:' frontiers ‘ Frontiers in Neurology

MINI REVIEW
published: 27 June 2022
doi: 10.3389/fneur.2022.890217

OPEN ACCESS

Edited by:

Svetlana Khaiboullina,
University of Nevada, Reno,
United States

Reviewed by:

George Anderson,

CRC Scotland & London,
United Kingdom

*Correspondence:
Yosky Kataoka
kataokay@riken.jp

Specialty section:

This article was submitted to
Neuroinfectious Diseases,

a section of the journal
Frontiers in Neurology

Received: 05 March 2022
Accepted: 03 June 2022
Published: 27 June 2022

Citation:

Tamura Y, Yamato M and Kataoka Y
(2022) Animal Models for
Neuroinflammation and Potential
Treatment Methods.

Front. Neurol. 13:890217.

doi: 10.3389/fneur.2022.890217

Check for
updates

Animal Models for
Neuroinflammation and Potential
Treatment Methods

Yasuhisa Tamura'?, Masanori Yamato "? and Yosky Kataoka "%

" Laboratory for Cellular Function Imaging, RIKEN Center for Biosystems Dynamics Research, Kobe, Japan, ? Multi-Modal
Microstructure Analysis Unit, RIKEN-JEOL Collaboration Center, RIKEN, Kobe, Japan

Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is a debilitating chronic
disease of unknown etiology and without effective treatment options. The onset
of ME/CFS is often associated with neuroinflammation following bacterial or viral
infection. A positron emission tomography imaging study revealed that the degree of
neuroinflammation was correlated with the severity of several symptoms in patients
with ME/CFS. In animal studies, lipopolysaccharide- and polyinosinic-polycytidylic acid-
induced models are thought to mimic the pathological features of ME/CFS and provoke
neuroinflammation, characterized by increased levels of proinflammatory cytokines and
activation of microglia. In this review, we described the anti-inflammatory effects of three
compounds on neuroinflammatory responses utilizing animal models. The findings of the
included studies suggest that anti-inflammatory substances may be used as effective
therapies to ameliorate disease symptoms in patients with ME/CFS.

Keywords: myalgic encephalomyelitis/chronic fatigue syndrome, lipopolysaccharide, polyinosinic-polycytidylic
acid, inflammation, cytokine

INTRODUCTION

ME/CEFS is a clinically complex and chronic condition characterized by unexplained fatigue
and post-exertional malaise with symptoms including pain, sleep disturbance, and cognitive,
neuroendocrine, gastrointestinal, and immune dysfunction (1, 2). Viral or bacterial infection is
closely related to the pathogenesis of ME/CEFS. In fact, previous studies have reported that infection
with Epstein-Barr virus, human herpesvirus 6, cytomegalovirus, enterovirus (3-7), as well as
bacteria (8-10), is involved in the maladaptive progression of ME/CEFS. Viral or bacterial infections
cause inflammatory responses in the brain (neuroinflammation) as well as in peripheral tissues.
Imaging studies done in patients with ME/CFS have shown that the degree of neuroinflammation
is correlated with the severity of several symptoms including pain, depression, and cognitive
impairment (11).

Neuroinflammation is involved in the onset and/or progression of several neurodegenerative
and neuropsychiatric disorders (12-16) and is facilitated by microglia activation and elevated
expression of proinflammatory cytokines, including interleukin-1f (IL-18), IL-6, and tumor
necrosis factor-a (TNF-a) (17-20). Studies using animal models have shown that systemic and
central administration of lipopolysaccharide (LPS) and polyinosinic-polycytidylic acid (poly I:C)
can induce neuroinflammation through upregulation of proinflammatory cytokines and glial
activation (21-27). These models can be used for evaluating the anti-inflammatory potential

Frontiers in Neurology | www.frontiersin.org

1 June 2022 | Volume 13 | Article 890217


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2022.890217
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2022.890217&domain=pdf&date_stamp=2022-06-27
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:kataokay@riken.jp
https://doi.org/10.3389/fneur.2022.890217
https://www.frontiersin.org/articles/10.3389/fneur.2022.890217/full

Tamura et al.

Animal Models for Treating Neuroinflammation

of therapeutics, healthy foods, and nutraceutical products.
This review describes the anti-inflammatory effects of three
different types of compounds: IL-1 receptor antagonist (IL-1ra),
minocycline, and 6- (methyl sulfinyl) hexyl isothiocyanate (6-
MSITC).

ROLE OF NEUROINFLAMMATION IN
MYALGIC
ENCEPHALOMYELITIS/CHRONIC FATIGUE
SYNDROME (ME/CFS)

Although 0.5-1.5% of people globally suffer from ME/CFS,
identification of abnormal factors in ME/CFS is difficult via
general and conventional medical examination. Such obstacles
delay diagnosis in many patients and could take several months,
or years, to obtain a definite ME/CFS diagnosis. Furthermore,
effective treatments have yet to be established (28).

To date, the pathophysiological mechanisms of ME/CFS
have been assumed to be facilitated by viral infections,
immunological abnormality, oxidative stress, and impaired
energy metabolism with reduced production of mitochondrial
adenosine—S/—triphosphate (29-35). Morphological changes and
abnormal functionality in the brain have also been reported,
particularly in imaging and psychiatric studies (36). Specifically,
a MRI study revealed prefrontal cortical atrophy in patients
with ME/CES (37). Further, positron emission tomography (PET)
imaging studies have suggested a reduction in the biosynthesis of
neurotransmitters through estimation of acetyl-L-carnitine and
serotonin transporter densities in the brains of individuals with
ME/CES (38, 39).

In addition to the observed pathological phenomena,
we hypothesized that neuroinflammation is involved in the
pathophysiology of ME/CFS, on the basis of experimental
observations in animals showing fatigue- or depression-like
behavior after proinflammatory cytokine production by activated
microglia in the brain (40), although there has been no direct
evidence of neuroinflammation in ME/CFS. Nakatomi et al., first
demonstrated that neuroinflammation was widely induced in
patients with ME/CFS by using PET with PK11195, a PET tracer
for activated microglia (11). Furthermore, neuroinflammation
was associated with the severity of neuropsychological symptoms
including the following: severity in the amygdala was correlated
with the cognitive impairment score; severity in the hippocampus
was related to the depression score; and severity in the thalamus
was related to the pain score. Detection of neuroinflammation in
patients with ME/CFS may be essential for an objective diagnosis
and deciding the medical treatment strategy for ME/CEFS, as
well as for understanding the underlying pathophysiological
mechanism. In the ongoing coronavirus disease (COVID-19)
pandemic, individuals are suffering from long-lasting symptoms

Abbreviations: IL-1f, Interleukin-1p; IL-6, Interleukin-6; ME/CFS, Myalgic
encephalomyelitis/chronic fatigue syndrome; TNF-a, Tumor necrosis factor-o;
LPS, Lipopolysaccharide; Poly I:C, Polyinosinic-polycytidylic acid; IL-1ra, IL-
1 receptor antagonist; 6-MSITC, 6-(methyl sulfinyl) hexyl isothiocyanate; TLR,
Toll-like receptor; BBB, Blood-brain barrier; i.c.v, Intracerebroventricular.
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FIGURE 1 | Schematic illustration indicating the viral infection-induced
neuroinflammation in the brain via activation of microglia, and the possible
therapeutic points by IL-1ra, minocycline, and 6-MSITC. Virus activates
toll-like receptor 3 (TLR3) in immune cells and triggers the production of
proinflammatory cytokines including IL-18. Such cytokines in the periphery
induce activation of microglia and production of IL-18 in the central nervous
system (CNS). Neuroinflammation could be alleviated by suppressing immune
response in peripheral immune cells and/or microglia in CNS.

including “brain fog,” which is deemed long COVID or post-
COVID-19 syndrome. It has been suggested that this pandemic
has increased the prevalence of ME/CFS with prolonged or
intermittent neuroinflammation (41, 42).

ANIMAL MODELS FOR
NEUROINFLAMMATION

Neuroinflammation is defined as an inflammatory response in
the central nervous system, including the brain and spinal cord,
and plays a crucial role in the pathogenesis of several diseases
including Alzheimer’s disease, Parkinson’s disease, depression,
and ME/CEFS. In experimental studies, toll-like receptor (TLR)
ligand-induced inflammation is used as an animal model of
neuroinflammation (Figure 1). Similarly, LPS and poly I:.C
models are thought to mimic the pathological relevance of
ME/CES (43, 44), potentially through TLR signaling. LPS is a
TLR4 ligand and main component of the outer membrane of
Gram-negative bacteria. In rodents, a peripheral LPS challenge
induced expression of proinflammatory cytokine expression
at the gene and protein level, and evoked activation of
microglia/macrophages in the brain as well as in peripheral
tissues (19, 45). In general, LPS injected systemically does
not pass through the blood-brain barrier (BBB). Therefore,
signal transduction in the periphery may facilitate the induction
of inflammatory reactions in the brain (46, 47). Central
(intracerebroventricular or intraparenchymal) administration of
LPS can directly and acutely induce inflammatory brain reactions
(48). Indeed, a peripheral LPS challenge elevated expression of
proinflammatory cytokines (IL-1p, IL-6, and TNF-a) in the brain
at 2 h, as well as increasing plasma IL-6 levels (48). This indicated
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that central LPS-induced neuroinflammation may be linked to
the induction of peripheral inflammatory responses.

On the other hand, poly I:C, a synthetic double-stranded RNA,
can be used to mimic viral infections through TLR3 (43, 49, 50).
As with LPS, systemic administration of poly I:C promoted
increased expression of proinflammatory cytokines (IL-1f, IL-
6, and TNF-a) in the brain and serum (21, 22, 51). Recently,
it has been shown that a central poly I:C challenge provoked
upregulation of proinflammatory cytokines (IL-1p, IL-6, and
TNF-a) in the brain, with maximal gene expression peaking
at 4h (25). These findings suggest that peripheral and central
administration of LPS and poly I:C can induce inflammatory
responses in the brain and can be used as neuroinflammatory
animal models for the screening of anti-inflammatory drugs
and foods.

TREATMENTS FOR
NEUROINFLAMMATION

Herein we describe the anti-inflammatory effects of three
compounds, IL-1ra, minocycline, and 6-MSITC, on LPS- or poly
I:C-induced neuroinflammation.

IL-1ra is a member of the IL-1 family and is known as
an endogenous competitive antagonist for IL-1 receptors, that
is, IL-1ra counteracts the action of IL-18 (52). We previously
investigated that poly I:C-induced decrease in locomotor
activity was completely blocked by intracerebroventricular (i.c.v)
infusion of recombinant IL-1ra (40). Also, we demonstrated that
the recovery from a decrease in spontaneous activity during
poly I:C-induced neuroinflammation was significantly delayed by
i.c.v. infusion of a neutralizing antibody for endogenous IL-1ra.
These results indicate that endogenous IL-1ra in the brain has
an important role in the prevention of prolonged inflammation
(Figure 1). Recent studies have shed light on neuroinflammation
as an essential precipitating event in nervous system diseases
including ME/CFS (11, 53, 54). Therefore, a balance between the
production of IL-1B and its endogenous antagonist could regulate
neuroinflammation and decrease locomotor activity. These
reports enhance our understanding of how neuroinflammation
could shift from an acute to a chronic state.

Minocycline is known as a second-generation and semi-
synthetic tetracycline antibiotic. Minocycline is quickly
absorbed into the body, penetrates the BBB, and affects
many biological actions (differing from its antibiotic action)
both in vivo and in vitro, including the following: attenuation
of BBB breakdown by inhibiting the production of matrix
metalloproteinase-9; functional improvement after traumatic
brain injury via suppression of aquaporin-4 production;
relieve white matter injury in the neonatal rat brain by
suppression of IL-1f and TNF-a production; neuroprotection
from ischemic brain damage; alleviation of LPS-induced
depressive-like behavior; and suppression of NOx production
in cultured microglia under hypoxia (55, 56). In our study,
we demonstrated that intraperitoneal pretreatment with
minocycline (20 mg/kg/day, 3 consecutive days) attenuated
poly I:C-induced IL-18 mRNA expression in rat brain, transient

fever, and decrease in locomotor activity (57). Further, it was
also reported that intrathecal pretreatment with minocycline
attenuated chronic stress-induced muscular hyperalgesia
and mechanical allodynia by suppression of spinal cord
microglial activation in rat model for ME/CFS (58). These
observations suggest that minocycline could be a new drug
for improving some deficits seen in neurological disorders
(Figure 1).

Although the mechanisms underlying minocyclines
anti-inflammatory effect on neuroinflammation are not
well-understood, once severe neuroinflammation occurs,
suppression might prove to be difficult. Indeed, we could not
demonstrate suppression of neuroinflammation by minocycline
after poly L:C-injection without pretreatment (57). A better
understanding of minocycline’s role in neuroinflammation is
required to maximize its therapeutic potential. Overall, control
of neuroinflammation will alleviate fatigue and chronic pain,
and contribute to preventing the progression of neurological
disorders, including ME/CFS.

Finally, 6-MSITC derived from Wasabi (Wasabia japonica) is
a naturally occurring compound that has several biological
functions, including anti-inflammatory, antitumor, and
anticoagulant activities. In vitro studies have shown that 6-
MSITC treatment inhibited activation of murine macrophage
cells following the application of LPS (59), and attenuated
TNF-induced upregulation of IL-6 in human umbilical
vein endothelial cells (60). In addition, 6-MSITC alleviated
several inflammatory responses in a murine model of
inflammatory bowel disease, known as chronic inflammatory
disorders of the gastrointestinal tract (61). However, the anti-
inflammatory effects of 6-MSITC on LPS- or poly I:C-induced
neuroinflammation have not been characterized. In our studies,
long-term use of 6-MSITC relieved neuroinflammatory
responses following a peripheral injection of poly LC
(Figure 1), but did not show anti-inflammatory effects on
neuroinflammation following a central LPS challenge (62).
The observed discrepancy is unclear but warrants further
investigation. Still, these findings suggest that 6-MSITC may
ameliorate the neuropsychological symptoms of ME/CFS with
viral infections.

Recently, the gut microbiota has been reported to be
closely associated with the ME/CFS pathophysiology, including
neuroinflammation and cognitive symptoms (63, 64). Long-
term complications of long COVID or post-COVID-19
syndrome have also been attributed to the dysregulation
of the gut microbiota (65, 66). Minocycline may suppress
neuroinflammation by affecting the gut microbiome and
intestinal permeability, as shown in a rat model of Gulf War
illness (67). Peripheral IL-1ra also plays a crucial role in the
regulation of the gut microbiota (68), although we employed the
direct i.c.v. infusion of recombinant IL-1ra for the prevention of
prolonged neuroinflammation in our animal study introduced
in this review (40). Therefore, these findings suggest that the
gut microbiota should be taken into consideration in animal
models for ME/CFS. It is expected that effective food nutrients
and/or ingredients as well as medicinal drugs will be discovered
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for the treatment of neuroinflammation in ME/CFS and

long COVID.

CONCLUSIONS

ME/CES is a complex multi-system illness without diagnostic
markers or efficacious therapy options. The pathogenesis of
ME/CEFS is linked with viral or bacterial infection-induced
neuroinflammation. In animal studies, LPS and poly I:C models
can be used as infection-induced neuroinflammation and can
promote increased expression of proinflammatory cytokines
and microglia activation. Neuroinflammation is thought to
be mitigated by suppressing immune response in the central
nervous system as well as in the periphery. Herein, we
reviewed the anti-inflammatory effects of three compounds
using animal models and highlight the potential of these

REFERENCES

1. Carruthers BM, van de Sande MI, De Meirleir KL, Klimas NG, Broderick G,
Mitchell T, et al. Myalgic encephalomyelitis: international consensus criteria.
J Intern Med. (2011) 270:327-38. doi: 10.1111/j.1365-2796.2011.02428.x

2. Fukuda K, Straus SE, Hickie I, Sharpe MC, Dobbins JG, Komaroff A. The
chronic fatigue syndrome: a comprehensive approach to its definition and
study. international chronic fatigue syndrome study group. Ann Intern Med.
(1994) 121:953-9. doi: 10.7326/0003-4819-121-12-199412150-00009

3. Ablashi DV, Eastman HB, Owen CB, Roman MM, Friedman ], Zabriskie
JB, et al. Frequent Hhv-6 reactivation in Multiple Sclerosis (Ms) and
Chronic Fatigue Syndrome (Cfs) patients. J Clin Virol. (2000) 16:179-91.
doi: 10.1016/51386-6532(99)00079-7

4. Cameron B, Flamand L, Juwana H, Middeldorp J, Naing Z, Rawlinson W, et
al. Serological and virological investigation of the role of the herpesviruses
Ebv, Cmv and Hhv-6 in post-infective fatigue syndrome. ] Med Virol. (2010)
82:1684-8. doi: 10.1002/jmv.21873

5. Chapenko S, Krumina A, Logina I, Rasa S, Chistjakovs M, Sultanova A, et al.
Association of active human herpesvirus-6,—7 and parvovirus B19 infection
with clinical outcomes in patients with myalgic encephalomyelitis/chronic
fatigue syndrome. Adv Virol. (2012) 2012:205085. doi: 10.1155/2012/2
05085

6. Halpin P, Williams MV, Klimas NG, Fletcher MA, Barnes Z, Ariza ME.
Myalgic encephalomyelitis/chronic fatigue syndrome and gulf war illness
patients exhibit increased humoral responses to the herpesviruses-encoded
dutpase: implications in disease pathophysiology. ] Med Virol. (2017) 89:1636-
45. doi: 10.1002/jmv.24810

7. Shikova E, Reshkova V, Kumanova A, Raleva S, Alexandrova D, Capo N, et
al. Cytomegalovirus, epstein-barr virus, and human herpesvirus-6 infections
in patients with myalgic encephalomyelitis/chronic fatigue syndrome. ] Med
Virol. (2020) 92:3682-8. doi: 10.1002/jmv.25744

8. Maes M, Mihaylova I, Leunis JC. Increased serum Iga and Igm
against Lps of enterobacteria in Chronic Fatigue Syndrome (Cfs):
indication for the involvement of gram-negative enterobacteria in the
etiology of Cfs and for the presence of an increased gut-intestinal
permeability. ] Affect Disord. (2007) 99:237-40. doi: 10.1016/j.jad.2006.
08.021

9. Frémont M, Coomans D, Massart S, De Meirleir K. High-Throughput
16s rrna gene sequencing reveals alterations of intestinal microbiota in
myalgic encephalomyelitis/chronic fatigue syndrome patients. Anaerobe.
(2013) 22:50-6. doi: 10.1016/j.anaerobe.2013.06.002

10. Wallis A, Butt H, Ball M, Lewis DP  Bruck D. Support
for the microgenderome: associations in a human clinical
population. Sci Rep. (2016) 6:19171. doi: 10.1038/srep
19171

anti-inflammatory drugs to alleviate symptoms in patients
with ME/CFS.

AUTHOR CONTRIBUTIONS

YT and YK designed the figures. All authors wrote and corrected
the manuscript. All authors have agreed to the submitted version
of manuscript.

FUNDING

This work was supported in part by JSPS KAKENHI Grant
Numbers 16K10232 and 20K06883 to YT, JP13351328 and
JP18963739 to YK, and Cross-ministerial Strategic Innovation
Promotion (SIP) to YK.

11. Nakatomi Y, Mizuno K, Ishii A, Wada Y, Tanaka M, Tazawa S, et al.
Neuroinflammation in patients with chronic fatigue syndrome/myalgic
encephalomyelitis: an (R)-Pk11195 Pet study. J Nucl Med. (2014) 55:945-50.
doi: 10.2967/jnumed.113.131045

12. Dickson DW, Lee SC, Mattiace LA, Yen SH, Brosnan C. Microglia
and cytokines in neurological disease, with special reference to aids and
Alzheimer’s disease. Glia. (1993) 7:75-83. doi: 10.1002/glia.440070113

13. Monji A, Kato TA, Mizoguchi Y, Horikawa H, Seki Y, Kasai M, et al.
Neuroinflammation in schizophrenia especially focused on the role of
microglia. Prog Neuropsychopharmacol Biol Psychiatry. (2013) 42:115-21.
doi: 10.1016/j.pnpbp.2011.12.002

14. Cai Z, Hussain MD, Yan LJ. Microglia, neuroinflammation, and beta-
amyloid protein in Alzheimer’s disease. Int J Neurosci. (2014) 124:307-21.
doi: 10.3109/00207454.2013.833510

15. Hong H, Kim BS, Im HI. Pathophysiological role of neuroinflammation in
neurodegenerative diseases and psychiatric disorders. Int Neurourol ]. (2016)
20(Suppl. 1):S2-7. doi: 10.5213/inj.1632604.302

16. Dey A, Hankey Giblin PA. Insights into macrophage heterogeneity
and cytokine-induced neuroinflammation in major depressive disorder.
Pharmaceuticals. (2018) 11:64. doi: 10.3390/ph11030064

17. Basu A, Krady JK, Levison SW. Interleukin-1: a master regulator of
neuroinflammation. J Neurosci Res. (2004) 78:151-6. doi: 10.1002/jnr.20266

18. McAlpine FE, Tansey MG. Neuroinflammation and tumor necrosis factor
signaling in the pathophysiology of Alzheimer’s disease. J Inflamm Res. (2008)
1:29-39. doi: 10.2147/JIR.S4397

19. Liu X, Quan N. Microglia and Cns interleukin-1: beyond immunological
concepts. Front Neurol. (2018) 9:8. doi: 10.3389/fneur.2018.00008

20. West PK, Viengkhou B, Campbell IL, Hofer MJ. Microglia responses to
interleukin-6 and type I interferons in neuroinflammatory disease. Glia.
(2019) 67:1821-41. doi: 10.1002/glia.23634

21. Godbout JP, Chen J, Abraham J, Richwine AF, Berg BM, Kelley KW, et al.
Exaggerated neuroinflammation and sickness behavior in aged mice following
activation of the peripheral innate immune system. FASEB J. (2005) 19:1329-
31. doi: 10.1096/1j.05-3776fje

22. Chen J, Buchanan JB, Sparkman NL, Godbout JP, Freund GG, Johnson
RW. Neuroinflammation and disruption in working memory in aged mice
after acute stimulation of the peripheral innate immune system. Brain Behav
Immun. (2008) 22:301-11. doi: 10.1016/j.bbi.2007.08.014

23. Field R, Campion S, Warren C, Murray C, Cunningham C. Systemic challenge
with the TIr3 agonist Poly I:C induces amplified Ifnalpha/Beta and II-1beta
responses in the diseased brain and exacerbates chronic neurodegeneration.
Brain Behav Immun. (2010) 24:996-1007. doi: 10.1016/j.bbi.2010.04.004

24. Qin L, Crews FT. Chronic ethanol increases systemic Tlr3 agonist-induced
neuroinflammation and neurodegeneration. J Neuroinflamm. (2012) 9:130.
doi: 10.1186/1742-2094-9-130

Frontiers in Neurology | www.frontiersin.org

June 2022 | Volume 13 | Article 890217


https://doi.org/10.1111/j.1365-2796.2011.02428.x
https://doi.org/10.7326/0003-4819-121-12-199412150-00009
https://doi.org/10.1016/S1386-6532(99)00079-7
https://doi.org/10.1002/jmv.21873
https://doi.org/10.1155/2012/205085
https://doi.org/10.1002/jmv.24810
https://doi.org/10.1002/jmv.25744
https://doi.org/10.1016/j.jad.2006.08.021
https://doi.org/10.1016/j.anaerobe.2013.06.002
https://doi.org/10.1038/srep19171
https://doi.org/10.2967/jnumed.113.131045
https://doi.org/10.1002/glia.440070113
https://doi.org/10.1016/j.pnpbp.2011.12.002
https://doi.org/10.3109/00207454.2013.833510
https://doi.org/10.5213/inj.1632604.302
https://doi.org/10.3390/ph11030064
https://doi.org/10.1002/jnr.20266
https://doi.org/10.2147/JIR.S4397
https://doi.org/10.3389/fneur.2018.00008
https://doi.org/10.1002/glia.23634
https://doi.org/10.1096/fj.05-3776fje
https://doi.org/10.1016/j.bbi.2007.08.014
https://doi.org/10.1016/j.bbi.2010.04.004
https://doi.org/10.1186/1742-2094-9-130
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Tamura et al.

Animal Models for Treating Neuroinflammation

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Cazareth ], Guyon A, Heurteaux C, Chabry ], Petit-Paitel A. Molecular
and cellular neuroinflammatory status of mouse brain after systemic
lipopolysaccharide challenge: importance of Ccr2/Ccl2 signaling. [
Neuroinflamm. (2014) 11:132. doi: 10.1186/1742-2094-11-132

Burfeind KG, Zhu X, Levasseur PR, Michaelis KA, Norgard MA,
Marks DL. Trif is a key inflammatory mediator of acute sickness
behavior and cancer cachexia. Brain Behav Immun. (2018) 73:364-74.
doi: 10.1016/j.bbi.2018.05.021

Posillico CK, Garcia-Hernandez RE, Tronson NC. Sex differences and
similarities in the neuroimmune response to central administration of Poly
I:C. ] Neuroinflamm. (2021) 18:193. doi: 10.1186/5s12974-021-02235-7

Miwa K. Oral minocycline therapy improves symptoms of myalgic
encephalomyelitis, especially in the initial disease stage. Intern Med. (2021)
60:2577-84. doi: 10.2169/internalmedicine.6082-20

Barnes PR, Taylor DJ, Kemp GJ, Radda GK. Skeletal muscle bioenergetics in
the chronic fatigue syndrome. ] Neurol Neurosurg Psychiatry. (1993) 56:679—-
83. doi: 10.1136/jnnp.56.6.679

Devanur LD, Kerr JR. Chronic fatigue syndrome. J Clin Virol. (2006) 37:139-
50. doi: 10.1016/}.jcv.2006.08.013

Maes M, Kubera M, Uytterhoeven M, Vrydags N, Bosmans E.
Increased plasma peroxides as a marker of oxidative stress in myalgic
encephalomyelitis/chronic fatigue syndrome (Me/Cfs). Med Sci Monit. (2011)
17:Sc11-5. doi: 10.12659/MSM.881699

Morris G, Maes M, Berk M, Puri BK. Myalgic encephalomyelitis or chronic
fatigue syndrome: how could the illness develop? Metab Brain Dis. (2019)
34:385-415. doi: 10.1007/s11011-019-0388-6

Myhill S, Booth NE, McLaren-Howard J. Chronic fatigue syndrome and
mitochondrial dysfunction. Int J Clin Exp Med. (2009) 2:1-16.

Prins JB, van der Meer JW, Bleijenberg G. Chronic fatigue syndrome. Lancet.
(2006) 367:346-55. doi: 10.1016/S0140-6736(06)68073-2

Yamano E, Sugimoto M, Hirayama A, Kume S, Yamato M, Jin G, et al. Index
markers of chronic fatigue syndrome with dysfunction of TCA and urea
cycles. Sci Rep. (2016) 6:34990. doi: 10.1038/srep34990

Watanabe Y.  Pet/Spect/Mri/Fmri myalgic
encephalomyelitis/chronic  fatigue syndrome. PET SPECT Psychiatry.
(2021) 985-1001. doi: 10.1007/978-3-030-57231-0_32

Okada T, Tanaka M, Kuratsune H, Watanabe Y, Sadato N. Mechanisms
underlying fatigue: a voxel-based morphometric study of chronic fatigue
syndrome. BMC Neurol. (2004) 4:14. doi: 10.1186/1471-2377-4-14
Kuratsune H, Yamaguti K, Lindh G, Evengird B, Hagberg G, Matsumura
K, et al. Brain regions involved in fatigue sensation: reduced acetylcarnitine
uptake into the brain. Neuroimage. (2002) 17:1256-65. doi: 10.1006/nimg.
2002.1260

Yamamoto S, Ouchi Y, Onoe H, Yoshikawa E, Tsukada H,
Takahashi H, et al. Reduction of serotonin transporters of patients
with  chronic fatigue syndrome. Neuroreport. (2004) 15:2571-4.
doi: 10.1097/00001756-200412030-00002

Yamato M, Tamura Y, Eguchi A, Kume S, Miyashige Y, Nakano M, et al. Brain
interleukin-1p and the intrinsic receptor antagonist control peripheral toll-
like receptor 3-mediated suppression of spontaneous activity in rats. PLoS
ONE. (2014) 9:€90950. doi: 10.1371/journal.pone.0090950

Komaroff AL, Lipkin WI. Insights from myalgic encephalomyelitis/chronic
fatigue syndrome may help unravel the pathogenesis of postacute
COVID-19  syndrome. Trends Mol Med. (2021) 27:895-906.
doi: 10.1016/j.molmed.2021.06.002

Poenaru S, Abdallah §J, Corrales-Medina V, Cowan J. COVID-19 and
post-infectious myalgic encephalomyelitis/chronic fatigue syndrome: a
narrative review. Ther Adyv Infect Dis. (2021) 8:20499361211009385.
doi: 10.1177/20499361211009385

Katafuchi T, Kondo T, Yasaka T, Kubo K, Take S, Yoshimura M.
Prolonged effects of polyriboinosinic:polyribocytidylic acid on spontaneous
running wheel activity and brain interferon-alpha Mrna in rats: a model
for immunologically induced fatigue. Neuroscience. (2003) 120:837-45.
doi: 10.1016/S0306-4522(03)00365-8

Zhang ZT, Du XM, Ma XJ, Zong Y, Chen JK, Yu CL, et al. Activation of
the Nlrp3 inflammasome in lipopolysaccharide-induced mouse fatigue and
its relevance to chronic fatigue syndrome. J Neuroinflamm. (2016) 13:71.
doi: 10.1186/512974-016-0539-1

studies in  the

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Terrando N, Rei Fidalgo A, Vizcaychipi M, Cibelli M, Ma D, Monaco C, et
al. The impact of il-1 modulation on the development of lipopolysaccharide-
induced cognitive dysfunction. Crit Care. (2010) 14:R88. doi: 10.1186/cc9019
Elmquist JK, Scammell TE, Saper CB. Mechanisms of Cns response to
systemic immune challenge: the febrile response. Trends Neurosci. (1997)
20:565-70. doi: 10.1016/S0166-2236(97)01138-7

Valliéres L, Rivest S. Regulation of the genes encoding interleukin-6, its
receptor, and Gp130 in the rat brain in response to the immune activator
lipopolysaccharide and the proinflammatory cytokine interleukin-1beta. J
Neurochem. (1997) 69:1668-83. doi: 10.1046/j.1471-4159.1997.69041668.x
Huang Y, Henry CJ, Dantzer R, Johnson RW, Godbout JP. Exaggerated
sickness behavior and brain proinflammatory cytokine expression in aged
mice in response to intracerebroventricular lipopolysaccharide. Neurobiol
Aging. (2008) 29:1744-53. doi: 10.1016/j.neurobiolaging.2007.04.012
Cunningham C, Campion S, Teeling ], Felton L, Perry VH. The sickness
behaviour and cns inflammatory mediator profile induced by systemic
challenge of mice with synthetic double-stranded Rna (Poly I:C). Brain Behav
Immun. (2007) 21:490-502. doi: 10.1016/j.bbi.2006.12.007

Konat GW, Borysiewicz E, Fil D, James 1. Peripheral challenge with double-
stranded rna elicits global up-regulation of cytokine gene expression in the
brain. J Neurosci Res. (2009) 87:1381-8. doi: 10.1002/jnr.21958

Murray C, Griffin E W, O’Loughlin E, Lyons A, Sherwin E, Ahmed
S, et al. Interdependent and independent roles of type I interferons
and Il-6 in innate immune, neuroinflammatory and sickness behaviour
responses to systemic Poly I:C. Brain Behav Immun. (2015) 48:274-86.
doi: 10.1016/j.bbi.2015.04.009

Dinarello CA, Thompson RC. Blocking II-1: interleukin 1 receptor
antagonist in vivo and in vitro. Immunol Today. (1991) 12:404-10.
doi: 10.1016/0167-5699(91)90142-G

Thambisetty M, Simmons A, Velayudhan L, Hye A, Campbell ], Zhang Y,
et al. Association of plasma clusterin concentration with severity, pathology,
and progression in Alzheimer disease. Arch Gen Psychiatry. (2010) 67:739-48.
doi: 10.1001/archgenpsychiatry.2010.78

Song C, Wang H. Cytokines mediated inflammation and decreased
neurogenesis in animal models of depression. Prog Neuropsychopharmacol
Biol Psychiatry. (2011) 35:760-8. doi: 10.1016/j.pnpbp.2010.06.020
Garrido-Mesa N, Zarzuelo A, Galvez J. Minocycline: far beyond an antibiotic.
Br ] Pharmacol. (2013) 169:337-52. doi: 10.1111/bph.12139

Lu Q, Xiong J, Yuan Y, Ruan Z, Zhang Y, Chai B, et al. Minocycline
improves the functional recovery after traumatic brain injury via inhibition
of aquaporin-4. Int J Biol Sci. (2022) 18:441-58. doi: 10.7150/ijbs.64187
Kataoka Y, Yamato M, Miyashige Y, Tamura Y, Cui Y. Neuroinflammation
in animal models of fatigue. Adv Neuroimmune Biol. (2013) 4:237-44.
doi: 10.3233/NIB-130073

Yasui M, Yoshimura T, Takeuchi S, Tokizane K, Tsuda M, Inoue K, et al.
A chronic fatigue syndrome model demonstrates mechanical allodynia and
muscular hyperalgesia via spinal microglial activation. Glia. (2014) 62:1407-
17. doi: 10.1002/glia.22687

Uto T, Fujii M, Hou DX. Inhibition of lipopolysaccharide-induced
cyclooxygenase-2 transcription by 6-(methylsulfinyl) hexyl isothiocyanate, a
chemopreventive compound from wasabia japonica (Miq.) matsumura,
in mouse macrophages. (2005) 70:1772-84.
doi: 10.1016/j.bcp.2005.09.023

Okamoto T, Akita N, Nagai M, Hayashi T, Suzuki K. 6-methylsulfinylhexyl
isothiocyanate modulates endothelial cell function and suppresses leukocyte
adhesion. ] Nat Med. (2014) 68:144-53. doi: 10.1007/s11418-013-0784-x
Lohning A, Kidachi Y, Kamiie K, Sasaki K, Ryoyama K, Yamaguchi
H. 6-(methylsulfinyl)hexyl isothiocyanate (6-mitc) from wasabia japonica
alleviates inflammatory bowel disease (Ibd) by potential inhibition of glycogen
synthase kinase 3 beta (Gsk-3f). Eur ] Med Chem. (2021) 216:113250.
doi: 10.1016/j.ejmech.2021.113250

Nakatomi Y, Tamura Y, Kume S, Yamato M, Kataoka Y, Okamoto M. Anti-
inflammatory effect of 6-(methylsulfinyl)hexyl isothiocyanate from Wasabia
Japonica and the possible therapeutic effect on chronic fatigue syndrome
(Japanese). In: Proceedings of the 13th Japanese Conference on Fatigue Science
2017 May 27-28. Nagoya; Osaka: Tomono Printing Co., Ltd. (2017). p. 31.
Varesi A, Deumer US, Ananth S, Ricevuti G. The emerging role
of gut myalgic  encephalomyelitis/chronic  fatigue

Biochem  Pharmacol.

microbiota in

Frontiers in Neurology | www.frontiersin.org

June 2022 | Volume 13 | Article 890217


https://doi.org/10.1186/1742-2094-11-132
https://doi.org/10.1016/j.bbi.2018.05.021
https://doi.org/10.1186/s12974-021-02235-7
https://doi.org/10.2169/internalmedicine.6082-20
https://doi.org/10.1136/jnnp.56.6.679
https://doi.org/10.1016/j.jcv.2006.08.013
https://doi.org/10.12659/MSM.881699
https://doi.org/10.1007/s11011-019-0388-6
https://doi.org/10.1016/S0140-6736(06)68073-2
https://doi.org/10.1038/srep34990
https://doi.org/10.1007/978-3-030-57231-0_32
https://doi.org/10.1186/1471-2377-4-14
https://doi.org/10.1006/nimg.2002.1260
https://doi.org/10.1097/00001756-200412030-00002
https://doi.org/10.1371/journal.pone.0090950
https://doi.org/10.1016/j.molmed.2021.06.002
https://doi.org/10.1177/20499361211009385
https://doi.org/10.1016/S0306-4522(03)00365-8
https://doi.org/10.1186/s12974-016-0539-1
https://doi.org/10.1186/cc9019
https://doi.org/10.1016/S0166-2236(97)01138-7
https://doi.org/10.1046/j.1471-4159.1997.69041668.x
https://doi.org/10.1016/j.neurobiolaging.2007.04.012
https://doi.org/10.1016/j.bbi.2006.12.007
https://doi.org/10.1002/jnr.21958
https://doi.org/10.1016/j.bbi.2015.04.009
https://doi.org/10.1016/0167-5699(91)90142-G
https://doi.org/10.1001/archgenpsychiatry.2010.78
https://doi.org/10.1016/j.pnpbp.2010.06.020
https://doi.org/10.1111/bph.12139
https://doi.org/10.7150/ijbs.64187
https://doi.org/10.3233/NIB-130073
https://doi.org/10.1002/glia.22687
https://doi.org/10.1016/j.bcp.2005.09.023
https://doi.org/10.1007/s11418-013-0784-x
https://doi.org/10.1016/j.ejmech.2021.113250
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Tamura et al.

Animal Models for Treating Neuroinflammation

64.

65.

66.

67.

68.

syndrome (ME/CFS): current evidence and potential therapeutic
applications. J Clin  Med. (2021) 10:5077. doi: 10.3390/jcm102
15077

Anderson G, Maes M. Mitochondria and immunity in
chronic ~ fatigue  syndrome.  Prog  Neuropsychopharmacol  Biol
Psychiatry. (2020) 103:109976. doi: 10.1016/j.pnpbp.2020.
109976

Vestad B, Ueland T, Lerum TV, Dahl TB, Holm K, Barratt-Due A,
et al. Respiratory dysfunction three months after severe COVID-19 is
associated with gut microbiota alterations. J Intern Med. (2022) 291:808-12.
doi: 10.1111/joim.13458

Liu Q Mak JWY, Su Q, Yeoh YK, Lui GC, Ng SSS, et al. Gut
microbiota dynamics in a prospective cohort of patients with post-acute
COVID-19 syndrome. Gut. (2022) 71:544-52. doi: 10.1136/gutjnl-2021-
325989

Liu L, Wang EQ, Du C, Chen HS, Lv Y. Minocycline alleviates Gulf War
Illness rats via altering gut microbiome, attenuating neuroinflammation and
enhancing hippocampal neurogenesis. Behav Brain Res. (2021) 410:113366.
doi: 10.1016/j.bbr.2021.113366

Rogier R, Ederveen THA, Boekhorst J, Wopereis H, Scher JU, Manasson J, et
al. Aberrant intestinal microbiota due to IL-1 receptor antagonist deficiency

promotes IL-17- and TLR4-dependent arthritis. Microbiome. (2017) 5:63.
doi: 10.1186/s40168-017-0278-2

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Tamura, Yamato and Kataoka. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Neurology | www.frontiersin.org

June 2022 | Volume 13 | Article 890217


https://doi.org/10.3390/jcm10215077
https://doi.org/10.1016/j.pnpbp.2020.109976
https://doi.org/10.1111/joim.13458
https://doi.org/10.1136/gutjnl-2021-325989
https://doi.org/10.1016/j.bbr.2021.113366
https://doi.org/10.1186/s40168-017-0278-2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Animal Models for Neuroinflammation and Potential Treatment Methods
	Introduction
	Role of Neuroinflammation in Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS)
	Animal Models for Neuroinflammation
	Treatments for Neuroinflammation
	Conclusions
	Author Contributions
	Funding
	References


