is also the first examination of the effects
of treatment with MANF on disease progression and motor
behaviors in the MOG35−55/CFA immunized EAE mice model.

MATERIALS AND METHODS

Animals
Mice utilized in this experiment were C57BL/6 obtained from
Envigo. Upon initiation of the experiment, the male mice were
7 weeks old and weighed approximately 25 g. Animal were
housed under a 12:12 light:dark cycle. Water and food were
available ad libitum. Experiment groups divided in the following
manner: for effects of dex in a time-dependent manner, naïve
control (n = 7), EAE+ vehicle (n = 23), and EAE+Dex (n = 26);
for study into treatment with human MANF, EAE + vehicle
(n = 10), EAE + hMANF 1.5 µg (n = 10), and EAE + hMANF
3 µg (n = 9); for study into effects of dex in naïve mice, naïve
controls (n = 6), Dex (n = 21).

EAE Induction
EAE was induced using the EAE induction kit for C57BL/6
mice (EK-2110, Hooke Laboratories). Induction of EAE
was performed according to kit instructions. Mice were
subcutaneously injected into the upper and lower backs with
MOG35−55 peptides emulsified with complete Freund’s adjuvant
(CFA) emulsion. Additionally, mice received 200 ng of pertussis
toxin (PTX, kit component) intraperitoneally (i.p.) at 2 and 24 h
after MOG35−55/CFA injection. For naïve mice, CFA-MOG/PTX
was replaced with PBS. The clinical scores and body weight of
mice were evaluated daily. Clinical scoring followed a scale of
(0)–(5), in which (0) represents no apparent motor symptoms
or paralysis, (1) represents a completely limp tail, (2) represents
weakened hind legs, (3) represents completely paralyzed hind
legs, (4) represents partial front leg paralysis, and (5) represents
death from paralysis. Mice that were scored at 2.0 or higher
were provided with cotton bedding and soft food. Mice that
were scored over 3.0 received 0.5 ml of saline to recover from
dehydration. Treatments were given to mice as 100 µl injections
in the tail vein (i.v.) every second day, starting on day 2 after
EAE induction, under isoflurane anesthesia (4% induction, 2–3%
maintenance). Dex groups received a dose of approximately
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4.3 mg/kg of dex (D1159, Sigma) from 2 to 16 dpi, and 5 mg/kg
from 16 to 28 dpi. This dose was calculated based on mean group
weights, and Supplementary Figure 1 represents the raw data
for body weight of each group. Other groups were given either
human MANF (1.5 or 3 µg, Cat: P–101–100, icosagen, Estonia)
dissolved in PBS (B. Braun Medical, Finland), or vehicle (PBS).

Analysis of Motor Behavior
The rotarod (Ugo Basile) and open field (ENV-520, Med
Associates Inc.) tests were carried out to investigate motor
function deficit. In the rotarod test, mice were trained once a day
for 3 days on an accelerating rotating platform (from 4 to 40 rpm
for a maximum of 300 s). Once mice fell off from the rotating rod,
the latency to fall (seconds it takes for the mouse to drop from
the rod) was recorded. After training, experimental groups were
divided based on latency to fall. After EAE induction, mice were
tested at an interval of 7 days. In the open field-test, mice were
trained once in the locomotor activity chamber for 1 h before
EAE induction. After EAE induction, travel distance and rearing
activity of mice in the open-field chamber was measured for 1 h
at an interval of 7 days.

Immunohistochemistry
Mice were anesthetized by sodium pentobarbital (Mebunat,
Orion Pharma, Finland) and transcardially perfused with
phosphate-buffered saline (PBS) on days 7, 14, 21, and 28 after
induction. Following perfusion with PBS, lumbar spinal cords
were extracted and post-fixed in 4% paraformaldehyde (PFA,
Sigma) for 48 h. Samples were then paraffinized and embedded in
paraffin and sectioned into 16 µm transverse (spinal cord) slices
placed on glass slides. Before immunohistochemical staining,
the slides were deparaffinized using xylene and ethanol. Antigen
retrieval was performed by heating slides in a sodium citrate
buffer (10 mM Sodium citrate, pH 6.0, 0.05% Tween-20).

For DAB-Immunostaining
Tissues were processed with deparaffinization and antigen
retrieval. Endogenous peroxidases were inactivated by Peroxidase
blocking solution (200 ml TBS mixed with 3.75 ml of 30%
H2O2) for 30 min at room temperature. After washing three
times with TBS to remove peroxidase blocking solution, samples
were incubated with blocking solution (TBS with 0.1% Tween-
20 and blocked with 1.5% normal goat or horse serum)
for 1 h at room temperature. After blocking, slides were
incubated overnight at 4◦C with primary antibodies (Rabbit
anti-Iba1 1:1,000,01-19741, Wako, Japan; Goat anti-GFAP 1:400,
ab53554, Abcam; Mouse anti-MBP 1:520, sc-271524, Santa Cruz,
United States; Rat anti-mouse CD45 1:500, 103101, Biolegend,
United States), diluted in the blocking solution. The following
day, tissues were washed with TBS-T three times, then incubated
with corresponding biotinylated secondary antibodies (Vector
Laboratories, United States) diluted in blocking solution for
1 h at room temperature. Tissues were washed with TBS-T,
incubated with an avidin-biotin complex solution for 1 h, and
the resulting signal was visualized using 3, 3′-diaminobenzidine
(DAB, Vector Laboratories Inc., United States). Slides were
scanned using a Pannoramic 250 (3DHistech, Hungary) slide

scanner with 20× magnification and single layer focus. Scanned
slides were processed and captured images using Pannoramic
Viewer 1.15.4 (3DHistech).

Immunofluorescent Staining
Tissues were permeabilized with TBS-T (TBS with 0.1% Tween-
20) and blocked with 5% bovine serum albumin (BSA, Sigma)
for 1 h. After blocking, tissues were incubated overnight 4◦C
with primary antibodies (Mouse anti-MBP 1:520, sc-271524
Santa Cruz; Rabbit anti-Neurofilament 1:750, ab1987 Millipore,
United States; Rabbit anti-MANF 1:1,000, LS-B2688, LSBio,
United States; Goat anti-TPPP, 1:500, PA5-19243, Invitrogen,
United States) diluted in blocking solution. The next day,
tissues were washed three times with TBS-T, and incubated
for 1 h with fluorescence-conjugated corresponding secondary
antibodies (Alexa 488, 568, and 647, 1:200, donkey anti-rabbit,
anti-goat, and anti-mouse, Thermo Fisher Scientific), diluted in
blocking solution at room temperature. Tissues were washed
and incubated with DAPI to visualize nuclear and counterstain
(1:1,000, Thermo Fisher Scientific). Laser scanning confocal
micrographs of the fluorescently labeled lumbar spinal cords were
acquired with an LSM700 (Carl Zeiss) using a LCI Plan-Neofluar
63×/1.3 Imm Corr objective with 80% glycerol.

Inflammation Scores
The inflammation scores were evaluated using hematoxylin-
eosin stained (H&E) images. Tissues were stained with H&E
to visualize infiltrated cells in spinal cords and were scanned
with a Pannoramic 250 (3DHistech, Budapest, Hungary) slide
scanner with 20× magnification and single layer focus. The
infiltration of peripheral immune cells was scored according
to an inflammatory scoring setup described earlier: (0) no
inflammation; (1) cellular infiltrate only detected in the
perivascular areas and meninges; (2) mild cellular infiltrate in
white matter areas of spinal cords; (3) moderate cellular infiltrate
in white matter areas of spinal cords (4) severe cellular infiltrate
in the whole white matter of spinal cords (Okuda et al., 2002).

Image Analysis
Image analysis was performed using Fiji image J. With tissues
DAB-stained against Iba1 or GFAP images were captured at 20×
magnification and stained areas (pixel value) were quantified
from four to six images per animal. For CD45, CD45-positive
cells were from four images per animal. With tissues stained
using immunofluorescent antibodies, four fluorescence images
were captured in the white matter of the spinal cords at
63× magnification. The pixel area of each target protein was
quantified and compared against the mean result from the
naïve control group. The colocalization of MANF and MBP or
MANF and TPPP was evaluated using the colocalization plug-in
(Nam et al., 2015).

Statistical Analysis
All values were presented as mean ± standard error of the mean
(SEM). Statistical significance was determined by unpaired t-tests
for single comparisons, or two-way ANOVA followed by Tukey’s
post hoc test or Sidak’s post hoc test for multiple comparisons.

Frontiers in Cellular Neuroscience | www.frontiersin.org 3 July 2021 | Volume 15 | Article 640084268

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


fncel-15-640084 July 1, 2021 Time: 16:12 # 4

Nam et al. MANF in Early-stage EAE

All statistical analysis was performed using GraphPad8 Prism
software (GraphPad Software, United States).

RESULTS

Dexamethasone Postpones Clinical
Signs and Ameliorated Motor Behavior
Dysfunction in EAE
To explore the effect of dex in EAE, C57BL/6 immunized with
MOG35−55 underwent a 28-day testing period as described by the
experimental design timeline in Figure 1A. Before the induction
of EAE, mice underwent testing with the rotarod behavioral test

for 3 days, based on which mice were balanced into treatment
groups (naïve, EAE + Veh and EAE + Dex). We observed
first clinical signs (clinical score 0.5–1.0) in EAE + Veh mice
at 8 days post-immunization (dpi). The disease course reached
its peak (clinical score 3.0–4.0) at 14 dpi, and continued until
28 dpi, at which point the last animals were sacrificed. Animals
in the naïve group did not display clinical signs. Animals in the
EAE + Dex group showed onset of clinical signs at 14 dpi and
reached peak clinical scores at 23 dpi. Thus, dex-treatment in
EAE mice postponed the onset of EAE by an average of 6 days
compared to EAE + Veh mice (Figure 1B). Gain or loss of body
weight is another clinical sign of the EAE mice model: the body
weight for both EAE induced groups was significantly reduced

FIGURE 1 | Dexamethasone delayed the manifestation of clinical signs and reduced motor behavior dysfunction in EAE mice. (A) Diagram of the experiment design.
To induce EAE, C57BL/6 were immunized with MOG35-55/CFA and Pertussis toxin (PTX). EAE mice received dexamethasone (100 µg) or vehicle (PBS)
intravenously (i.v. tail vein) every second day. Mice were transcardially perfused after behavioral experiments at an interval of 7 days. (B) Mean clinical scores for each
day from immunization (0 dpi) to 28 dpi. At ***P < 0.001, treatment with dexamethasone significantly delayed the manifestation of clinical signs compared to the
EAE + Veh group at 9–22 dpi. Mean ± SEM, n = 4–26. (C) Gain/loss of body weight. At ***P < 0.001, treatment with dexamethasone significantly reduced body
weight loss compared to the EAE + Veh group at 12 dpi to 20 dpi. Mean ± SEM, n = 4–26. (D) Latency to fall during the Rotarod test was recorded at 7, 14, 21, and
28 dpi. (E) Distance traveled and (F) vertical counts (rearing-up) was recorded with the open-field test at 7, 14, 21, and 28 dpi. (D,E) n.s; non-significant, *P < 0.05,
**P < 0.01, and ***P < 0.001, Mean ± SEM. n = 7–27 (7 dpi), n = 7–21 (14 dpi), n = 4–14 (21 dpi), and n = 4–8 (28 dpi). (B–F) 2-way ANOVA was used followed by
Tukey’s post hoc test for multiple comparisons. Data from 4 repeated experiments.
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compared to the naïve group from 4 dpi onward, while the naïve
group increased in body weight throughout the experiment. The
loss of body weight before the onset of the disease may be partially
caused by chronic stress caused by repeated iv injections, as it
occurs in both EAE groups despite different delayed onset in
dex-treated animals. From 11 to 18 dpi, dex-treated mice lost
significantly less weight than the EAE+ Veh group (Figure 1C).

Rotarod and open-field tests are widely used to evaluate motor
coordination in rodent models of CNS disease, including EAE
(Dutra et al., 2013). To study motor behavior, we carried out
the Rotarod and open-field testing at 7, 14, 21, and 28 dpi
(Figure 1A). The Rotarod test for EAE + Veh mice showed
robust motor deficits at 7 dpi, and near total performance loss
at 14, 21 and 28 dpi. In contrast, treatment with dex inhibited
loss of motor function at 7 and 14 dpi, but not at 21 and
28 dpi (Figure 1D). In parallel with rotarod behavior, the total
travel distance and the number of vertical counts (representing
mice rearing up) were significantly decreased in EAE + Veh
mice at 7, 14, 21, and 28 dpi. Treatment with dexamethasone
improved travel distance and vertical counts significantly at 7,
14 dpi (Figures 1E,F), but had no effect at 21 and 28 dpi.

Dexamethasone Delays Myelin and Axon
Loss, as Well as Peripheral Immune Cell
Infiltration at Early Stages of EAE
Infiltration of immune cells to the CNS across the blood-
brain-barrier is the primary driver of demyelination and
neurodegeneration in EAE (Reich et al., 2018). To observe
the effects of dex-treatment on the immunopathogenesis of
EAE in a time-dependent manner, animals from each group
were sacrificed at 7, 14, 21, and 28 dpi, and their lumbar
spinal cords visualized using various immunohistochemical
methods (Figure 2A). MBP-positive surface areas were shown to
significantly decrease in a time-dependent manner in EAE+Veh
animals compared to naïve controls. In contrast, dex-treatment in
EAE mice protected lumbar spinal cords against demyelination at
7 and 14 dpi, but not at 21 and 28 dpi (Figures 2B, 4A).

A small degree of infiltration by peripheral immune cells in
EAE + Veh mice was detected at 7 dpi, with inflammatory
scores increasing each week throughout the experiment. In
EAE mice treated with dex, infiltration was first detected at
14 dpi and increased progressively through the end of the
experiment, showing a trend consistent with the concept of
dex delaying disease onset by a week (Figure 2C). Similarly,
EAE + Veh animals showed a progressive loss of neurofilament-
positive axons, whereas treatment with dex preserved axons at
7 and 14 dpi, before the onset of rapid axon loss at 21 and
28 dpi (Figure 2D).

Dexamethasone Delays the
Neuroinflammatory Activation of
Microglia, Leukocytes, and Astrocytes
The neuroinflammatory activation of resident glial cells is
thought to contribute to neurodegeneration in EAE (Matsumoto
et al., 1992). Visualization of Iba1 in lumbar spinal cords by
DAB-stain showed a progressive increase in neuroinflammatory

microglial activation throughout the disease, unlike in naïve
controls. In mice treated with dex this increase was delayed at 7
and 14 dpi, but microglial activation reached similarly high levels
at later timepoints (Figures 3A,B). The distribution of leukocytes
was determined by analyzing slides stained for leukocyte
common antigen CD45. As with Iba-1 immunostaining,
increased counts of cell positive for CD45 were detected at
7 dpi (though still small), reached peak levels at 14 dpi, and
remained at peak levels until the end of experiment, compared
to naïve controls. The cell counts of CD45-positive cells in
mice treated with dex were small at 7 dpi, and significantly
smaller than in EAE + Veh mice at 14 dpi (Figures 3A,C). By
staining for GFAP, an intermediate filament-III protein that is
upregulated in astrocytes during neuroinflammation, a sustained
increase in astrocyte activation could be detected in EAE + Veh
animals throughout the disease. This increase was significantly
ameliorated by dex-treatment at 7, 14, and 21 dpi (Figures 3A,D).

Dexamethasone Significantly Boosts
MBP-Positive Myelin Sheath
MANF-Levels During Early Stages of EAE
NTFs play an important role in neuroinflammation. Therapeutic
potentials of NTFs such as CNTF have been studied using the
EAE mouse model (Linker et al., 2002). MANF, an endogenous
protein with NTF-properties known to possess neuroprotective
effects in animal models of Parkinson’s disease (PD) and diabetes
(Voutilainen et al., 2009; Lindahl et al., 2014; Pöyhönen et al.,
2019), has not been studied using EAE before. In order to
investigate whether MANF is associated with EAE, we performed
a double staining in lumbar spinal cords against MBP and MANF.
We found that dex-treatment during EAE increased MANF-
positive areas significantly in the white matter compared to the
EAE+Veh group at 7 and 14 dpi, but this effect was progressively
reduced at later time points (Figures 4A,B). MANF-positive
areas in EAE animals remained at similar levels as those in
naïve controls at 7 dpi, but were dampened at 14, 21, and
28 dpi. Similarly, analysis of colocalization showed that MANF
colocalized with MBP in both EAE+Veh and EAE+Dex groups
at the same levels as naïve controls at 7 dpi, but this colocalization
was reduced at all later timepoints in the EAE + Veh group
(Figures 4A,C). The colocalization of MANF and MBP in dex-
treated mice was significantly higher than in EAE + Veh mice
at 14 dpi and at similar levels as the EAE + Veh group at
21 and 28 dpi. The colocalization of MANF with the mature
oligodendrocyte cell body marker TPPP was not affected by
treatment with dex indicating that dex only increased MANF-
levels in myelinated axons, the primary targets of autoimmunity
in EAE (Figures 4D,E).

In order to test whether dex affects the expression of MANF in
naïve mice, we treated healthy C57BL/6 mice with 100 µg of dex
i.v., and sacrificed them 0.5, 1, 3, and 6 h later (Supplementary
Figure 2). Treatment with dex did not show a statistically
significant increase in either MANF or MBP surface area,
suggesting that the boosting effect of dex on MANF occurs
specifically during the early stages of EAE.
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FIGURE 2 | Dexamethasone inhibited myelin and axon loss, as well as immune cell infiltration in the early stage of EAE. (A) Representative images from MBP (Left),
Hematoxylin-Eosin (H&E, Center), and neurofilament (Right; Green: Neurofilaments, Cyan: DAPI nuclear stain) immunostained mouse spinal cords at 7, 14, 21, and
28 dpi. (B) Quantification of MBP area at each time point. ***P < 0.001, Mean ± SEM. n = 5–8 per each group. (C) Evaluation of inflammation score from
hematoxylin-eosin staining. *P < 0.05, **P < 0.01, and ***P < 0.001, Mean ± SEM, significance base on unpaired t-test. n = 5–7 per each group. (D) Quantification
of the number of neurofilament-positive axons. ***P < 0.001, Mean ± SEM. n = 5–7 per each group. (B,D) 2-way ANOVA followed by Sidak’s post hoc test for
multiple comparisons. Scale bar; 50 µm for MBP, H&E. 20 µm for neurofilament. Data from 4 repeated experiments.
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FIGURE 3 | Dexamethasone attenuated neuroinflammatory activation of microglia, leukocytes, and astrocytes during the early stage of EAE. (A) Representative
images for Iba-1 (Left), CD45 (Center), and GFAP (Right) from immunostained mouse spinal cords at 7, 14, 21, and 28 dpi. (B) Quantification of Iba-1 area in each
time point. *P < 0.05, and ***P < 0.001, Mean ± SEM. n = 5–6 per each group. (C) Quantification of the number of CD45-positive cells in each time point.
*P < 0.05, and **P < 0.01, Mean ± SEM. n = 5–8 per each group. (D) Quantification of GFAP area in each time point. **P < 0.01, and ***P < 0.001, Mean ± SEM,
n = 5–7 per each group. (B–D) 2-way ANOVA followed by Sidak‘s post hoc test for multiple comparisons. Scale bars: 200 µm for CD45; 50 µm for Iba-1, GFAP; 10
µm for enlarged Iba-1, GFAP and CD45. Data from 4 repeated experiments.
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FIGURE 4 | MANF levels within myelin sheaths, but not the cell bodies of mature oligodendrocytes, were increased by dexamethasone in the early stage of EAE.
(A) Representative fluorescence images of MBP (Green), MANF (Magenta), and DAPI (Blue) in the white matter of mouse spinal cords at 7, 14, 21, and 28 dpi.
Enlarged images were taken from boxed areas within merged images. (B) Quantification of MANF area in each time point. ***P < 0.001, Mean ± SEM. n = 5–8 per
each group. (C) Quantification of MANF-expression area within MBP-positive areas at each time point. ***P < 0.001, Mean ± SEM, n = 5–7 per each group.
(D) Representative fluorescence images of TPPP (Red), MANF (Light gray), and DAPI (Blue) in the white matter of mouse spinal cords at 7, 14, 21, and 28 dpi.
(E) Quantification of MANF-expression area within TPPP-positive areas at each time point. n = 5–8 per each group. (B,C,E) 2-way ANOVA followed by Sidak’s
post hoc test for multiple comparisons. Scale bars: 200 µm for MBP, MANF, and Merge; 10 µm for enlarged imaged. Data from 4 repeated experiments.
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Endoplasmic reticulum (ER) stress and the unfolded protein
response (UPR) play important role in EAE, contributing to
oligodendrocyte death and glial activation (Lin and Popko, 2009;
Reverendo et al., 2019). MANF, a UPR-induced protein with
NTF-properties, is believed to be expressed in tissues such as
the spinal cord white matter as a response to intense ER stress
(Danilova et al., 2019). If MANF is an indicator of ER stress,
it would be reasonable to assume that dex increased expression
of MANF by inducing ER stress in the earlier timepoints of
the disease. However, analysis of the expression of GRP78, an
upstream regulator of UPR, in lumbar white matter showed
no difference between EAE and dex groups in UPR activation
(Supplementary Figure 3).

MANF Delays Disease Progression and
Protects Motor Behavior in Early Stages
of EAE
In order to study the role of MANF in EAE, another 28-day
testing period was performed on C57BL/6 mice immunized with
MOG35−55 (Figure 5A), replacing dex with human MANF.
While all animals showed a similar disease onset at day 8, mice
that were treated with either 1.5 or 3 µg of hMANF i.v. displayed
a significant plateau in the progression of clinical signs before
week 2 (11–14 dpi for 1.5 µg mice and 13–14 dpi for 3 µg
mice). After day 14, the clinical score immediately caught up
with vehicle treated mice (Figure 5B). No difference was detected
in body weight loss between hMANF and vehicle treated mice
(Figure 5C). As shown in earlier Figures 1D–F, EAE mice show
decreased performance and mobility as compared to healthy
controls at 7 dpi, just before the onset of clinical signs. EAE
mice that were treated with either dose of hMANF showed a
significantly better capability to remain on a rotarod (Figure 5D)
at 7 dpi. Similarly, both doses of hMANF significantly increased
distance traveled and vertical counts performed during open
field-testing at 7 dpi (Figures 5E,F). No effect on rotarod or open
field performance was detected at 14–28 dpi.

DISCUSSION

This study further showed that the intravenous administration of
dex to MOG33−55/CFA induced mice postpones motor function
loss in early stages of the disease. Moreover, dex was efficient
at suppressing histological and immunological features of EAE,
including the degeneration of myelin, axon loss and immune
cell infiltration as well as the proinflammatory activation of
microglia and astrocytes. Demyelination and the resulting axonal
degeneration (Papadopoulos et al., 2006) of the CNS is invariably
linked to immune cell infiltration in the EAE model of MS
(Yednock et al., 1992; Ransohoff, 2012). Dex is believed to inhibit
this process by reducing the number of circulating immune
cells (Nguyen et al., 1997; Chen et al., 2006). This is further
validated by our results, which showed that motor function
loss, demyelination, proinflammatory glial activation and axonal
degeneration in EAE mice treated with dexamethasone mirrored
the progression of immune cell infiltration in the lumbar spinal
cord (Figures 1–3).

Interestingly, our results showed that dex-treated EAE mice
eventually reached similar clinical scores, axonal degeneration
and spinal cord neuroinflammation, as vehicle-treated mice.
This finding differs from several other studies, which generally
show a more sustained neuroprotection from treatment with
dex in EAE (Donia et al., 2010; Dos Santos et al., 2019). The
difference may be due to different methods of administration,
as dex is usually given i.p and not i.v., though it is not
clear why intravenously given dex would lose effectiveness.
The increased bioavailability in intravenous administration may
lead to increased development of glucocorticoid resistance in
circulating immune cells. Glucocorticoid resistance reduces the
therapeutic effect of exogenous dex, likely via a downregulation
of glucocorticoid receptors in target cells (Gold et al., 2012).
The development of glucocorticoid resistance is an important
factor in the clinical treatment of neuroinflammatory conditions
with glucocorticoids such as dexamethasone, and EAE may be
a practical model for studying its development (Hoepner et al.,
2019). Alternatively, it is possible that intravenously administered
dex is processed and excreted out of the body faster than in ip.
reducing its therapeutic efficiency as EAE gains severity.

NTFs are abundantly expressed in a variety of cell types
in the brain (Poo, 2001), and play an important role in both
neurons and other cells of the CNS. The function and role
of neurotrophic factors has been studied in both EAE mice
and human MS patients. Reducing CNTF-production has led
to poorer outcomes in EAE experiments (Linker et al., 2002),
and the major neurotrophic factor BDNF has been reported to
be highly expressed in infiltrated immune cells in MS patient
brain tissue (Stadelmann et al., 2002). While glucocorticoids
such as dexamethasone are generally though to play an anti-
inflammatory role in EAE, dexamethasone has also been found
to promote TrkB signaling, a known action mechanism of BDNF
(Jeanneteau et al., 2008; Casarotto et al., 2021). Accordingly,
treatment with dex has showed trophic effects on neurons
both in vivo and in vitro, suggesting that in addition to
its immunosuppressive abilities, dex can activate neurotrophic
factor signaling in EAE.

In our study, we focused on the time-dependent expression
of the novel neurotrophic factor MANF in EAE. We found that
MANF was strongly expressed in the white matter of spinal cords
in EAE mice, and that expression of MANF significantly decrease
in a time-dependent manner in EAE. This decrease was in line
with both the decrease in myelination, and the infiltration of
immune cells in EAE mice (Figure 4). Interestingly, expression of
MANF in spinal cord white matter were significantly increased by
dex-treatment in early stages of EAE. This increased expression
was highly co-localized with MBP-positive myelinated axons, the
main targets of autoimmunity in EAE, while the colocalization of
MANF with MBP was reduced along with MANF-levels during
the peak of the disease. This poses the interesting question of
whether this decrease in axonal MANF is a cause or result of
axonal demyelination and degeneration.

As mentioned before, MANF is generally associated with
activation of the UPR due to intense ER stress (Voutilainen et al.,
2015). The UPR is an adaptive response to the stress caused by
an accumulation of misfolded proteins in the ER of affected cells.
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FIGURE 5 | MANF ameliorated clinical signs and reduced motor behavior dysfunction during the early stage of EAE. (A) Diagram of the experiment design. To
induce EAE, C57BL/6 were immunized with MOG35-55/CFA and Pertussis toxin (PTX). Mice received human MANF (1.5 or 3 µg) or PBS as a vehicle control
intravenously (i.v. tail vein) every second day. Mice performed behavioral tests at an interval of 7 days. (B) Mean clinical scores for each day from immunization (0 dpi)
to 28 dpi. At *P < 0.05, **P < 0.01, and ***P < 0.001, treatment with hMANF (1.5 µg) significantly delayed clinical signs manifestation compared to the EAE group
at 11 dpi to 14 dpi, ##P < 0.01, and ###P < 0.001, treatment with hMANF (3 µg) significantly delayed clinical signs manifestation compared to the EAE group at 13
and 14 dpi. Mean ± SEM, n = 9–10. (C) Gain/loss of body weight. Mean ± SEM, n = 9–10. (D) Latency to fall during the Rotarod test was recorded at 7, 14, 21,
and 28 dpi. (E) Distance traveled and vertical counts (rearing-up) was recorded with the open-field test at 7, 14, 21, and 28 dpi. (D–E) ***P < 0.001, Mean ± SEM.
n = 9–10. (B–F) 2-way ANOVA was used followed by Tukey’s post hoc test for multiple comparisons. Data from a single independent experiment.

It triggers both protective and apoptotic signals, and contributes
to neurodegeneration in both MS and its disease models (Stone
and Lin, 2015). Dex has an interesting relationship with ER
stress and the UPR. In glomerular diseases such as nephrotic
syndrome, it seems to reduce ER stress as a result of binding to
glucocorticoid receptors (Fujii et al., 2006), whereas in a mouse
model of asthma treatment, dex did not affect ER stress levels
(Kim and Lee, 2015). In a murine glaucoma model topical eye
treatment with dex can even be used to induce ER stress to
an extent that leads to axonal degeneration (Zode et al., 2014).
No results associating dex with the UPR in EAE models have
currently been published. In this study we focused on the glucose-
regulated protein 78 kDa (GRP78) to analyze the activation of the

UPR in a time-dependent manner in EAE. GRP78, also known as
Binding immunoglobin Protein (BiP), is an ER-resident protein
that plays a critical role in the ER stress response (Casas, 2017).
Although the mechanisms for the regulation and secretion of
MANF are not completely understood, in Neuro2a cells MANF
has been shown to be regulated in the ER by GRP78 (Oh-Hashi
et al., 2012). In this report, we found that while expression of
GRP78 was elevated in both EAE groups at the beginning of
the experimental period, it was not affected by treatment with
dex. Based on this observation, it seems that while an increase
in MANF-expression is a result of treatment with dex during
EAE, it is not linked to an increase in ER stress or activation
of the UPR. In addition to its effects on ER stress, MANF is
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known to regulate immune cell activation (Neves et al., 2016), and
has recently been discovered to be capable of suppressing NF-κB
signaling by binding to neuroplastin on the cell membrane (Yagi
et al., 2020). Thus, increasing MANF-expression may be another
way for dex to regulate immune responses.

In order to test whether MANF itself can be therapeutic in
EAE, we gave EAE-induced mice hMANF intravenously. This led
to improved performances in behavioral tests at 7 dpi, before any
signs of paralysis had manifested. Interestingly, the therapeutic
effect of MANF on the clinical score was limited to 11–14 dpi,
during which treatment with MANF halted the progression of
paralysis. As a 20 kDa protein, MANF has poor bioavailability
to the CNS. As the onset of EAE is associated with a significant
increase in blood-brain- barrier (BBB) permeability (Wolburg
et al., 2003; Bennett et al., 2010), it is possible that the breakdown
of the endothelial BBB allows for a therapeutic time window
during which administered exogenous MANF can access the
CNS. This would need to be verified by further studies, as it
doesn’t explain the positive behavioral effects before onset of
paralysis, when immune cell infiltration is still scarce. The timing
could also be explained by other factors, such as MANF having
an anti-inflammatory effect on peripheral immune cells during
the onset of the disease.

In summary, we proved the neuroprotective effect of the
glucocorticoid dex in EAE mice immunized with MOG35−55
in a time-dependent manner. We showed that in the early
stage of EAE, dex delays motor dysfunction and clinical
disease onset. Additionally, treatment with dex postponed
general histological features of EAE, including demyelination,
axonal loss, immune cell infiltration, and neuroinflammatory
glial cell activation. Interestingly, we observed an increased
expression of MANF lumbar spinal cord myelinated axons
during EAE, which was strongly elevated by dex in early stages
of the disease. We then showed that intravenously injected
hMANF reduced behavioral dysfunction and inhibited the
progression of clinical signs at the early stage of the disease.
These results indicate that MANF may play an important
role in EAE, and should be considered a potential drug
candidate in the treatment of MS. A better understanding
of the interplay between MANF and neuroinflammatory
responses is needed for the study of neuroinflammatory diseases
such as MS.
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Supplementary Figure 1 | Mean body weight for each experimental group
during EAE. Mice were weighed each day during the study regarding the effect of
dexamethasone in EAE, and mean group weights were used to calculate the dose
of dexamethasone. Mean ± SEM, n = 7–26. Data from 4 repeated experiments.

Supplementary Figure 2 | A single dose of dexamethasone did not affect MANF
and MBP in naïve mice. (A) Diagram of the experiment design. All mice received
dexamethasone (100 µg) or vehicle (PBS) intravenously (i.v. tail vein). Mice were
transcardially perfused at an interval of 0.5, 1, 3, and 6 h. (B) Quantification of
MANF and MBP area in each time point. Mean ± SEM. n = 5–6 per each group.
(C) Representative fluorescence images of MBP (Green), MANF (Magenta), and
DAPI (Blue) in the white matter of mouse spinal cords at 0.5, 1, 3, and 6 h. Scale
bars: 10 µm. Data from a single independent experiment.

Supplementary Figure 3 | GRP78 in the white matter of mouse spinal cords was
not affected by dex-treatment in the EAE mouse model. Spinal cord sections were
collected from EAE + Veh and dex-treated EAE mice at 7, 14, 21, and 28 dpi, in
order to investigate whether GRP78 is regulated by dexamethasone or EAE
progression in a time-dependent manner. (A) Representative fluorescence images
show the expression of GRP78 (Red) and DAPI (Cyan) in the white matter of mice
spinal cords. Enlarged images are taken from boxed areas from merged images.
(B) Quantification of GRP78 area in each time point. Mean ± SEM. n = 5–8 per
each group. Scale bars: 25 µm for GRP78/DAPI, 10 µm for enlarged images.
Data from 4 repeated experiments.
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