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Role of inflammasomes in neuroinflammation after ischemic
stroke
Keun-Hwa Jung1, Seung-Yong Seong2
1
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2

Ischemic stroke is a devastating disease for which there is no effective medical treatment. In the era of extensive reperfusion strategies, established neuroprotectant candidates and novel therapeutic drugs with better targets are promising for treatment of acute ischemic stroke. Such
targets include the inflammasome pathway, which contributes significantly to the pathogenesis of ischemic stroke. Following ischemic stroke,
damage-associated molecular patterns from damaged cells activate inflammasomes, incur inflammatory responses, and induce cell death.
Therefore, inhibiting inflammasome pathways has great promise for treatment of ischemic stroke. However, the efficacy and safety of inflammasome inhibitors remain controversial, and better upstream targets are needed for effective modulation. Herein, the roles of the inflammasome in ischemic injury caused by stroke are reviewed and the potential of neuroprotectants targeting the inflammasome is discussed.

Keywords: Stroke, Inflammasomes, Inflammation, Ischemia

Introduction
Stroke is a leading cause of permanent disability and death,
causing a significant burden to the rapidly aging society [1].
Stroke occurs through a sudden compromise of cerebral blood
flow, which either results from occlusion or rupture of cerebral
vessels. The ischemic or hemorrhagic brain receives an insufficient supply of oxygen and glucose, leading to failure of cell respiration and cell membrane rupture. Because the regenerating
capacity of injured brain cells is limited, a preventive strategy is
crucial to improve the outcomes before irreversible damage occurs in individuals who have had a stroke. Currently, effective
medical therapies for acute ischemic stroke include tissue plasminogen activator (tPA) and neuroprotectants. The clinical use
of tPA is limited due to the narrow therapeutic window, hemorrhagic side effects, and reperfusion injury. Neuroprotectants are
anticipated to fill this gap; however, no drug has proven efficacious. Conventional neuroprotectants aim to prevent neuronal

death by intervening in intracellular or extracellular signals
without consideration of reperfusion at occluded vessels [2]. In
the absence of reperfusion, the effectiveness of neuroprotectants might be limited. Due to increasing opportunities for
reperfusion with endovascular thrombectomy, clinicians can
repurpose neuroprotectants with restoration of cerebral blood
flow.
Inflammatory processes occur during the course of cerebral
ischemia shortly after occlusion to the regenerative phase [3].
The inflammatory processes are considered sterile inflammation because they are augmented by damage-associated molecular patterns (DAMPs) rather than by pathogen-associated molecular patterns [4,5]. Sterile inflammation caused by DAMPs is
thought to play crucial roles in the pathogenesis of ischemic
stroke and might be a significant therapeutic target to protect
the brain from stroke-induced damage [6]. Inflammasome-mediated inflammation is a key mediator of sterile inflammation
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after ischemic stroke [7,8]. The strategy for inflammasome inhibition is very promising but needs further research regarding
the best scenarios for clinical application. Herein, the roles of
the inflammasome in ischemic stroke are reviewed and potential values and challenges of therapeutics targeting inflammasomes in ischemic stroke are discussed.

Inflammation in the pathogenesis of
ischemic stroke
Ischemic brain injury and inflammation

In the ischemic condition, brain cells undergo a complex cascade of cellular and molecular changes, including excitotoxicity,
oxidative stress, inflammation, and apoptosis, which lead to irreversible damage. Neurons are more vulnerable to ischemia
than are other brain cells [9]. The pathophysiological responses
to ischemia trigger one another in a positive feedback loop,
leading to innate immunity-induced sterile inflammation that
further promotes tissue damage during the acute phase [10].
Following cerebral ischemia, endothelial activation increases
blood-brain barrier (BBB) permeability and activation of inflammatory mediators, all which recruit peripheral inflammatory cells to the site of damage [11]. Infiltrating neutrophils and
macrophages release inflammatory cytokines, compromise
blood supply, and exacerbate brain damage [12]. Microglial activation and astrocyte proliferation further boost inflammatory
responses and regulate the viability of neurons [13,14]. Furthermore, the inflammatory response is not contained within the
ischemic core but is also observed around the peri-infarct region. This surrounding area is called the inflammatory penumbra, which might be a critical target for therapeutic intervention
[15].

Sterile inflammation pathway

Sterile inflammation is mediated by various neural cell types
and numerous receptors and downstream signaling molecules.
Ischemic neurons release DAMPs, which initiate sterile inflammation by binding to pattern recognition receptors (PRRs) on
inflammatory cells. DAMPs include adenosine triphosphate
(ATP), chromatin-associated protein high mobility group box 1,
heat shock proteins, and uric acid. PRRs are classified into transmembrane proteins such as toll-like receptors (TLRs) and
C-type lectin receptors, cytoplasmic proteins such as retinoic
acid-inducible gene-I-like receptors (RAGE) and nucleotide-binding oligomerization domain-like receptors (NLRs),
and DNA sensors localized in the cytoplasm and nucleus [16].
PPRs are expressed abundantly by astrocytes, microglia, neutrophils, and macrophages [17]. The DAMP-PRR interaction trig-
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gers production of tumor necrosis factor-alpha, interleukin-1
(IL-1), and IL-18 [18]. Microglia express high levels of PRRs,
which mediate proinflammatory signals activated by neurotoxic
substances such as DAMPs. Proinflammatory cytokines recruit
peripheral inflammatory cells, activate neighboring microglia,
and exacerbate secondary tissue damage [19].

Pyroptosis

Inflammatory programmed cell death is termed pyroptosis,
which is a key process in the pathology of ischemic stroke [20].
DAMPs stimulate inflammasomes, which are intracellular PRRs,
and mediate various downstream events such as maturation of
IL-1 and IL-18, activation of caspase-1 or caspase-4/5/11, and
activation of the effector protein gasdermin D (GSDMD) [21].
Activated GSDMD creates pores in the cell membrane, and subsequent swelling leads to lytic cell death and release of cytokines
and other cellular DAMPs [22]. Inflammasomes are activated in
neurons and astrocytes shortly after ischemic stroke and later
significantly in microglia [7]. Pyroptosis is a direct pathway for
ischemic neuronal death and releases various proinflammatory
cytokines into the extracellular space, which exacerbates neuronal death [23]. Modulating pyroptosis after ischemic stroke can
provide a new avenue for treatment of stroke.

Structure and activation of the inflammasome
The inflammasome was first described in 2002 as a central mediator of the innate immune response to tissue injury [24].
DAMPs trigger innate immune responses through various types
of PRRs present on the cell membrane or within cells. Inflammasomes are large, macromolecular, receptor-like structures
that act as a type of intracytoplasmic PRR [17]. The inflammasome complex comprises three domains; cytoplasmic PRR,
adaptor protein, and effector protein [25].
Intracytoplasmic PRRs include the NLR family and the pyrin
and HIN domain-containing (PYHIN) family. In the NLR family,
there are NLR pyrin domains containing 1 (NLRP1) and 3
(NLRP3), NLR family apoptosis inhibitory proteins, and NLR
caspase activation and recruitment domain (CARD) containing
4 (NLRC4); in the PYHIN family, the cytoplasmic PRR is absent
in melanoma 2 (AIM2) [26,27]. The adaptor protein is apoptosis-associated speck-like protein containing CARD (ASC), and
the effector protein is the inactive precursor of caspase-1 [25].
The NLR family has three domains, which include the C-terminal containing leucine-rich repeats (LRRs), central NACHT, and
N-terminal pyrin domain (PYD) [28]. The C-terminal domain is
involved in ligand sensing and stably interacts with hydropho-
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bic molecules, such as DAMPs. The central domain is implicated in oligomerization and assembly of inflammasome structures. The N-terminal domain supports PYD/PYD interactions
with ASC, and the attached ASC recruits procaspase-1 and generates active caspase-1 [29]. Different types of inflammasomes
sense DAMPs via specific or interactive activities, allowing detection of distinct molecular patterns of various tissue injuries.
Inflammasomes are activated by two processing steps (Figure
1). The first step is the priming phase that activates nuclear factor-kappa B (NF-κB) and mitogen-activated protein kinase
(MAPK) signaling pathways. Because the basal level of inflammasome is too low to respond to ligands [30], an initial priming
signal is required to increase transcription and translation of inflammasomal components. NF-κB and MAPK upregulate the
expression of inflammasome components. The second step is
the activation phase, which initiates the assembly of the inflammasome structure. During this step, inflammasomes initiate
homo- or hetero-oligomerization and recruit adaptor and effector proteins. Bruton’s tyrosine kinase (BTK) induces ASC phosphorylation and facilitates activation of the NLRP3 inflam-

masome [31]. An activated inflammasome complex induces
cleavage of procaspase-1, which leads to maturation of pro-IL-1
and pro-IL-18. Release of caspase-1, IL-1, and IL-18 initiates the
cascade of inflammatory programmed cell death that is pyroptosis (Figure 1). During pyroptosis, inflammasomes are released into the extracellular space and further amplify and prolong the inflammatory response, ultimately leading to cell death.

Involvement of inflammasomes in stroke
pathophysiology
Inflammasomes, which are abundantly expressed in brain cells,
recognize brain injury and modulate inflammatory responses in
an injury-specific manner. Ample evidence has shown involvement of inflammasomes in the pathogenesis of stroke [7,32-34].
Specifically, four inflammasomes, NLRP3, NLRP1, AIM2, and
NLRC4, have been investigated in various stroke models.

NLRP3

In the pathogenesis of ischemic stroke, NLRP3 has been the
most widely investigated inflammasome. The NLRP3 level is

Figure 1 Inflammasome structure and activation process

Intracellular signaling processes for action of inflammasome complex include priming and activating phases.
TLR, toll-like receptor; RAGE, retinoic acid-inducible gene-I-like receptors; P2X7R, P2X purinoceptor 7; NF-κB, nuclear factor-kappa B; MAPK, mitogen-activated protein kinase; NLRP3, nucleotide-binding oligomerization domain-like receptor pyrin domain containing 3; PYD, pyrin domain; CARD, caspase
activation and recruitment domain; ASC, apoptosis-associated speck-like protein containing CARD; mtDNA, mitochondrial DNA; ROS, reactive oxygen
species; IL, interleukin; GSDMD, gasdermin D.
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upregulated within 12 hours of ischemic stroke, peaks at 24
hours, and remains high beyond 48 hours [35]. Neurons express
NLRP3 in a constitutive manner but do not express IL-1β and
IL-18, indicating that NLRP3 can be assembled without its adaptor or effector proteins [36]. After ischemic stroke, NLRP3 is activated first in microglia and subsequently upregulated in endothelial cells and neurons [37]. NLRP3 regulates neuronal and
glial cell death after ischemic stroke through caspase-1 and
proinflammatory cytokines [28]. DAMPs derived from dying
neurons and mitochondrial reactive oxygen species (ROS) are
the major stimulants for upregulation and activation of NLRP3
in ischemic stroke [35]. Activation of NLRP3 triggers formation
of mature IL-1β and IL-18 by caspase-1 and matrix metalloproteinases signaling in a time-dependent manner following ischemic stroke. NLRP3 assembly and activation are based on two
serial phases associated with cell injury (Figure 1). First, a priming phase is required for upregulation of transcription and
translation of NLRP3-inflammasomal components and the proIL-1/pro-IL-18 through NF-κB and MAPK, which are activated
by various PRRs such as TLRs and RAGE and their downstream
signaling proteins [38]. Then, an activation phase follows the
priming phase and results in assembly of the NLRP3 inflammasome complex through multiple inducers including ATP, K+
efflux, ROS, mitochondrial DNA, calcium overload, and lysosome rupture [39,40]. ATP released through pannexin hemichannels in neurons or astrocytes activates P2X purinoceptor 7
(P2X7R), which mediates K+ efflux and amplifies the inflammasome pathway [41]. Mitochondrial ROS induce the ROS
scavenging thioredoxin-interacting protein, which activates
oligomerization of NLRP3 [42]. Notably, in recurrent stroke,
primed NLRP3 can exacerbate ischemic injury together with
preformed ASC [43]. Furthermore, NLRP3 has been suggested
to promote atherosclerotic inflammation and thereby increase
the risk of ischemic stroke [44].
Modulation of NLRP3 inflammasome activation at various levels could be the basis for possible therapeutic targets for ischemic stroke. Inhibition of NLRP3 inflammasome activation
through genetic depletion [45] or pharmacological inhibition
with a mitochondrial stabilizer [46], TPEN (a membrane-permeant zinc chelator) [47], or an anti-caspase-1 antagonist [33]
have been reported to attenuate acute ischemic stroke injury by
decreasing the inflammatory response, BBB leakage, edema, infarct volume, and functional deficit. However, reports on the
role of NLRP3 in the pathogenesis of ischemic stroke are conflicting. Denes et al. [32] showed that NLRP3 was not involved in
the acute phase of focal cerebral ischemia. Multiple inflammasome components such as NLRC4, AIM2, ASC, and CARD
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mediate inflammatory responses independent from NLRP3
during ischemic brain injury. IL-1β upregulation and peripheral
inflammatory cell infiltration are also independent of NLRP3.
Furthermore, the first event of ischemic stroke was associated
with NLRC4 and AIM2 but not with NLRP3 [43]. More recently,
specific inhibition of NLRP3 with MCC950 or depletion of
NLRP3 did not reduce ischemic brain damage [48]. There are
several explanations for this conflicting observation. Differences
in stroke models used, occlusion duration, and intervention
modality can modify the inflammatory response. In contrast to
NLRP3, AIM2 and NLRC4 do not require two-step processing
for activation [30,32] and can respond immediately to the first
ischemic hit. Following recurrent stroke, NLRP3 might be in an
activated state and ready to boost the inflammatory pathway
[43].

NLRP1

NLRP1 was the first inflammasome, characterized 20 years ago.
Oxygen and glucose deprivation increase NLRP1 expression in
neurons through ATP depletion [49]. The NLRP1 inflammasome
is expressed in neurons and astrocytes in a preassembled state
[25]. Furthermore, NLRP1 expression is increased markedly in
neurons and microglia following ischemic stroke [50]. Administration of an anti-NLRP1 antibody significantly reduces infarct
volume, indicating that NLRP1 plays a role in the pathogenesis
of ischemic stroke [7]. Although inflammasomes have some
overlap in function, the expression patterns differ based on cell
type, injury type, and time course of injury. The NLRP3 inflammasome is expressed mainly in microglia, which propagates the
inflammatory response [51]. However, the NLRP1 inflammasome is expressed in neurons, indicating that it mediates
neuronal pyroptosis [52]. Both NLRP1 and NLRP3 could be important targets to achieve effective neuroprotection via inhibition of neuronal pyroptosis and the inflammatory storm.

AIM2 and NLRC4

AIM2 and NLRC4 are regulated by various metabolic molecules
and play a pathogenetic role after ischemic stroke. The AIM2 inflammasome consists of the PYD and DNA-binding HIN domains, which interact with double-stranded DNA [53]. AIM2 is
involved in axonal and dendritic growth of neurons after ischemic stroke [54]. NLRC4 inflammasome is flanked by CARD, interacting with procaspase-1 [55]. NLRC4 is activated by bacterial
molecular patterns, such as flagellin [56], and by DAMPs under
hyperosmotic milieu, which might be associated with ischemic
stroke [57]. AIM2 and NLRC4 are activated to mediate the inflammatory response as well as pyroptotic cell death in microglia during ischemic stroke [58]. To investigate the role of inflam-
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masomes in the pathogenesis of ischemic stroke, genetic and
pharmacological strategies have been used. Following ischemic
stroke, inflammatory responses and infarct volumes were lower
in AIM2, ASC, or NLRC4 knockout mice than in wild-type mice,
indicating that AIM2 and NLRC4 contribute to brain damage after ischemic stroke [32].

Clinical evidence for involvement of
inflammasomes in ischemic stroke

Based on clinical stroke research, multiple inflammasomes are
involved in the pathogenesis of ischemic stroke. For example,
NLRP3 is expressed in human brain tissues after stroke. In addition, caspase-1, IL-1β, and IL-18 expression levels were upregulated in postmortem brain tissue of stroke patients [33,59]. In
addition to brain tissue, human serum and serum-derived extracellular vesicles were investigated to track inflammasome
component levels of caspase-1, ASC, IL-1β, and IL-18 [60]. The
research indicated that ASC in serum-derived extracellular vesicles is a potential biomarker in stroke, and the inflammasome
participates in pathogenesis of brain ischemia in humans.

Inflammasome as a therapeutic target in
ischemic stroke
Potential targets

The inflammasome is involved critically in a cascade of sterile
inflammation and irreversible cell damage during cerebral ischemia. Therefore, inhibition of individual or multiple inflammasomes would be an effective method for treating ischemic
stroke. The inflammasomes activate caspase-1, which transforms pro-IL-1 and pro-IL-18 into mature inflammatory cyto-

kines and interacts with other brain cells. This process is driven
by increased expression of inflammasome components, assembly, activation, and secretion. Therefore, upstream or downstream molecules regulating the inflammasome pathway are
promising targets as therapeutics to manage ischemic stroke
(Table 1). Specifically, NF-κB and MAPK signaling molecules;
proteins of the inflammasome complex; and BTK, IL-1β, IL-18,
and caspase-1 serve as potential targets. Because mitochondrial
ROS and DNA can trigger inflammasome activation, stabilization of mitochondrial permeability using nitric oxide might be
an effective method to suppress inflammasome-mediated inflammation [61]. In addition, ATP, pannexin hemichannels, and
P2X7Rs, which activate the inflammasome via K+ efflux, could
be effective targets for modifying the inflammasome pathway
[41].

Therapeutics under development

Several chemicals, including BAY-11-7082 (NF-κB inhibitor), SB
203580 (p38-MAPK inhibitor), probenecid (pannexin-1 inhibitor), CY-09, MCC950, glyburide (NLRP3 inhibitor), VX765 (selective inhibitor of caspase-1), brilliant blue G (P2X7R antagonist), ibrutinib (selective BTK inhibitor), and nitric oxide (mitochondrial stabilizer), have been explored for inhibitory effects
on the inflammasome pathway. Several of these compounds
showed promising therapeutic efficacy in animal models of
ischemic stroke and are under clinical translation [34,62-66]. In
addition, microRNAs, including miR-22 and miR-132, could influence the NLRP3 pathway via epigenetic modification [67].
Drugs on the market have been used in other ways than initially
designed to affect various levels of inflammasome pathways. For
example, intravenous immunoglobulins reduced NLRP1,

Table 1 Strategies to modulate or inhibit inflammasomes
Target
NF-κB
NLRP3
Mitochondrial membrane
ASC
Caspase-1
NLRP1
GSDMD
Bruton’s tyrosine kinase
P2X7
Pannexin channel
GPCR19

Agent
Bay‑11‑7082
MCC950, glyburide, CY-09, miR-22, miR-132
TPEN, nitric oxide
ASC antibody
VX-765, Ac-YVAD-cmk
NLRP1 antibody
Disulfiram, LDC7559
Ibrutinib (PCI-32765)
Brilliant blue G
Probenecid
INT-777

Action and outcome in the model
Inhibit priming signal of inflammasome
Inhibit NLRP3 oligomerization, but contradictory results in focal cerebral ischemia
Inhibit NLRP3 oligomerization
Inhibit expression of caspase-1 and XIAP
Inhibit caspase-1, IL-1β, and IL-18
Inhibit NLRP1 and downstream caspase-1 and IL-1β
Inhibit GSDMD-dependent cell lysis
Reduce IL-1β, IL-6, and microglia activation
Inhibit K+ efflux and inflammasome activity
Inhibit ATP binding, K+ efflux, and inflammasome activity
Activate GPCR19 and attenuate neuronal degeneration and oligodendrocyte
death

NF-κB, nuclear factor-kappa B; NLRP3, nucleotide-binding oligomerization domain-like receptor (NLR) pyrin domain containing 3; ASC, apoptosis-associated speck-like protein containing caspase activation and recruitment domain; XIAP, X-linked inhibitor of apoptosis protein; IL, interleukin; NLRP1, NLR pyrin domain containing 1; GSDMD,
gasdermin D; P2X7, P2X purinoceptor; ATP, adenosine triphosphate; GPCR19, G protein-coupled receptor 19.
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NLRP3, ASC, IL-1, and IL-18 expression, thereby improving
neurological outcomes of ischemic stroke [33]. The steroids
17β-estradiol and progesterone decreased the NLRP3, ASC, and
NLRC4 levels and reduced infarct volume [68]. Statin and melatonin have conferred an immunomodulatory effect in stroke
through inhibition of the NLRP3 inflammasome [69]. Edaravone, a free radical scavenger, suppressed NF-κB-dependent
NLRP3 activation and alleviated acute brain injury [70]. Natural
products, including resveratrol, paeoniflorin, curcumin, and
sinomenine, also improved neurological outcomes following
ischemic stroke by inhibiting the inflammasome pathway at
multiple levels [71].

GPCR19/TGR5 agonist

The G protein-coupled receptor 19 (GPCR19) is a membrane
-type receptor for bile acids and is termed G protein-coupled bile
acid receptor 1 or Takeda G protein-coupled receptor 5 [72].
GPCR19 is implicated in the regulation of energy homeostasis
and immune suppression by elevating intracellular cyclic adenosine monophosphate (cAMP) and subsequently increasing
anti-inflammatory growth factors and neuropeptides. Thus,
GPCR19 is regarded as a potential therapeutic target for metabolic disorders, ischemia-reperfusion injury, and inflammatory
diseases such as experimental autoimmune encephalomyelitis
[73]. Tauroursodeoxycholic acid (TUDCA), a bile acid conjugate,
binds to GPCR19 and mediates neuroprotection from acute
brain injury via anti-inflammatory effects [74]. The protective
effects of GPCR19 on BBB integrity have been demonstrated in
ischemic stroke. GPCR19 is expressed in neurons, astrocytes,
and microglia [75], and the GPCR19 level is increased in the
ischemic brain, especially in microglia. TUDCA suppressed microglial activation, induced TGF-β signaling, and inhibited NFκB activation [76,77]. INT777, a GPCR19 agonist, protected BBB
disruption and improved functional outcome after ischemic
stroke, whereas siRNA silencing of GPCR19 worsened BBB leakage and outcome [78].
A GPCR19 agonist is involved in the two-step pathway for
NLRP3 inflammasome activation; this agonist blocks both
NF-κB-dependent priming phase and ATP/P2X7R/K+ efflux-dependent NLRP3 activation phase [79]. An increased intracellular
cAMP level elicits ubiquitination of NLRP3, inhibiting NLRP3-ASC inflammasome complex formation. Furthermore, increase in cAMP suppresses bone marrow-derived myeloid cell
recruitment and blood cell infiltration into the brain [80]. Consequently, inhibition of the inflammasome pathway through activation of GPCR19 would be fast and robust, as well as selective
and safe. Thus, a GPCR19 agonist would be more advantageous
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than other inflammasome modifiers in ischemic stroke, especially because ischemic stroke is complicated by heterogeneous
mechanisms and patient comorbidities. As mentioned above,
because data regarding the efficacy of inflammasome inhibitors
in ischemic stroke are conflicting, an inflammasome modulator
with the most upstream target, GPCR19, is needed.

Future directions
The understanding of ischemic stroke mechanisms has significantly increased in recent years. The ideal therapeutic strategy
for ischemic stroke is reperfusion with intravenous thrombolysis
or endovascular thrombectomy followed by treatment with an
effective neuroprotectant such as antiexcitotoxic agent, free radical scavenger, anti-inflammatory agent, or a combination of
these. Sterile inflammation contributes significantly to ischemic
brain damage. Various types of inflammasomes are activated in
different cell types by early molecular inducers, such as DAMPs
and ROS, and act as central effectors of sterile inflammation,
leading to cell death through pyroptosis. Increasing evidence
has shown that blocking or inhibiting inflammasome signaling
pathways can rescue the ischemic brain. However, the efficacy
data were somewhat conflicting, and the benefits over other anti-inflammatory approaches remain unclear. Future studies
should focus on more effective targets in the inflammasome signaling pathway and optimal timing of drug administration. In
addition, it is necessary to identify the physiological function of
inflammasomes to balance the efficacy and potential adverse
effects. Furthermore, the effectiveness of inflammasome targeting might be influenced by patient characteristics such as age,
severity, stroke type, reperfusion status, tPA use, comorbidities,
or previous stroke. Therefore, the patient population that would
benefit most from inflammasome-targeted treatments should
be determined.
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COVID-19 and encephalitis
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The current coronavirus disease 2019 (COVID-19) pandemic is caused by severe acute respiratory syndrome coronavirus 2. Due to the increasing number of confirmed cases and accumulating clinical data, in addition to the predominant respiratory symptoms, a significant proportion of
patients with COVID-19 experience neurological complications. Presumedly, several mechanisms, such as direct viral effects on the brain parenchyma and endothelium, and activation of the inflammatory and thrombotic pathways, cause these neurological disorders. Herein, the literature
focusing on encephalitis among the central nervous system disorders associated with COVID-19 was reviewed.

Keywords: SARS-CoV-2, COVID-19, Encephalitis

Introduction
Severe acute respiratory syndrome coronavirus 2 (SARSCoV-2) infection is characterized by severe respiratory symptoms. In addition to these symptoms, a wide range of central
nervous system (CNS) complications in patients with coronavirus disease 2019 (COVID-19) have been reported [1,2].
SARS-CoV-2 infection also has the potential to specifically target the CNS, and some cases of encephalitis have been described in patients admitted to the intensive care unit (ICU)
for severe respiratory distress [3,4]. The occurrence of encephalitis during SARS-CoV-2 infection independent from
acute respiratory distress syndrome (ARDS) has been described in a few case reports, indicating CNS inflammatory-mediated involvement [5,6]. However, the neurotropism of
SARS-CoV-2 infection and the mechanisms leading to specific
brain involvement remain debatable [7–9]. Encephalitis can
be defined as inflammation of the brain parenchyma associated with neurologic dysfunction [10]. Patients diagnosed
with COVID 19–associated encephalitis have diverse clinical
neurological manifestations, including conscious-ness distur-

bance, epileptic attacks, and psychotic syndrome. Cerebrospinal fluid (CSF) tests revealed elevated protein, lymphocytes,
and cytokines. SARS CoV 2 can be detected in the CSF in certain individuals. Neuroimaging findings include hyperintense
signal changes in the white matter and enhancement of meninges on brain magnetic resonance imaging (MRI) [11]. In
the present article, several reports of encephalitis associated
with SARS-CoV-2 infection were reviewed to summarize the
data in the literature and related pathomechanisms.

Main Subjects
1. Overview of CNS complications associated with
SARS-CoV-2

In an observational study on CNS manifestations in COVID-19,
31%–69% of patients with severe COVID-19 and 21% with nonsevere COVID-19 complained of various CNS symptoms [1,4].
Dizziness (17%), headache (13%), impaired consciousness
(8%), acute stroke (3%), ataxia ( < 1.0%), and seizures ( < 1.0%)
were the main symptoms reported among hospitalized pa-
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tients [1]. Agitation (69%), confusion (65%), signs of corticospinal tract dysfunction (67%), and impairment of executive
function (36%) were frequent symptoms observed in 64 consecutive patients admitted to two ICUs due to ARDS caused
by COVID-19 [4]. In that series, at the time of hospital discharge, 33% of patients had a dysexecutive syndrome consisting of inattention, disorientation, and poorly organized responses to commands [4].
Retrospective, multicenter, case series studies were conducted in France; based on the analysis of 64 patients with
COVID-19 who underwent MRI for neurological symptoms,
stroke, leptomeningeal enhancement, and encephalitis were
the most common abnormal neuroimaging findings [12]. In
particular, encephalitis was present more often in younger
patients, and agitation was associated with leptomeningeal
enhancement [12]. In the case series reported from England,
COVID-19–related neurologic complications were classified
into the five categories of encephalopathies, encephalitis,
acute disseminated encephalomyelitis (ADEM), myelitis, and
ischemic stroke. Among these, the most common was encephalitis, followed by encephalopathies and ischemic stroke
[13]. Although differences exist among the reports, 20%–60%
of patients with COVID-19 had CNS manifestations, and the
neurologic symptoms were more frequent in cases of severe
respiratory infection. In a retrospective, observational study
on neurologic manifestations of 841 patients hospitalized for
COVID-19 at two centers in Spain, 57.4% of patients complained of some form of neurologic symptoms. In particular,
disorders of consciousness occurred more frequently in the
elderly and severely ill patients [14]. In addition, headache,
dizziness, taste and smell dysfunctions, and impaired consciousness were common symptoms in a systematic review of
COVID-19 and neurological manifestations, and impaired
consciousness was more frequent in severe or critical disease
courses [15].

2. Diagnosis of COVID-19 encephalitis

Although pathologic examination and testing of brain tissue
are considered the “gold standard” diagnostic test for encephalitis syndrome, in the absence of pathologic evidence of
brain inflammation, encephalitis has been defined based on
selected clinical, laboratory, electroencephalographic, and
neuroimaging features. The diagnosis of possible encephalitis
requires altered mental status and at least two minor criteria
associated with fever, CSF pleocytosis, MRI changes, electroencephalographic changes, new-onset seizures, or focal neurologic deficits [16]. Conversely, encephalopathy refers to a

encephalitisjournal.org

clinical state of altered mental status, manifesting as confusion, disorientation, behavioral changes, or other cognitive
impairments, with or without inflammation of brain tissue
[16]. Meningitis denotes involvement of the meninges. Clinically, meningitis is characterized by fever, headache, vomiting, and meningeal signs. CSF examination in meningitis
usually shows inflammatory changes [17].
According to reports of COVID-19–associated encephalitis,
most patients are diagnosed if CNS manifestations are observed, and hyperproteinorrachia and/or pleocytosis observed on CSF examination or MRI are suggestive of encephalitis. In a representative COVID-19–associated encephalitis
cohort study, positive CSF reverse transcription (RT) polymerase chain reaction (PCR) results for SARS-CoV-2 were rare
[18,19]. Standards for encephalitis diagnosis typically are performed by applying the standards for possible encephalitis as
previously mentioned. However, consideration of how encephalitis was diagnosed in each study is important.

3. COVID-19 encephalitis case report

The first reported case of SARS-CoV-2-related encephalitis
was of a 24-year-old Japanese male patient [20]. He was treated with laninamivir (anti-influenza inhaler; Daiichi-Sankyo,
Tokyo, Japan) for headache, fatigue, and fever in late February
2020, and his family found him with decreased consciousness
on day 9 after symptom onset. A generalized seizure occurred
in an ambulance en route to the hospital. Brain computed tomography (CT) showed extensive cerebral edema, and chest
CT showed small ground-glass opacities. CSF examination
showed a white blood count of 12/μL and a positive SARSCoV-2 PCR test; all other specimens were negative for SARSCoV-2 based on PCR tests. A hyperintense signal change was
observed in the right temporal lobe and hippocampus on
brain MRI. This was the first encephalitis case associated with
COVID-19 for which the patient was admitted for reduced
consciousness and seizure and where SARS-CoV-2 RNA was
detected in the CSF.
After the aforementioned case report, encephalitis cases associated with COVID-19 continued to be reported from different
countries [11]. The initial symptoms varied and included reduced consciousness, seizure attacks, psychotic symptoms,
and meningeal irritation signs. Most cases were diagnosed as
COVID-19–related encephalitis based on the accompanying
neurological symptoms observed during treatment after confirmed SARS-CoV-2 RT-PCR results from nasopharyngeal
swab samples. Increased protein and pleocytosis levels were
observed on CSF analysis, and 30% of the patients had posi-
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tive CSF SARS-CoV-2 RT-PCR results. Many case reports did
not include brain imaging, possibly due to the difficulty in
performing MRI in patients with COVID-19 in many centers
at the beginning of the pandemic. Cases with reported MRI
results showed subtle, nonspecific encephalitic changes or
normal more than specifically for COVID-19–related encephalitis. High-dose steroids or immunoglobulins were administered for treatment after diagnosis, and favorable outcomes
were reported for most cases, although death during treatment among elderly patients was reported [11].

4. COVID-19–associated encephalitis cohort study
The ENCOVID multicenter study
The ENCOVID multicenter study conducted in Italy was a
landmark cohort study in which the focus was on encephalitis
among the various COVID-19–related neurological complications [18]. This was a hospital-based, longitudinal cohort
study conducted in 13 neurological units in northern Italy between Lombardy and Veneto, to understand the relationship
between COVID-19 and CNS involvement. All patients consecutively admitted to the participating hospitals between
February 20, 2020, and May 31, 2020, with symptoms suggestive of encephalitis, were screened for inclusion. Venkatesan’s
criterion was used as the standard for encephalitis diagnosis
[16]. During the study period, 45 patients with encephalitis
were recruited, and an association with COVID-19 was observed in 32. Twenty-five cases with MRI, electroencephalography (EEG), and CSF results that could be analyzed with
clinical presentation, clinical course, response to treatment,
and outcome data were studied. CSF analysis confirmed hyperproteinorrachia and/or pleocytosis in 17 of 25 patients
(68.0%), and positive CSF RT-PCR for SARS-CoV-2 was confirmed in 14 patients but all were negative. ADEM was observed in three patients on MRI, two patients had limbic encephalitis (LE), seven patients had atypical encephalitis, and
13 patients had normal presentation. Patients with imaging
patterns for ADEM and LE had slower onset of symptoms and
more severe respiratory tract invasion. Furthermore, patients
with abnormal MRI findings had poor response to treatment.

Spanish Society of Neurology’s COVID-19 Registry
Another important cohort study was a report from Spanish
neurologists regarding neurological involvement in patients
with COVID-19 seen between March 17, 2020, and June 6,
2020 [19]. Among various neurological complications, this report was limited to encephalopathy and encephalitis. Neurological symptoms were observed in 232 patients, and patients
with encephalopathy or encephalitis accounted for 21.9% of
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the study cohort (n = 51). In addition, 39 cases of anosmia
(16.8%), 30 of headache (12.9%), 26 of seizures (11.2%), 61 of
neuromuscular disorder (26.2%), and 55 of cerebrovascular
disease (23.7%) were observed. The mean time between onset
of infection and onset of neurological symptoms was 8.0 days.
Lumbar puncture was performed in 60.8% of patients, with
positive PCR results for SARS-CoV-2 in only one case. Brain
MRI studies were performed in 47.0% of patients and alterations were detected in 7.8%. EEG studies were performed in
41.3% of cases and alterations were detected in 61.9%. Similar
to other reports, the rate of positive SARS-CoV-2 PCR results
was very low, and abnormal MRI findings were found in fewer
than 10% of cases. The authors reported that EEG was relatively sensitive and helpful for diagnosis.

5. Mechanisms of COVID-19–associated encephalitis

Similar to other well-recognized neuroinvasive human viruses, coronaviruses enter the CNS through three major routes:
transsynaptic propagation from the olfactory epithelium, endothelial angiotensin-converting enzyme 2 (ACE2) receptors
expressed in brain vessels, or crossing a leaky blood-brain
barrier (BBB) affected by systemically produced cytokines [9].

Neuronal pathway
Some human coronaviruses, including SARS-CoV-1, are considered neurotropic due to their capacity to enter the CNS via
the neuronal pathway [21]. Viruses present near the upper respiratory mucosal nerves infect the ends of the sensory and
motor nerves and induce retrograde or anterograde transport
via kinesins, dynein, and motor proteins [22]. In an intranasal
coronavirus infection study in mice, coronaviruses were confirmed to invade the CNS via the olfactory route and gradually
reach the brainstem and spinal cord through dispersion [23].
However, as mentioned in the above case series and cohort
study, few patients with COVID-19–related encephalitis had
positive CSF SARS-CoV-2 PCR results, and we do not believe
that neurological involvement via the neuronal pathway is
observed in all encephalitis cases.

Blood circulation pathway
Viruses can enter the CNS without infecting the nerves. The
human immunodeficiency virus infects leukocytes and can
enter the brain parenchyma via the infected leukocytes. These
“Trojan horse mechanisms” are possible because the infected
cells can pass through the BBB [24]. In addition, Japanese encephalitis viruses cause increased production of proinflammatory cytokines when they enter the bloodstream, and this
increases BBB permeability and accelerates CNS entry [25].
This mechanism is speculated to apply to SARS-COV-2 beencephalitisjournal.org
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cause SARS-COV-2 infections are frequently accompanied by
a severe systemic inflammation and an increase in cytokines,
and CNS invasion was reportedly positively associated with
the severity of respiratory symptoms in most cohort studies
[26]. Furthermore, ACE2 receptor expression on the BBB endothelium has been confirmed and can be considered a possible mechanism of CNS entry [6]. However, additional studies are needed to elucidate the mechanism of how SARSCoV-2 enters the CNS.

Immune-mediated injury to the CNS
SARS-CoV-2 is proposed to cause damage to the CNS by a
surge of inflammatory cytokines (mainly interleukin [IL]-6),
termed cytokine storm syndrome (CSS), in the same manner
as many neurotropic viruses are assumed to induce the production of IL-6 from glial cells, resulting in CSS [27]. In an in
vitro study, activated glial cells were observed to cause chronic inflammation and brain damage by producing proinflammatory cytokines such as IL-6, IL-2, IL-5, and tumor necrosis
factor-α [28]. SARS-CoV-2 infection of the CNS activates the
CD4+ cells of the immune system, which induce macrophages
to secrete IL-6 by producing granulocyte-macrophage colony-stimulating factor. IL-6 is a predominant component of
CSS and leads to multiple organ failure, which is a major
cause of fatality in COVID-19 [29]. This is supported by reports that treatment with tocilizumab (an IL-6 receptor blocker) resulted in improvement in critically ill COVID-19 patients
[30]. Therefore, CSS is a major mechanism used by SARSCoV-2 to indirectly damage the brain. In addition, CSF IL-1β,
IL-6, and ACE levels were elevated in a case series presenting
CSF inflammatory markers in patients with SARS-CoV-2–associated encephalitis. Based on the negative CSF PCR results
for SARS-CoV-2 and clinical improvement within three days
of symptom onset, the authors estimated the CNS dysfunction
in the patient to be a systemic hyperinflammatory response to
the virus. They also emphasized that, in this case, anti-IL
treatments such as anakinra (targeting IL-1) or tocilizumab
and siltuximab (targeting IL-6) would be useful for symptoms
of CNS involvement [31].

tive CSF SARS-COV-2 PCR results are rare in COVID-19–related encephalitis, other mechanisms than the neuronal pathway are likely involved. Responses to immunotherapy are favorable, and the prognosis is good. Brain MRI can show various patterns, such as ADEM and LE; however, in more than
half of cases, brain MRI findings appear normal. Therefore,
treatment should be decided after considering any neurological symptoms, hyperproteinorrachia and/or pleocytosis
found on CSF examination, and abnormal EEG findings. In
summary, due to the recent increase in cases, this article review can provide insight into the management of encephalitis
in patients with COVID-19.
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Changes in laboratory mice after observation of deceased
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Purpose
Suicidality can be a serious feature of psychiatric symptoms in encephalitis. Investigating the psychiatric behavior associated with suicidality in
animal models of encephalitis is important; thus, determining whether normal laboratory animals are aware of death is necessary.

Methods
To examine the behavioral and brain activity changes associated with death of conspecifics, laboratory mice were exposed to a cadaveric mouse
or an anesthetized mouse. Behavioral tasks associated with anxiety and locomotion were conducted after repeated exposure. Neural activity in
the medial prefrontal cortex during the cadaver exploration was investigated using electroencephalographic recordings.

Results
During repeated exposure, mice in the cadaver group showed a gradual decrease in time exploring the cadaver, which was not observed in mice
in the anesthesia group. The cadaver group also exhibited increased levels of anxiety in the light/dark transition and elevated plus maze tasks
and displayed increased locomotor activity in the open field test. In an electrophysiological study, different brain oscillations were observed when
mice were exposed to a cadaveric mouse and an anesthetized mouse. Enhanced delta-band activity and reduced theta- and alpha-band activities were observed during cadaver exploration.

Conclusion
The present study results showed that experiences involving dead conspecifics strongly affect mouse behavior and brain activity. These findings
may be helpful in treating patients with psychiatric symptoms and aid in understanding the concept of death recognition/awareness in laboratory animals.
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Introduction
Encephalitis can often be accompanied by emotional and psychological problems, such as anxiety, depression, and mood
swings. In antibody-mediated autoimmune encephalitis, such
as anti-N-methyl-D-aspartate receptor encephalitis, the degree
of psychiatric symptoms is severe. In addition, suicidality can be
a serious feature of psychiatric symptoms in encephalitis [1].
Therefore, studying suicidality in animals can be helpful in
treating patients with psychiatric brain disorders.
Many nonhuman mammalian species show unique responses
to dead conspecifics, such as remaining next to the deceased
conspecific, vocalizations, grooming, licking, or carrying the
body [2-6]. To date, whether these behavioral observations are
relevant to human behaviors regarding death, including
death-related psychological states (e.g., grief, mourning, bereavement, and lamentation) and fear or anxiety of mortality remains unclear. However, animals presumably exhibit such behaviors because they can distinguish between life and death
and recognize death as something other than living [3,7-10].
In the wild, animals may occasionally observe dying conspecifics or may encounter dead conspecifics due to events such as
aging, disease, or enemy attack. This experience may be traumatic as the animals come to recognize or become aware of
death. However, animals that live in a laboratory cannot have
such observational experiences involving dead bodies of their
conspecifics owing to animal welfare practices and the control
of experiments in accordance with the guidelines of the Institutional Animal Care and Use Committee [11]. Thus, whether laboratory animals can discriminate between living and dead conspecifics, and between life and death, remains unclear. If laboratory animals can process this distinction, their responses and
the importance of these experiences remain unclear. Answers to
these questions may provide basic information regarding animal thanatology and for suicidality studies in animals as well as
help elucidate the evolutionary origins of death-related behaviors.
Mice are commonly used experimental animals. They are highly
social and even display empathy-like behaviors toward each
other [12-15]. Thus, mouse models can be useful for assessing
the neurobiological correlates of death recognition. In the present pilot suicidality study, laboratory animals were used to determine how a dead body (cadaver) of a conspecific affected
mouse behavior and behavioral changes were compared with
those elicited using anesthetized mice. Furthermore, neural activity in the medial prefrontal cortex (mPFC) during cadaver ex-
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ploration was investigated using electrophysiological assessment in vivo.

Methods
Animals and treatments

Male C57BL/6 mice were used in the present study. Animals
were maintained with free access to food and water under a 12hour light/dark cycle. All experiments were approved by the Institutional Animal Care and Use Committee in Seoul National
University Hospital (SNUH-IACUC, No. 14-0210-S1A1) and animals were maintained in the facility accredited AAALAC International (#001169) in accordance with Guide for the Care and
Use of Laboratory Animals 8th edition (National Research
Council 2011). All efforts were made to minimize suffering. The
overall study consisted of two major experiments shown in
Figure 1A. Mice 10–12 weeks old were used as subject mice and
divided into two groups: (1) cadaver group, exposed to a cadaveric conspecific; (2) anesthesia group, exposed to an anesthetized conspecific. Age-matched male C57BL/6 mice that had
been used for other behavioral experiments and were scheduled to be sacrificed were used as cadaveric or anesthetized
mice. The mice scheduled to be used as cadaveric mice were
sacrificed using CO2 immediately prior to each experiment. The
mice scheduled to be used as anesthetized mice were deeply
anesthetized with an intraperitoneal injection of ketamine (70
mg/kg) and xylazine hydrochloride (10 mg/kg) immediately
prior to each experiment.

Social investigation of a cadaver and an anesthetized
mouse target

The experiment was performed as previously described [16]. A
single subject mouse was allowed to roam freely in a clean cage
(22 × 19 × 17 cm, 3-cm sawdust layer) for 10 minutes. The cages used were identical to cages in which the mice were normally
housed. After the 10-minute period, a cadaveric or anesthetized
male mouse (target mouse) was placed in the middle of the
cage. Then, the subject mouse was allowed to roam freely for 15
minutes (test session). Behavior toward the target mouse was
video-recorded for 15 minutes and the duration of contact
(sniffing, touching, and climbing) were measured and analyzed
for 5 or 10 minutes. A mouse was considered to be sniffing the
target mouse when its head was facing the target mouse within
1 inch. The cage, target mouse, and sawdust were changed for
every subject mouse. This experiment was repeatedly performed once a day for 3 days.
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Figure 1 Experimental design and social investigation of a cadaver
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(A) Simple schematic for the experiments: 1) Behavioral tasks after the social investigation of a cadaveric mouse target or an anesthetized mouse target for 3 days; 2)
electroencephalographic (EEG) recordings during the social investigation. (B, C) In the 3-day social investigation of a cadaveric mouse target or an anesthetized mouse target, the contact duration was assessed for the first 5 minutes (B) and 10 minutes (C) on each day. The duration of contact in the cadaver group, but not in the anesthesia
group, continued to decrease for 3 days, and the cadaver group showed reduced duration of contact compared with the anesthesia group.
EPM, elevated plus maze; LD, light/dark transition; OP, open field.
Comparison between the two groups: *p < 0.05, **p < 0.01; Student t-test. Comparison within each group: ##p < 0.01; one-way analysis of variance.

Elevated plus maze and light/dark transition

For assessment of anxiety, elevated plus maze and light/dark
transition tasks were performed as previously described
[13,16,17]. The elevated plus maze was made of plastic and consisted of two white open arms (25 × 8 cm), two black enclosed
arms (25 × 8 × 20 cm), and a central platform (8 × 8 × 8 cm) in
the form of a cross. The maze was placed 50 cm above the floor.
Mice were individually placed in the center with their heads directed toward one of the closed arms. The total time spent in
each arm or in the center was analyzed by video monitoring for
5 minutes. An arm entry was defined and counted when all four
paws crossed from the center into an arm and was used for
measuring the amount of time spent in each arm.
For the light/dark transition task, a light/dark box (30 × 45 × 27
cm) made of plastic comprised of a dark compartment (one
third of the total area) and light compartment with a hole in the
middle. The light compartment was illuminated at 400 lux. The
elapsed time to entry (all four paws) into the light compartment
(latency) and the amount of time (duration) spent in each compartment were measured over a 5-minute period by video monitoring.

Open field test

To assess locomotor activity, the open field test was performed
as previously described [13,18]. The open field box was made of
encephalitisjournal.org

white plastic (40 × 40 × 40 cm). Individual mice were placed in
the periphery of the field and the paths of the animals recorded
with a video camera. The total distance traveled for 10 minutes
was analyzed using a software program (EthoVision XT; Noldus
Information Technology, Wageningen, The Netherlands).

In vivo electrophysiology for electroencephalographic

Electroencephalographic (EEG) surgery and recording in vivo
were performed as previously described [13,18,19]. For EEG
monitoring during a social behavioral task, nine naïve mice
were subjected to EEG surgery 1 week before the experiment.
For surgery, the animals were anesthetized with an intraperitoneal injection of ketamine (90 mg/kg) and xylazine hydrochloride (40 mg/kg). Electrode implantation was performed using a
stereotaxic apparatus (Kopf Instruments, Tujunga, CA, USA).
EEG recordings were obtained with tungsten electrodes (0.005
in, 2 MΩ), positioned in the mPFC (anterior-posterior, −1.94 to
–1.70 mm; medial-lateral, 0.25–0.45 mm; and dorsal-ventral,
2.75 mm) from the bregma with grounding over the cerebellum.
The electrodes were fixed to the skull with cyanoacrylate adhesive and dental acrylic cement. After a 1-week recovery from
brain surgery, animals were placed in a small acrylic cage (15 ×
20 × 15 cm) and allowed to move freely in the cage. EEG recordings combined with video monitoring were performed simultaneously during the behavioral task on social investigation of a
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cadaveric conspecific or an anesthetized conspecific. Subject
mice were sequentially exposed to anesthetized or cadaveric
conspecifics at 15-minute intervals. The order of exposure to
targets was random. Two epochs (10 seconds each) of EEG signals during exploration of the conspecific by each mouse, from
1 to 3 minutes after the start of the behavioral task, were randomly selected and used for analysis. The five EEG frequency
bands, delta (1.5–4 Hz), theta (4–8 Hz), alpha (8–12 Hz), beta
(12–30 Hz), and gamma (30–60 Hz), were analyzed for EEG
power. The relative normalized power at each individual frequency was presented as a fraction of the sum of powers at all
frequencies. The electrical activities were recorded after amplification ( × 12,000), bandpass filtering from 0.1 to 100 Hz, and digitization at a 400 Hz sampling rate (AS 40) with a digital electroencephalography system (Comet XL; Astro-Med, Inc., Warwick,
RI, USA). EEG-video data obtained were analyzed offline using
PSG Twin (Astro-Med) and Clampfit (Axon Instruments, Foster
City, CA, USA).

Statistical analysis

All data are presented as means ± standard error of the mean.
Analysis of variance (ANOVA) was used to conduct multiple
comparisons of means. Student t-test was performed to determine statistical differences between two means. A p-value <
0.05 was considered statistically significant.

Results
Reduced social investigation of cadaver

To determine how laboratory mice are affected by a dead conspecific, mice were first allowed to explore a dead conspecific
(cadaver). The social investigative activity was assessed as duration of contact with the target (a cadaver or an anesthetized
mouse). On the first day, the cadaver (exposed to a cadaveric
conspecific) (n = 17; 147.88 ± 15.65 seconds over 5 minutes,
Figure 1B; 232.93 ± 33.04 seconds over 10 minutes, Figure 1C)
and anesthesia groups (exposed to an anesthetized conspecific)
(n = 13; 145.32 ± 9.56 seconds over 5 minutes, Figure 1B; 199.45
± 19.56 seconds over 10 minutes, Figure 1C) spent a similar
amount of time in contact with their targets. However, on the
second day, the cadaver group (114.72 ± 11.96 seconds over 5
minutes, Figure 1B; 170.08 ± 21.46 seconds over 10 minutes,
Figure 1C) showed a significantly shorter contact duration than
the anesthesia group (170.85 ± 21.89 seconds over 5 minutes, p
< 0.05, Student t-test, Figure 1B; 301.20 ± 42.81 seconds over 10
minutes, p < 0.01, Student t-test, Figure 1C). Similarly, on the third
day, the cadaver group (76.92 ± 10.78 seconds over 5 minutes,
Figure 1B; 114.85 ± 15.60 seconds over 10 minutes, Figure 1C)
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showed a significantly shorter contact duration than the anesthesia group (116.25 ± 15.52 seconds over 5 minutes, p < 0.05,
Student t-test; Figure 1B; 178.78 ± 19.15 seconds over 10 minutes, p < 0.05, Student t-test; Figure 1C). Notably, the contact duration in the cadaver group gradually became shorter from day 1
to day 3 (F2, 48 = 7.50, p < 0.01, one-way ANOVA, Figure 1B; F2, 48
= 5.83, p < 0.01, one-way ANOVA, Figure 1C); however, the anesthesia group showed no difference (F2, 36 = 2.85, p = 0.07, oneway ANOVA; Figure 1B) or increase on day 2 (F2, 36 = 4.85, p <
0.05, one-way ANOVA; Figure 1C). The results indicated that exploratory activities differed depending on social targets and
mice respond to a dead conspecific in a manner different from
their response to a living anesthetized conspecific.

Cadaver group showed increased anxiety levels and
locomotor activity

After the 3-day exposure experiment, the cadaver and anesthesia groups were subjected to elevated plus maze, light/dark
transition, and open field tests to assess anxiety and locomotion.
In the elevated plus maze task (Figure 2A), both the cadaver (n
= 17, 10.00 ± 2.78 seconds) and anesthesia groups (n = 13, 7.35
± 2.49 seconds) spent less time in the open arms than the control group (n = 17, 24.62 ± 3.02 seconds, F2, 43 = 11.10, p <
0.001, one-way ANOVA). In addition, the cadaver (251.96 ± 6.54
seconds) and anesthesia groups (261.72 ± 4.56 seconds) spent
more time in the closed arms than the control group (229.84 ±
5.91 seconds, F2, 43 = 7.67, p < 0.01, one-way ANOVA). Significant differences were not observed between the cadaver and
anesthesia groups.
In the light/dark transition task (Figure 2B), the cadaver group (n
= 16, 165.80 ± 25.10 seconds) displayed a longer latency in the
light compartment compared with the control group (n = 17,
93.09 ± 16.74 seconds, p < 0.05, Student t-test). Furthermore,
the cadaver group displayed longer and shorter amounts of time
in the dark (cadaver, 257.93 ± 10.78 seconds; control, 226.03 ±
7.64 seconds, p < 0.05, Student t-test) and light compartments
(cadaver, 42.07 ± 10.38 seconds; control, 73.97 ± 7.64 seconds,
p < 0.05, Student t-test), respectively, compared with the control
group. However, the anesthesia group spent a similar amount of
time in each compartment compared with the control group.
To assess locomotor activity, an open field test was performed.
Mice in the cadaver group traveled a greater distance (n = 15,
3,758.78 ± 106.85 cm) than mice in the control group (n = 17,
3,323.42 ± 95.95 cm, p < 0.01, Student t-test). However, mice in
the anesthesia group (n = 13, 3,395.06 ± 90.06 cm) traveled a
distance similar to mice in the control group.
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Figure 2 Behavioral alterations in mice exposed to a cadaver
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significantly enhanced delta-band activity and reduced thetaand alpha-band activities in the mPFC relative to their activities
during exploration of an anesthetized conspecific (p < 0.05,
Student t-test; Figure 3B). Normalized power spectrum analysis
of another EEG signal epoch also showed a similar result (Figure
3C). The results indicated that mice showed different brain activities toward cadaveric and anesthetized conspecifics and can
distinguish live from dead bodies.
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(A) Elevated plus maze task: the cadaver and anesthesia groups spent less and
more time in the open and closed arms, respectively, than the control group. There
was no difference between the cadaver and the anesthesia groups. Comparison
among groups: ##p < 0.01; one-way analysis of variance. (B) Light/dark transition
task: the cadaver group, but not the anesthesia group, showed a longer latency to
enter the light compartment, spent less time in the light compartment, and spent
more time in the dark compartment than the control group. There was no difference between the control and the anesthesia groups. Comparison with control
group: *p < 0.05; Student t-test. (C) Open field test: the cadaver group, but not the
anesthesia group, exhibited an increase in total distance traveled in the open field
box compared with the control group. There was no difference between the control
and anesthesia groups. Comparison with control or anesthesia group: **p < 0.01;
Student t-test.

Taken together, these results demonstrated that mice exposed to
a cadaveric conspecific had increased levels of anxiety and locomotor activity compared with naïve control mice or mice exencephalitisjournal.org

In the wild, animals may frequently encounter dead bodies and
observe the death of their family members. These experiences,
together with education from family or social groups, may help
animals understand or become aware of death and may cause
them to exhibit specific behavioral responses to the dead (or to
react differently to dead bodies), such as remaining near or carrying the deceased conspecific, as well as vocalizations, grooming, or licking [2-6].
Death-related behavior in primates has been reported in several
studies [27-31]. For example, a daughter chimpanzee was reported to groom and stay with her mother’s body, and to sleep
fitfully, for a few days after her mother’s death [32]. In addition,
elephants reportedly have a generalized response to a dead
body or death [33-35]. Elephants gather around a dead conspecific, manipulate the body with their feet and trunks, and often
stand vigil for several days, which may indicate their awareness
of death [33]. Numerous reports have been published of
death-related behavior in other animals, such as giraffes [36],
dogs [37], and whales or dolphins [38,39]. Thus, animals, specifically social mammalian species, can distinguish between life
and death; however, what a dead body signifies to these animals
is unknown.
In the present study, the effects of a dead body on a laboratory
mouse that has never previously encountered a dead conspecific and likely has not received any education regarding death
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Figure 3 Differences in brain oscillations of mice exposed to a
cadaveric mouse target and to an anesthetized mouse target

A
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B

1 sec
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(A) Sample traces of electroencephalographic (EEG) signals from mouse medial
prefrontal cortex neurons during investigations of the cadaveric and anesthetized
mouse targets. (B, C) Power spectra analyses of two epochs of EEG signal: power
spectra analyses revealed that mice showed increased delta-band activity and
reduced theta- and alpha-band activities when they explored a cadaveric mouse
target than when they explored an anesthetized mouse target.
Comparison between the two targets in each band: *p < 0.05, **p < 0.01; Student t-test.

from its family (parents or cagemates) were investigated. Exposure to a cadaveric conspecific rendered mice more anxious
than exposure to an anesthetized conspecific. In the social investigation experiment, differences were not observed in contact time between the cadaver and anesthesia groups on the first
day; however, differences were observed on the second and
third days. If mice had an innate fear of dead bodies, mice exposed to a cadaveric conspecific should have exhibited reduced
contact time compared with mice exposed to an anesthetized
conspecific on the first day. The presence or smell of a predator
provokes immediate innate fear in rodents such as rats and
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mice. Mice avoid the location of the predator, even when they
have never been exposed to it and have no prior learning experience [40]. However, on the second and third days, mice exposed to the cadaveric conspecific displayed reduced contact
duration compared with mice exposed to an anesthetized conspecific. Thus, initially the dead body was likely a novelty, and
source of curiosity, rather than a source of innate fear. Unlike exposure to an anesthetized mouse, the odor from a dead body
can cause increased level of anxiety and locomotion and reduced contact duration.
Although difference was not observed in the contact duration
between the two groups on the first day, mice might have suspected a problem with the cadaver and acquired some information regarding the cadaver during the first investigation; they exhibited different neural activities in the mPFC when investigating a cadaveric conspecific or an anesthetized conspecific in the
electrophysiological experiment. The mice may have learned to
fear or experienced anxiety from repeated exposure to cadaveric
conspecifics on the second and third days. However, the mice
may simply have lost interest more quickly in a body that was
dead compared with an alive but anesthetized body. In addition, whether the fear of a cadaveric conspecific in this study included fear of mortality could not be determined [41,42]. Further experiments are needed to determine whether exposure
to a cadaveric conspecific or exposure to potential death is
recognized as a fearful situation or source of anxiety in mice.
In addition, further studies using familiar mice, such as cagemates or siblings, as cadavers may significantly advance the
understanding of the neural basis of death-related behavior in
animals.
In the present study, several experiments were performed to determine how exposure to a cadaveric conspecific affects laboratory mice and what relevance it has. Notably, exposure to the
cadaveric conspecific rendered laboratory mice fearful or anxious, and changed their brain activities. Encountering the dead
body of a conspecific may be a traumatic experience for laboratory mice and they may acquire fear of a cadaver without experiencing an innate fear of death. Finally, the results indicated
that laboratory mice can learn about death through fear or anxiety induced by exposure to a cadaveric conspecific. Although
whether laboratory mice learned or became aware of death
through investigation of a cadaver conspecific is unknown, experiments using animal cadaveric conspecifics may provide information and facilitate further studies of brain disorders such
as suicidality and psychosocial behaviors.
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Progressive multifocal leukoencephalopathy successfully treated
with mefloquine and literature review
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Progressive multifocal leukoencephalopathy (PML) is an opportunistic infection due to reactivation of John Cunningham virus (JCV). The diagnosis depends on evidence from clinical, imaging, and virologic studies. When the cerebrospinal fluid shows a negative polymerase chain reaction
result, brain biopsy is required to confirm the diagnosis. PML has no standard treatment except for immune reconstitution. The anti-JCV effect of
mefloquine, however, is supported by some studies, and if brain biopsy is difficult, a mefloquine trial can be considered. We describe a case of
possible PML successfully treated with mefloquine.

Keywords: Progressive multifocal leukoencephalopathy, JC virus, Mefloquine

Introduction

Case Report

Progressive multifocal leukoencephalopathy (PML) is a rare
fatal infection caused by John Cunningham virus (JCV) that
usually occurs in immunocompromised patients. Since any
area of the brain can be involved, PML shows diverse clinical
features. The diagnostic criteria of PML are comprised of evidence from clinical, imaging, and virologic studies [1].

A 52-year-old male patient visited the emergency department
with a 2-week history of positional vertigo, a 3-day history of
tinnitus, ear pressure, and hearing loss in the left ear. He denied other neurologic symptoms. He had a history of coronary
stent insertion for myocardial infarction and living-donor kidney transplantation for end-stage renal disease of unknown
etiology. He was taking prednisolone 5 mg daily with mycophenolate mofetil 360 mg twice a day.

PML has no approved treatment except for immune reconstitution. Although in vitro studies and some case reports suggest an anti-JCV property of mefloquine [2-22], the efficacy of
mefloquine for JCV is controversial [23,24]. We describe a
possible PML case with negative cerebrospinal fluid (CSF)
polymerase chain reaction (PCR) for JCV that was successfully
treated with mefloquine.

Neurologic examination revealed Weber lateralization to the
right side, bilateral nasolabial fold blunting, and truncal ataxia. However, other cranial nerves, motor, sensory, and cerebellar function tests, and the otoscope examination were unremarkable. The initial impression was multiple cranial nerve
palsy. Brain magnetic resonance imaging (MRI) revealed bilateral facial nerve enhancement (left > right) and subtle flu-
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id-attenuated inversion recovery (FLAIR) hyperintensity and
T1 hypointensity in the left temporal white matter (Figure 1A
and B).
He was admitted to the otorhinolaryngology department with
the initial impression of Ramsay-Hunt syndrome. The patient
received intravenous dexamethasone 4 mg every 6 hours for 4
days, oral methylprednisolone 40 mg for 10 days, and famciclovir 500 mg for 7 days. Intratympanic dexamethasone was
administered three times in the left ear and twice in the right
ear, but the administration aggravated the patient’s bilateral
sensorineural hearing loss.
He was referred to the neurology department and was admitted with the impression of encephalitis of infectious or autoimmune etiology. CSF examination showed marginal pleocytosis (leukocytes, 8 cells/µL; lymphocytes, 75%; others, 25%)
with a normal protein level (39 mg/dL) and negative results
for the Gram stain, bacterial culture, and cryptococcal antigen
(Table 1). Valacyclovir 1,000 mg twice a day for 1 week and in-

travenous immunoglobulin G (IgG) 2 g/kg over 5 days were
prescribed. The corticosteroid dose was tapered to oral prednisolone 10 mg daily. CSF PCR revealed a positive result for
Epstein-Barr virus (EBV) and negative results for mycobacteria, cytomegalovirus, herpes simplex virus, varicella zoster virus (VZV), and JCV. The result of serum JCV PCR was positive.
EBV viral capsid antigen (VCA) IgG was positive, but EBV VCA
IgM was negative. Early antigen and EBV nuclear antigen tests
were not conducted (Table 1).
After 2 weeks of antiviral treatment, follow-up brain MRI
showed FLAIR hyperintensity and T1 hypointensity in the
subcortical white matter of the left temporal lobe and dorsal
pons (Figure 1C and D). The imaging findings suggested
lymphoproliferative disease or PML. Whole-body positron
emission tomography was performed to rule out the possibility of lymphoproliferative disease and revealed no abnormal
hypermetabolism, which would suggest malignancy. In the
meantime, an initial workup that included ganglioside antibodies, antinuclear antibody, antineutrophil cytoplasmic an-

Figure 1 Hyperintensity in the subcortical white matter was seen in the fluid-attenuated inversion recovery sequence of the
brain magnetic resonance imaging.
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Left inferior temporal gyrus (A) and left superior temporal gyrus (B) on the initial image; and left inferior (C) and superior temporal gyrus and left dorsal pons (D) before mefloquine treatment. Decreased hyperintensity in the left temporal areas (E, inferior; F, superior) after mefloquine treatment.
IV, intravenous; ITDI, intratympanic dexamethasone injection; IVIg, IV immunoglobulin G.
a)
Clinical improvement with remnant neurologic deficit.
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Table 1 Laboratory results of blood and cerebrospinal fluid of the patient
Lab finding
Blood
White blood cell (/μL)
Hemoglobin (mg/dL)
Platelets ( × 103/μL)
Absolute neutrophil count (/μL)
C-reactive protein (mg/L)
Sodium (mEq/L)
Potassium (mEq/L)
Albumin (g/dL)
Glucose (mg/dL)
EBV PCR
JCV PCR
VZV PCR
Cerebrospinal fluid
Cell count (/μL)
Polymorphonuclear cell (%)
Lymphocytes (%)
Other cells (%)
Protein (mg/dL)
Glucose (mg/dL)
FTA-ABS
JCV PCR
EBV PCR

Initial visit

Second admission

6 wk after mefloquine

Normal range

4.78
9
214
3824
0.06
138
4.2
3.6

8.51
8.3
196
7829
0.01
139
4.5
3.0
216
Positive
Positive
Negative

7.98
13.8
365
1.3
0.02
133
3.8
4.4

4–10
12–16
130–400
1–5
0–0.5
135–145
3.5–5.5
3.3–5.2
70–110

8
0
75
25
39
69
Nonreactive
Negative
Positive

NA

NA

NA
Negative
NA
0–5

15–45
40–70
Nonreactive
Negative
Negative

EBV, Ebstein-Barr virus; PCR, polymerase chain reaction; NA, not available; JCV, John Cunningham virus; VZV, varicella zoster virus; FTA-ABS, fluorescent treponemal antibody absorption.

tibody, angiotensin-converting enzyme level, aquaporin-4
IgG, myelin oligodendrocyte glycoprotein IgG, vitamin B12,
and folate level showed that these levels were normal. He was
diagnosed with possible PML. Because of the patient’s poor
response to the antiviral agent and the results of his extensive
diagnostic workup, we excluded other differential diagnoses,
including VZV leukoencephalopathy, central nervous system
(CNS) vasculitis, and lymphoproliferative diseases.
Nevertheless, the corticosteroid was tapered to prednisolone
10 mg equivalent, brain MRI showed increased extent of the
FLAIR hyperintensity lesion, and pure-tone audiometry (PTA)
showed progressive bilateral sensorineural hearing loss. Since
steroid tapering was not sufficient to halt disease progression,
mefloquine 250 mg/day for 3 days was introduced and maintained at 250 mg every week. After mefloquine treatment, his
neurologic deterioration stopped, and no other focal neurologic deficit, other than the presenting sensorineural hearing
loss, appeared. In the 6-week follow-up MRI, previous white
matter lesions were markedly decreased, and serum JCV PCR
was negatively reversed (Figure 1E and F). Initially, we
planned maintenance treatment with mefloquine to continue
encephalitisjournal.org

until radiologic remission or confirmed recovery of hearing.
However, the maintenance therapy of mefloquine 250 mg/
week was administered for only 8 weeks due to the patient’s
refusal. At his nadir, he was only able to follow simple commands, but after treatment, his sensory aphasia improved to
almost normal and his cognitive function improved to independent activities of daily living. A change in his hearing deficit, however, was not assessed due to the patient’s refusal for
PTA follow-up.

Discussion
PML is prevalent in immunocompromised patients. Although
JCV infects more than 50% of the adult population, its replication is suppressed by antigen-specific T cells in immune-competent individuals [1]. In an immune-compromised subject,
however, JCV can replicate in oligodendrocytes and astrocytes
causing lytic necrosis, which is a key factor in the pathophysiology of PML [25].
No single criterion has been established for the diagnosis of
PML. The American Academy of Neurology suggests that cli-
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High JCV DNA titer of brain biopsy
specimen
Large confluating asymmetric white matter Negative PCR for Positive PCR for JCV on the biopsy
hyperintensities lesions in the frontal and
JCV
material
parietal lobes

Viral inclusion in enlarged
oligodendroglial nucleus
Large infected oligodendrocytes with
inclusion-bearing dark nuclei
Negative PCR for
JCV
Negative PCR for
JCV

Negative PCR for Chromatin margination and viropathic
JCV
change within oligodendrocytes

Negative PCR for Polyomavirus particles on EM
JCV

NA
NA
Aphasia, dyscalculia,
hyperesthesia of the R
arm, and headache
van der Kolk et al., 2016 49/M
[29]

44/M
Lee et al., 2019 [28]

Methotrexate,
adalimumab
HAART
Progressive L hemiplegia Rheumatoid arthritis
and global decline
Dysphagia, memory
AIDS
disturbance, Seizure
75/F
Babi et al., 2015 [27]

Follicular lymphoma
Progressive dysarthria
and R hemiparesis
Silverio et al., 2015 [22] 69/M

Chemotherapy

Nonenhancing and faintly enhancing
ribbon-like lesion
Multiple confluent foci of FLAIR
hyperintensity involving the inferior R and L
frontal lobes, as well as periventricular
regions
Asymmetric subcortical FLAIR HIS involving
R frontoparietal subcortical WM
Multifocal patchy lesions involving
subcortical region of both frontal,
R temporoparietal, L thalamus, striatocapsular regions

Compatible with MS
RRMS

L side hypesthesia and
dysesthesia
48/F

Prednisolone

CSF study
MRI finding
Treatment
Comorbidity

Kuhle et al., 2011 [26]

In the present case, although the virologic evidence was not
fulfilled, clinical and imaging findings led to the impression of
PML. Immunosuppressants were tapered but failed to halt

Age (yr) Presenting symptom
/sex

Other strategies are based upon in vitro studies. Mirtazapine
or atypical antipsychotics were expected to inhibit viral entry
into cells blocking 5HT2A receptors, which is a cellular receptor for JCV. For these medications to be validated as treatment
options for PML, their toxicity should be tolerable in the therapeutic range, and the drugs should be delivered to the CNS.
In vitro studies suggest that mefloquine not only has an anti-JCV property by inhibiting viral DNA replication but also
sufficiently penetrates the blood brain barrier [2]. Moreover,
these in vitro studies are supported by several case reports of
PML successfully treated with mefloquine [3-22,37]. In
PubMed, at least 21 case reports published in English were
available, and these cases even included treatment without
additional immune reconstitution therapy [3-22,37] (Table 3).
Some clinical studies failed to show the clinical efficacy of
mefloquine [23], but some points must be considered. A large
clinical trial of PML is difficult due to its rarity. In addition, it
seems that ABCB1/MDR1 gene polymorphism has an important role in pharmacokinetics and efficacy [24], contributing to
the negative results of the trial [23].

Study

The only approved treatment of PML is immune reconstruction. This approach is based on the fact that PML is one of opportunity infections. The removal of immunosuppressants in
treatment-related PML and antiretroviral therapy in human
immunodeficiency virus-associated PML are good examples.
Treating PML with immune checkpoint inhibitor is also a
similar strategy [36].

Table 2 Summary of case report of progressive multifocal leukoencephalopathy with false-negative PCR in CSF

nicians diagnose PML based on evidence from clinical, neuroimaging, and virologic studies [1]. Given these criteria, the
definite or probable PML case requires positive CSF JCV PCR
or histopathologic evidence in brain biopsy. However, several
reports describe negative CSF JCV PCR cases that were finally
diagnosed as PML [3,22,26-34]. In a search on PubMed, at
least 11 case reports published in English were available, and
each case was biopsy-proven [3,22,26-34] (Table 2). Some new
diagnostic criteria of PML have been proposed to overcome
this limitation [35]. Our case had clinical and imaging features
supporting PML and was categorized as possible PML. Other
possibilities, like CNS vasculitis and VZV leukoencephalopathy, were excluded through an extensive diagnostic workup. A
brain biopsy was required to confirm the diagnosis of PML;
nonetheless, brain biopsy was spared in this patient due to its
invasiveness and empirically treated as PML.

Brain biopsy
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Comorbidity

31/F

74/F

50/M

Landry et al. 2008 [33]

Sikkema et al., 2013
[34]

Garrote et al., 2015 [3]

Multiple sclerosis
treated with high-dose
corticosteroid and
plasma exchange

MRI finding

Fludarabine, mitoxantrone, dexamethasone

Allogenic bone marrow transplantation

Occasional nuclei with a basophilic
ground glass appearance, suggestive
of inclusions

T2 hyperintensity in bilateral parietal and
occipital lobules including internal capsule

T2HSI lesions in L thalamus/
mesencephalon, R subcortical frontal lobe

Reactive astrocytes with polymorphic
nuclei and prominent nucleoli

Loss of myelin in
immunohistochemistry

Negative PCR for Infiltration of the brain tissue by foamy
JCV
macrophages and mature lymphocytes
with perivascular clustering

Polyomavirus particles in EM finding
Negative PCR for Reactive gliosis and in the middle of a
JCV
cell with a viral nuclear inclusion

PCR, polymerase chain reaction; CSF, cerebrospinal fluid; MRI, magnetic resonance imaging; F, female; M, male; R, right; L, left; RRMS, relapse and remitting multiple sclerosis; MS, multiple sclerosis; JCV, JCV, John Cunningham virus; EM, electron microscopy; FLAIR, fluid-attenuated inversion recovery; HIS, high signal intensity; AIDS, acquired immune deficiency syndrome; HAART, highly active antiretroviral therapy; NA; not available; NHL,
non-Hodgkin lymphoma; GVHD, graft versus host disease; alloHCT, allogeneic hematopoietic cell transplantation; BMT, bone marrow transplantation; HIES, hyper immunoglobulin E (IgE) syndrome; IVIg, intravenous IgG;
DLBCL, diffuse large B-cell lymphoma; RCHOP, rituximab, cyclophosphamide, hydroxydaunorubicin, oncovin, and prednisone.

Fludarabine,
cyclophosphamide
and rituximab

RCHOP

Brain biopsy

Negative PCR for Extensive demyelination, presence of
JCV
naked axons, reactive gliosis, and
lipid-laden macrophages

CSF study

The presence of viral particles typical
of the papovavirus group in multiple
cells in EM
Multifocal T2HSI lesions including L frontal, Negative PCR for Multiple enlarged, basophilic nuclei of
parietal, and occipital lobes
JCV for twice
infected oligodendrocytes intranuclear
accumulation of spherical and
filamentous viral particles typical of
the papovavirus group
Multifocal T2HSI lesion in L parieto-occipital Negative PCR for Abnormal astrocytes with
area
JCV
hyperchromaticnuclei, and
oligodendrocytes with enlarged nuclei
and “ground glass”' appearance
Atypical T2HSI pattern
Negative PCR for Demyelination, myelin-debris-laden
JCV
foamy macrophages, enlarged nuclei
but no definitive intranuclear
inclusions in oligodendroglial cells
and no bizarre astrocytes

GVHD prophylaxis T2 hyperintensity in periventricular white
with methotrexate, matter clustered within the L centrum
ztacrolimus, alloHCT semiovale

Treatment

Job’s syndrome (HIES) IVIg

Follicular lymphoma

Progressive symptoms of DLBCL
motor imbalance, fatigue,
weight loss, and impaired
cognitive function
Visual disturbance,
Chronic lymphocytic
diminished muscular
leukemia
strength in the R arm and
vesicular-papular lesions
in the L ophthalmic
branch region of the V
cranial nerve

L facial palsy and
L sided weakness

Progressive memory
loss and R visual
disturbances

63/M

Vidarsson et al., 2002
[32]

Myelodysplasia and
NHL

Confusion and
Follicular NHL
disorientation, dysnomia and secondary
and progressive R upper myelodysplasia
extremity weakness →
seizure → receptive
aphasia, R hemiparesis,
and cortical blindness

Progressive confusion,
dysarthria, and visual
disturbance

51/M

Age (yr) Presenting symptom
/sex

51/M
Chowdhary and
Chamberlain 2008 [31]

Kharfan-Dabaja et al.,
2007 [30]

Study
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50/M

67/M
68/M

Garrote et al., 2015 [3]

Shin et al., 2014 [4]
Nishigori et al., 2019 [5]

Bilateral temporoparietal lobe

Ishikawa et al., 2018 [7]
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40/F

66/M

51/M

66/F

Sanjo et al., 2016 [13]

Yoshida et al., 2014 [14]

Yoshida et al., 2015 [15]

Shirai et al., 2014 [16]

32/F

Nakayama et al., 2020 [21] 73/F

Ikeda et al., 2017 [20]

37/F

R frontal lobe

53/M

Epperla et al., 2014 [12]

Ishii et al., 2018 [19]

L MCP and cerebellar lesion

39/M
72/M

60/M
74/F

R frontoparietal subcortical white matter
L frontal lobe

57/M

Young et al., 2012 [11]

Hirayama et al., 2011 [17]
McGuire et al., 2011 [18]

R BG, thalamus, R frontal WM

54/F
51/M

Gofton et al., 2011 [9]
Hervás et al., 2015 [10]

+

-

-

-

NA

+

+

+

+

-

-

+

L MCP, cerebellar hemisphere, brainstem

NA

Bilateral cerebral peduncles, internal
capsule, corpus callosum, and deep white
matter of the L frontal lobe and bilateral
periventricular area
L frontal lobe
NA

Bilateral frontoparietal lobe
R frontal lobe

L frontal lobe

L frontal, parietotemporal and R parietal
lobes
R occipital and L frontal lobes

Bilateral parieto-occipital subcortical and
deep white matter
R cerebellum and brainstem
Bilateral MCPs and R frontal subcortical
white matter

Nambirajan et al., 2017 [8] 44/M

36/M

R MCP and cerebellar hemisphere

Hamaguchi et al., 2020 [6] 68/M

Mefloquine and
cotrimoxazole
Mefloquine
Intravenous
methylprednisolone
and mefloquine
Mefloquine

Mefloquine and
dexamethasone
Mefloquine
Mefloquine and
mirtazapine
Mefloquine and
mirtazapine
Mefloquine and
mirtazapine

Treatment for PML

SLE treated with oral prednisolone,
tacrolimus and cyclophosphamide
pulse
ET treated with ruxolitinib

Mefloquine and
mirtazapine

Mefloquine and
mirtazapine

Mefloquine
Mefloquine and
mirtazapine
Follicular lymphoma treated with CCRT Mefloquine, risperidone,
and cytarabine
GVHD treated with calcineurin
Mefloquine and
inhibitor and steroid
mirtazapine
Chronic hepatitis C after liver
Mefloquine
transplantation, GVHD on tacrolimus
and rapamycin
Chronic hepatitis B with hepatocellular Mefloquine and
carcinoma
methylprednisolone
SLE, DM, SSc
Mefloquine and
mirtazapine
Sarcoidosis
Mefloquine
Idiopathic isolated CD8+
Mefloquine and
T-lymphocytopenia
mirtazapine
SLE treated with prednisolone,
Mefloquine
mycophenolate mofetil

HIV on HAART
CLL s/p splenectomy

HIV on HAART

Sarcoidosis on steroid
RRMS treated with natalizumab

SLE, HLH on prednisolone,
cyclosporin A, rituximab,
cyclophosphamide, mycophenolate
mofetil
-

CLL treated with rituximab,
fludarabine, cyclophosphamide
IgAN on prednisone
RA treated with prednisolone, and
methotrexate for 9 years
RA, SLE on prednisolone, tacrolimus

Lesion
Comorbid diseases
enhancement and treatment

Bilateral parietal and occipital lobules, and internal capsule
R Parietal lobe
Bilateral MCPs, pons and cerebellum
+

Age (yr) MRI lesion
/sex
(T2/FLAIR hyperintensity)

Study

Table 3 Summary of case report of PML successfully treated with mefloquine

7

1

5

4
NA

2

3

NA

NA

1.5

NA
1

3

6
1

1

3

5

NA
6

NA

(Continued to the next page)

Some improvement

Marked improvement

Some improvement

Marked improvement
Some improvement

Some improvement

Some improvement

Marked improvement

Marked improvement

Marked improvement

Marked improvement
Marked improvement

Marked improvement

Marked improvement
Marked improvement

Marked improvement

Marked improvement

Marked improvement

Marked improvement
Marked improvement

Marked improvement

Interval between the
initial symptom onset Clinical outcome
and diagnosis (mo)
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Marked improvement
2
L medial thalamus, hypothalamus, mesen- cephalon, and tegmentum pontis
56/M
Kurmann et al., 2015 [37]

encephalitisjournal.org

PML, progressive multifocal leukoencephalopathy; MRI, magnetic resonance imaging; FLAIR, fluid-attenuated inversion recovery; M, male; F, female; CLL, chronic lymphocytic leukemia; NA, not available; R, right; L, left; IgAN,
immunoglobulin A nephropathy; MCP, middle cerebellar peduncle; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus; HLH, hemophagocytic lymphohistiocytosis; RRMS, relapse and remitting multiple sclerosis;
BG, basal ganglia; WM, white matter; HIV, human immunodeficiency virus; HAART, highly active antiretroviral therapy; s/p, status post operation; CCRT, concurrent chemoradiation therapy; GVHD, graft versus host disease;
DM, dermatomyositis; SSc, systemic sclerosis; ET, essential thrombocytopenia; CVID, common variable immune deficiency; IVIg, intravenous immunoglobulin.

Some improvement
2

Mefloquine and mirtazapine
Mefloquine and mirtazapine
Follicular lymphoma treated by rituximab, Pulmonary sarcoidosis
CVID on IVIg
L inferior frontal lobe to corona radiata
69/M
Silverio et al., 2015 [22]

Study

Table 3 Continued

Age (yr) MRI lesion
/sex
(T2/FLAIR hyperintensity)

Lesion
Comorbid diseases
enhancement and treatment

Treatment for PML

Interval between the
initial symptom onset Clinical outcome
and diagnosis (mo)
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the disease progression, and mefloquine treatment was administered.
According to pharmacokinetic studies, the biologic half-life of
mycophenolate, prednisolone/methylprednisolone, and intravenous Ig were reported as 9 to 17 hours, 12 to 36 hours,
and 14 to 35 days, respectively [38-40]. Since 4 half-lives is
usually considered sufficient time to reach the steady state, it
seems that the half-lives of the corticosteroid and mycophenolate mofetil are too short and the half-life of intravenous Ig
is too long to explain our patient’s delayed and prolonged
treatment response 1 month after onset. Therefore, with all
these confounding factors including other immune-related
medication changes, it is reasonable to conclude that mefloquine led to improvement of the PML.
Therefore, physicians can learn two points from this case. A
negative CSF JCV PCR does not always rule out PML. Moreover, when PML is clinically highly suspicious and brain biopsy is difficult, a mefloquine trial can be considered as an option.
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Acute brainstem encephalitis associated with Mycoplasma
pneumoniae in an adult: a case report
Min-Hee Woo, Jung-Won Shin
Department of Neurology, CHA Bundang Medical Center, CHA University, Seongnam, Korea

Brainstem encephalitis (BE) associated with Mycoplasma pneumoniae in adults is rare, and the diagnosis is challenging. We describe an uncommon case of BE in an immunocompetent patient. A 43-year-old, otherwise healthy woman visited our emergency department with high fever
and a sore throat, and 3 days later she returned with an altered drowsy mental status. Magnetic resonance imaging displayed diffuse swelling in
bilateral cerebral regions involving the bilateral pons. The sera tested positive for the immunoglobulin (Ig) M antibody against M. Pneumoniae as
detected by an enzyme immunoassay (EIA), and on hospital day 10, the level of IgM index against M. pneumoniae further increased from 1.5 to
2.1. We changed the antibiotic regimen from vancomycin and ceftriaxone to clarithromycin based on detection of M. pneumoniae, and we added intravenous immunoglobulin. After one month, the patient fully recovered from the neurological deficits. A follow-up brain magnetic resonance
imaging was performed, which showed completely resolved lesions. Particle agglutination assay (PA) and EIA are both largely used to diagnose
M. pneumoniae. Compared to the PA test, the EIA test could be a reliable tool because it separately measures IgM and IgG antibodies. We diagnosed BE associated with M. pneumoniae through EIA with an increasing level of IgM in the acute and subacute paired sera. Early treatment
with macrolide antibiotics resulted in a good outcome.

Keywords: Encephalitis, Mycoplasma pneumoniae, Immunoenzyme techniques, Routine diagnostic tests

Introduction
The etiologies of brainstem encephalitis (BE) can be divided
into infectious and autoimmune. The most common infectious causes are Listeria, enteroviruses, and herpes viruses [1].
Among these causes, central nervous system (CNS) infection
with Mycoplasma pneumoniae is rarer in adult than in pediatric patients. CNS manifestations related to infection with M.
pneumoniae are variable, and a positive serological result in an
adult may simply reflect carriage or previous encounters with
M. pneumoniae, making the diagnosis of BE associated with M.
pneumonia particularly challenging in adult patients [2].
We report a case of BE associated with M. pneumoniae in an
immunocompetent adult patient who was diagnosed based
on an increased level of specific immunoglobulin (Ig) M anti-

body against M. pneumoniae through enzyme immunoassays
(EIAs) after we compared levels between the acute phase and
the convalescent sera. The patient recovered without any sequelae despite initial severe neurological deficits.

Case Report
A 43-year-old, otherwise healthy woman visited our emergency department with high fever and a sore throat. She was discharged after symptom control, but 3 days later she returned
with an altered, drowsy mental status (Glasgow coma scale,
4). Her body temperature was 38°C, and the initial laboratory
tests showed mild leukocytosis with slightly elevated C-reactive protein. A lumbar puncture was performed, and cerebrospinal fluid (CSF) analysis showed minimal pleocytosis (white
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blood cells, 3 cells/mm3) with a slightly elevated protein concentration of 46 mg/dL. The brain magnetic resonance imaging (MRI; T2-weighted and fluid-attenuated inversion recovery) displayed high signal intensities in the bilateral medial
temporal cortices and posterior pons, more prominent in the
left than the right (Figure. 1). We immediately administered
intravenous (IV) ceftriaxone, vancomycin, acyclovir, and
dexamethasone. On hospital day 3, IVIg was also administered since autoimmune encephalitis could not be ruled out.
On hospital day 4, the patient’s mental status recovered, but
the patient complained of diplopia. The specific serological
IgM test via EIA for M.pneumoniae was positive (1.5), and IgG
was not detected. IgM measured by Chorus Trio instruments
(DIESSE Diagnostic, Monteriggioni, Italy). The Chorus instrument expresses the result as an index (ratio between the optical density value of the test sample and that of the cutoff )

which can be used as a quantitative measure, as it is proportional to the amount of specific IgM present. The test serum
can be interpreted as follows: positive, when the ratio is > 1.1;
negative, when the ratio is < 0.9; equivocal, for all values between 0.9 and 1.1. The results of IgG antibodies were expressed in AU/mL. To exclude extrapulmonary manifestations
due to M. pneumoniae and other infectious conditions, we
conducted echocardiography, neck sonography, and chest
and abdominal pelvic computed tomography with contrast.
The above examinations disclosed no abnormal findings. The
antibiotic regimen was changed to clarithromycin due to infection with M. pneumoniae. Routine CSF Gram stain, bacterial cultures, and polymerase chain reaction (PCR) tests
showed negative results for herpes simplex, varicella zoster,
cytomegalovirus, Epstein-Barr virus, Mycobacterium, and M.
pneumoniae. Tests for autoimmune antibodies (anti-N-meth-

Figure 1. T2-weighted and fluid-attenuated inversion recovery axial images

A

B

C

D

E

F

T2-weighted and fluid-attenuated inversion recovery axial images demonstrating diffuse swelling (red arrows) during the bilateral cerebral swelling that involved the bilateral
pons at admission (A, B, and C) and improvement 1 month after treatment (D, E, and F).
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yl-D-aspartate receptor [NMDAR], -LGI1, -CASPR2, -AMPA1,
-AMPA2, -GABAB-R, -Hu, -Yo, -Ri, -Ma2, -CV2/CRMP5, and
-amphiphysin) in the CSF and serum were negative. Additionally, serum anti GQ1b, GM1, and GD1b IgM antibodies
were negative. On hospital day 10, the serum IgM value for M.
pneumoniae increased to 2.1, and the IgG test remained negative. On hospital day 14, the patient’s symptoms of diplopia
and ataxic gait further improved. Therefore, we did not consider other immunotherapies, and antibiotic treatment was
used for a total of 2 weeks. After 1 month, the patient fully recovered from the neurological deficits, a follow-up brain MRI
was performed, which showed completely resolved lesions
(Figure 1).
Written informed consent was obtained from the patient for
publication of the case and any accompanying images.

Discussion
In this case report, we presented a middle-aged adult patient
with BE associated with M. pneumoniae infection who was diagnosed via positive IgM tests in which increased levels were
demonstrated in acute and convalescent sera with an EIA.
The patient was successfully treated with clarithromycin and
IVIg.
M. pneumonia is a well-known cause of respiratory tract disease, and extrapulmonary manifestations are also common
[3]. It is frequently associated with encephalitis, especially in
children. Lerer and Kalavsky [4] found that 53% of patients
with CNS disease associated with M. pneumoniae were aged
between 6 and 20 years. Only a few cases have been reported
in adults above middle age, and one of these patients received
an immunosuppressive agent [5-7]. Encephalitis caused by M.
pneumoniae cannot be reliably diagnosed in adults for the
following reasons; the incidence rate is low, no clinical or radiologic signs which could indicate a mycoplasma etiology of
CNS disease exist, and a clear diagnostic marker in the CSF is
absent. The detection rate of M. pneumoniae by PCR test in
the CSF of patients with M. pneumoniae encephalitis is relatively low (0%–14%), and serologic tests are indispensable [2].
In addition, due to the high prevalence of M. pneumoniae infection, one measurement of high serum antibody titers may
simply indicate carriage or a previous infection [8]. On the
other hand, a reliable diagnosis may be achieved by using
paired patient sera to detect seroconversion and/or an increase in antibody titers. The gold standard for diagnosis is a
four-fold increased Ig titer in particle agglutination assays (PA)
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or complement fixation tests [2]. An EIA test can separately
detect IgG and IgM to distinguish current from past infections. Several commercial EIA kits are now available, and in
some studies, the EIA method had moderate-to-high sensitivity and specificity [2]. Furthermore, correlation of M. pneumoniae IgM values obtained by various IgM assays with PA titers
was also noted [9]. In our case, the level of IgM was increased
in paired sera, and the diagnostic value of an increasing titer
should be confirmed in additional validation studies.
The pathogenesis of encephalitis associated with the respiratory pathogen M. pneumoniae is not well understood. A direct infection of the CNS and an immune-mediated process
have been previously discussed [2]. Given several cases of
Guillain-Barré syndrome [10], Bickerstaff BE [11], and
NMDAR associated with Mycoplasma spp. infection[12], the
immune response to M. pneumoniae in the CNS can be an
important factor that contributes to encephalitis [6]. Therefore, the development of new diagnostic tools, such as those
which detect antibodies against M. pneumoniae in the CSF,
are necessary.
M. pneumoniae lacks a cell wall, and beta-lactate antibiotics
are not suitable to treat the infection. Doxycycline, a macrolide, can be used, and corticosteroids may be beneficial according to a recent review of severe cases [2].
We diagnosed BE associated M. pneumoniae infection
through EIA with an increasing titer of IgM in acute and subacute paired sera. Early treatment with macrolide antibiotics
resulted in a good outcome for our patient. Additionally, IVIg
was administrated for 5 days and might have supported her
recovery. Immunomodulators, such as corticosteroids or Igs,
should be beneficial for the most severe case, including encephalitis [13]. Considering the pathogenesis of immune-mediated processes, further studies on the efficacy of immunomodulatory treatment are necessary.
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sequence: title page, abstract and keywords, introduction, case
report(s), discussion, acknowledgments, references, tables,
figure legends, and figures. Case reports are limited to 2,000
words (excluding the abstract, references, tables, and legends),
and references should not exceed 30. A maxi- mum of 5 figures
or tables are allowed.

2.3.4. Perspective
• A perspective is a report of the authors’ viewpoint on a specific
subject of interest to our readers as a commissioned paper at
the request of the editor(s).
• Little or no new original information is included, and there is
limited literature analysis. A perspective is a report of the authors’ viewpoint on a specific subject of interest to our readers
as a commissioned paper at the request of the editor(s).

2.3.5. Letter to the Editor
• Constructive criticism of a specific thesis published by encephalitis is welcome.
• Letters to the editor may be in response to a published article
or a short, free-standing piece expressing an opinion. If the letters to the editor is in response to a published article, the Editor-in-Chief may choose to invite the article’s authors to write a
reply. No abstraction is required. The letter should be 1,000
words or less (excluding references and figure legends) with a
maximum of 5 references. A maximum of 2 figures including
tables is allowed.

2.3.6. Editorials
• Editorials are invited by the editor and should be commentaries on articles in the current issue. Editorial topics could include active areas of research, fresh insights, and debates in all
fields considered to be of interest to encephalitis readers. Editorials should not exceed 1,000 words, excluding references,
tables, and figures. References should not exceed 5. A maximum of 3 figures including tables is allowed.

Table 1. Specification for publication types
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Type of article

Abstract (word)

Text (word)a)

Reference

Original article

Structured, 250

5,000

50

8

Review article

250

5,000

200

Not limited

Perspective

Not required

3,000

30

0

Case report

250

2,000

30

5

Letter to the editor

Not required

1,000

5

2

Editorial

Not required

1,000

5

3

Table & figure
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