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Abstract
Seven coronavirus (CoV) species are known human pathogens: the epidemic viruses SARS-CoV, SARS-CoV-2, and MERS-
CoV and those continuously circulating in human populations since initial isolation: HCoV-OC43, HCoV-229E, HCoV-HKU1,
and HCoV-NL63. All have associations with human central nervous system (CNS) dysfunction. In infants and young children,
the most common CNS phenomena are febrile seizures; in adults, non-focal abnormalities that may be either neurologic or
constitutional. Neurotropism and neurovirulence are dependent in part on CNS expression of cell surface receptors mediating
viral entry, and host immune response. In adults, CNS receptors for epidemic viruses are largely expressed on brain vasculature,
whereas receptors for less pathogenic viruses are present in vasculature, brain parenchyma, and olfactory neuroepithelium,
dependent upon viral species. Human coronaviruses can infect circulating mononuclear cells, but meningoencephalitis is rare.
Well-documented human neuropathologies are infrequent and, for SARS, MERS, and COVID-19, can entail cerebrovascular
accidents originating extrinsically to brain. There is evidence of neuronal infection in the absence of inflammatory infiltrates with
SARS-CoV, and CSF studies of rare patients with seizures have demonstrated virus but no pleocytosis. In contrast to human
disease, animal models of neuropathogenesis are well developed, and pathologies including demyelination, neuronal necrosis,
and meningoencephalitis are seen with both native CoVs as well as human CoVs inoculated into nasal cavities or brain. This
review covers basic CoV biology pertinent to CNS disease; the spectrum of clinical abnormalities encountered in infants,
children, and adults; and the evidence for CoV infection of human brain, with reference to pertinent animal models of
neuropathogenesis.
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Mammalian coronaviruses have well-documented ability to
damage the central nervous system (CNS), and most recently,
concerns have been raised that severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) may be neuroinvasive.
Neurologic manifestations in up to 84% of patients hospital-
ized with COVID-19 have been described in series from
China and France (Mao et al. 2020; Helms et al. 2020).
Symptoms related to olfactory dysfunction have been
interpreted as evidence of CNS involvement (Eliezer et al.
2020). There has been speculation that CNS infection contrib-
utes to respiratory failure in COVID-19 disease, similar to the
“Ondine’s curse” of bulbar polio, in which virally mediated

damage to brainstem autonomic centers causes alveolar
hypoventilation during sleep, when volitional control of
breath is absent (Li et al. 2020; Baig et al. 2020). Opposite
interpretations of these phenomena have been expressed. It
has been noted that patients with COVID-19 pulmonary dis-
ease display hypoxia-driven, type 1 respiratory rate increases,
and not decreased respiratory rates indicative of centrally me-
diated type 2 failure (Turtle 2020; Young et al. 2020).
Olfactory abnormalities have been considered a reflection of
peripheral nasopharyngeal, and not CNS, dysfunction (Mao
et al. 2020). Encephalopathy with the severe respiratory, met-
abolic, and immunologic derangements of critical illness, and
not viral neuroinvasion, may account for non-focal neurologic
manifestations (Pleasure et al. 2020). These issues of interpre-
tation make it appropriate to address the following question:
are concerns about the potential neurotropism and
neurovirulence of SARS-CoV-2 warranted? To answer this
question, it would seem helpful to examine the evidence for
nervous system involvement by coronaviruses in general, both
in man, and with the supporting evidence of animal models
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that are relevant to neuropathogenesis. Accordingly, this re-
view will cover aspects of basic coronavirus biology relevant
to nervous system disorders; the types of neurologic syn-
dromes that have been observed in man; the evidence for
virally mediated human neuropathogenesis, whether by direct
CNS involvement, or indirect immunologic and vascular
mechanisms; and when pertinent, how our understanding of
coronavirus neuropathogenesis in animals is relevant to hu-
man disease.

Basic biology of coronaviruses

Coronaviruses are a large and expanding family of membrane-
enveloped, positive sense, single-strand RNA viruses, with
genomes ranging in molecular weight from 25 to 32 kb.
They are roughly 120 to 140 nm in diameter, inclusive of
spike (S) proteins that protrude from their envelopes to a
height of approximately 20 nm, producing the corona-like
appearance on electron microscopy (EM) that gives the family
its name. An excellent review of the viral and cellular biology
of coronaviruses can be found in Fields Virology (Perlman
and Masters, 2020). Within the subfamily Coronavirinae,
there are four genuses—alpha, beta, gamma, and delta—
defined by intra-genus conservation of seven domains in the
viral replicase/transcriptase; within each genus, species are
defined by a minimum of 90% amino acid sequence homolo-
gy in these conserved regions (Perlman and Masters 2020).

Currently, with one exception, mammalian coronaviruses
are members of the alpha and beta genuses (Table 1). The
global distribution of coronavirus species is “driven” by bat
populations, which constitute the major viral reservoir. In re-
gions of the world where bats are highly diverse, such as
portions of Asia and Africa, host switching is the dominant
mechanism of viral evolution (Anthony et al. 2017). Thus,
zoonotic transmission to man has higher likelihood in these
geographic areas, as host switching is its predicate. There are
currently seven known human coronaviruses (Table 1); al-
most all have zoonotic origins, or are known to circulate in
animals (Anthony et al. 2017; Andersen et al. 2020). Animal
surveillance has been suggested as a useful technique in com-
batting epidemic viruses: for example, both SARS-CoV and
SARS-CoV-2 can infect and replicate in domestic cats, with
transmission from infected to uninfected cats occurring
through respiratory droplets (Martina et al. 2003; Shi et al.
2020). As these common pets may be in community as well
as in close contact with their owners at home, they may con-
ceivably provide an adjunctive mechanism for virus tracking.

Canonical features of coronaviruses include a large RNA
molecule with 5′ capping and polyadenylated tail and an in-
variant order of major genes encoding (from 5′ to 3′): the
replicase/transcriptase complex–spike (S) protein–envelope
(E) protein–membrane (M) protein–nucleocapsid (N) protein.

The S, E, and M proteins are embedded in the viral envelope,
with M being most abundant, whereas N is the sole protein of
the helical viral nucleocapsid (Fig. 1). As the genome is
capped and polyadenylated, it is ready for translation once
introduced into cell cytoplasm. Dependent upon viral species,
a variety of smaller open reading frames (ORFs) for accessory
genes are found within intergenic regions of the structural
proteins. In a subset of betacoronaviruses (murine hepatitis
virus (MHV), bovine CoV, and human viruses HCoV-OC43
and HCoV-HKU1), a fifth major protein, hemagglutinin-
esterase (HE), may be encoded. The HE protein, expressed
on the viral membrane envelope, is capable of binding sialic
acid residues on cell surface glycoproteins and glycolipids and
has acetylesterase activity; it is a close relative of the influenza
C virus HE and is thought to reflect a shared common ancestor
(Perlman and Masters 2020). In mice inoculated with some
st ra ins of MHV, an impor tant an imal model of
neuropathogenesis, HE mediates enhanced neurovirulence,
and higher HE expression is associated with neuronal infec-
tion and more severe pathology (Lai and Stohlman 1992).
Importantly, through adaptation to human infection, the HEs
found in HCoVs OC43 and HKU1 are thought to have lost
their receptor/lectin binding functions (Bakkers et al. 2017).
The HE protein is not found in SARS viruses.

Cell tropism is an essential aspect of establishing CNS
disease and, for coronaviruses, the S protein dominates this
characteristic (albeit not exclusively, as demonstrated by the
HE protein). It is the major cell surface binding molecule,
responsible for membrane fusion and viral genome entry into
the cell. The S protein is a homotrimer, with each of its poly-
peptides containing a large, bipartite ectodomain: S1, which is
highly variable and mediates receptor binding, and S2, which
is more conserved and functions in membrane fusion between
virus and host cell (Perlman and Masters 2020). Virus entry
into the cell occurs either in an “early” pathway of direct
fusion between viral envelope and the cell membrane or a
“late” pathway in which receptor binding leads to endocytosis
in clathrin-coated pits, which then transition to acidified
endosomes (Fig. 2). Proteolytic priming of the S protein is
an essential step in the viral life cycle, both at cell entry and
upon maturation and egress; large conformational changes on
cell entry are needed to expose the S2 fusion peptide. This
occurs through two cleavages, at the boundary of S1/S2 and at
a second S2’ site. Thus, cell entry requires not only S protein
binding to its cognate receptor but also exposure to a cellular
protease for priming, either in the context of the cell mem-
brane or the endosome. While cathepsins provide this proteo-
lytic processing in the endosome, a variety of proteases may
be active at the cell surface. The cell surface serine protease
TMPRSS2 can provide priming function for all human
coronaviruses, and there is evidence to suggest that wild type
viruses prefer the TMPRSS2-mediated cell surface pathway to
cathepsin-mediated endosomal pathways of cell entry (Shirato
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et al. 2018; Kleine-Weber et al. 2018; Hoffmann et al. 2020).
TMPRSS2 is not expressed in human brain, and it is unclear
what impact this absence might have on neurotropism
(Jacquinet et al. 2001). Of interest, SARS-CoV-2 has acquired
a polybasic site at the S1–S2 junction that allows for effective
cleavage by furin, an endoprotease abundantly expressed in
CNS, located on cell membranes, in endosomes, and also
cleaved and secreted (Andersen et al. 2020; Thomas 2002;
Braun and Sauter 2019).

Themajor cell receptors for epidemic human coronaviruses
are for SARS-CoV and SARS-CoV-2, angiotensin-converting
enzyme 2 (ACE2) and for MERS, dipeptidyl peptidase 4
(DPP4) (Table 1). For continuously circulating human spe-
cies, HCoV-NL63 uses the ACE2 receptor, and neutralizing
antibodies to HCoV-NL63 have been found in virtually all
adults (Hofmann et al. 2005). Furthermore, HCoV-NL63

and SARS-CoV recognize the samemotifs in ACE2with their
receptor binding domains (Perlman and Masters 2020). While
sharing a common receptor, characteristics of viral–host cell
interactions vary between species: SARS-CoV binds and
downregulates ACE2 with greater efficiency than HCoV-
NL63, and SARS-CoV-2 demonstrates even greater binding
efficiency for ACE2 than SARS-CoV (Hofmann et al. 2005;
Glowacka et al. 2010; Wang et al. 2020). HCoV-229E uses
aminopeptidase N (APN, also known as CD13) as its major
receptor, and binding motifs for HCoVs OC43 and HKU1 are
N-acetyl-9-O-acetylneuraminic acids (9-O-acetylsialic acids)
(Hulswit et al. 2019; Perlman and Masters 2020).

The importance of cell receptor expression to
neuropathogenesis is demonstrated by transgenic animal
models. Mice can be infected with SARS-CoV and support
viral replication, but generally fail to develop the severe

Table 1 Representative mammalian coronaviruses and their dominant cell receptors or attachment factors

Virus Abbreviation Cell receptor or attachment factor

Genus: Alphacoronaviruses

Human coronavirus 229E HCoV-229E APN (CD13)

Human coronavirus NL63 HCoV-NL63 ACE2

Alphacoronavirus 1 species:

Transmissible gastroenteritis virus TGEV APN (CD13)

Feline coronavirus type 1 FCoV-1

Feline infectious perionitis virus FIPV APN (CD13)

Canine coronavirus CCoV APN (CD13)

Porcine epidemic diarrhea virus PEDV APN (CD13)

Diverse bat coronaviruses

Genus: Betacoronaviruses

Human coronavirus HKU1 HCoV-HKU1 N-Acetyl-9-O-acetylneuraminic acid (9-O-acetylsialic acid)

Betacoronavirus 1 species:

Human coronavirus OC43 HCoV-OC43 N-Acetyl-9-O-acetylneuraminic acid (9-O-acetylsialic acid)

Bovine coronavirus BCoV N-Acetyl-9-O-acetylneuraminic acid (9-O-acetylsialic acid)

Equine coronavirus EqCoV 9-O-Acetylsialic acid determinant?

Porcine hemagglutinating encephalomyelitis virus PHEV 9-O-Acetylsialic acid determinant?

Dromedary camel coronavirus HKU23 DcCoV HKU23

Severe acute respiratory syndrome-related coronavirus species:

Human SARS coronavirus SARS-CoV ACE2, also L-SIGN (CD209L)

Human SARS coronavirus-2 SAR-CoV-2 ACE2

SARS-related Rhinolophus bat coronavirus Rp3 SARSr-Rh-BatCoV Rp3

Middle East respiratory syndrome-related coronavirus MERS-CoV DPP4 (CD26)

Murine coronavirus species:

Mouse hepatitis virus MHV CEACAM1, also L-SIGN (CD209L), also 4-O- or
9-O-acetylsialic acid

Rat coronavirus RCoV

Diverse bat coronaviruses

Genus: Deltacoronaviruses

Porcine deltacoronavirus PDCoV APN (CD13)

ACE2 angiotensin-converting enzyme 2, APN aminopeptidase N, DPP4 dipeptidyl peptidase 4
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Fig. 2 Cell entry pathways utilized by coronaviruses. Coronaviruses
enter cell cytoplasm via two receptor-mediated pathways that require
proteolytic processing of the S protein; this priming exposes the S2 do-
main, which participates in membrane fusion and allows injection of viral
genome into the cell. The “early pathway” occurs exclusively at the cell
membrane, and the “late pathway” entails viral internalization via
clathrin-coated pits that transition to acidified endosomes. In the late
pathway, S antigen priming occurs both at the cell membrane (via

proteases such as TMPRSS2 and furin), as well as in the endosome,
utilizing endosomal proteases (cathepsins) and potentially furin.
Therapies that interfere with acidification of the endosome, such as
hydroxychloroquine, interfere with this pathway. In the early pathway,
viral binding to the receptor and proteolytic processing of the S protein
are accomplished entirely by proteases at the cell surface, which allows
direct entry of the viral genome into cytoplasm.

Fig. 1 a Canonical organization
of the coronavirus genome.Major
genes present in all coronaviruses,
from 5′ to 3′, encode the replicase/
transcriptase complex, the spike
(S) protein, the envelope (E) pro-
tein, the membrane (M) protein,
and the nucleocapsid protein (N).
In some variants, a fifth major
protein, the hemagglutinin-
esterase (HE), is represented
proximal to the spike protein. b
Organization of the coronavirus
virion. S, E, and M proteins are
embedded in the membrane en-
velope, whereas the N protein
encases the viral genome
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disease seen in humans. When mice are made transgenic for
human ACE2 (hACE2), their disease becomes lethal, charac-
terized by severe pulmonary and extra-pulmonary infection,
including the brain (McCray et al. 2007). When hACE2 trans-
genic mice are inoculated intranasally with SARS-CoV, virus
spreads through the olfactory bulbs into the brain and then
rapidly disseminates via trans-neuronal pathways, with viral
protein detected in brain regions with first- and second-order
connections to the olfactory system (McCray et al. 2007).
Neuronal infection is subsequently followed by neuronal loss
(McCray et al. 2007; Netland et al. 2008). This model is re-
markable in that expression of the transgene is very low in
brain, contrasting with the extensive neuronal infection
(McCray et al. 2007). Furthermore, the model does not dem-
onstrate a cellular immune response—that is, inflammatory
cell infiltration/meningoencephalitis does not develop
(Netland et al. 2008). A similar model featuring brain infec-
tion has been created for MERS-CoV, with mice transgenic
for human DPP4 (hDPP4) (Li et al. 2016a). In contrast to
mouse models of SARS, hDPP4 transgenics have high levels
of receptor expression in brain and, when inoculated intrana-
sally with MERS-CoV, show viropathic effects in neurons
with most significant early damage in regions unrelated to
olfaction; these mice also demonstrate perivascular inflamma-
tory cell infiltrates (Li et al. 2016a). Both SARS-CoV and
MERS-CoV transgenic mouse models highlight the impor-
tance of receptor expression to neuropathogenesis, raising
the important question of whether HCoV receptors are found
in human brain.

While present on pulmonary, nasopharyngeal, and gastro-
intestinal epithelia, the ACE2 protein was not described in
human brain parenchyma in the single publication
documenting its distribution (Hamming et al. 2004).
However, ACE2 was demonstrated in brain vascular (arterial
and venous) endothelia and smooth muscle, as well as system-
ic vasculature (Hamming et al. 2004). In human heart, vascu-
lar pericytes demonstrate abundant ACE2 expression (Chen
et al. 2020). While reports of brain parenchymal ACE2 are
often cited in the literature, none have entailed analysis of
human tissue. Neuronal cytoplasmic ACE2 has been de-
scribed in a rabbit model of heart failure and in a transgenic
mouse model of hypertension with human renin and angioten-
sin transgenes, with no explanation regarding its cytosolic
localization (Kar et al. 2010; Doobay et al. 2007). In a study
of ontogeny, ACE2 immunoreactivity was detected in mouse
ependyma at E18.5, with no mention of neuronal staining
(Song et al. 2012). ACE2 activity and mRNA have been de-
tected in mouse and rat brain tissues without cellular localiza-
tion, and cultured rat astrocytes can express ACE2mRNA and
protein (Sakima et al. 2005; Gallagher et al. 2006; Elased et al.
2008). Thus, it remains an open question whether ACE2 is
sufficiently expressed and can act as a SARS receptor in non-
vascular human brain parenchyma, both under normal

conditions and in disease states known to regulate ACE2 ex-
pression and/or activity, such as diabetes and hypertension
(Batlle et al. 2010; South et al. 2020).

In contrast, DPP4 (also known as T cell activation antigen
CD26) can more confidently be localized to human CNS in an
age-dependent manner and is a protein implicated in immu-
nologic signaling, processing/inactivation of neuropeptides,
and glucose homeostasis. It is the target for inhibition by
gliptin therapies in diabetes, which are also in trial for demen-
tia and stroke (Wicinski et al. 2019). The DPP4 protein has
been detected in abundance in human fetal and perinatal
brains and in neuroblasts and neurons, capillaries, ependyma,
and choroid plexus (Bernstein et al. 1987). With maturation,
its expression decreases and, in adult brain, appears largely
confined to vascular structures; this is in contrast to a study in
normal mice, which detected protein in cortical astrocytes
(Bernstein et al. 1987; Mentzel et al. 1996). Only small
amounts of DPP4 mRNA are detected in adult human brain
relative to other tissues such as the placenta, kidney, lung, and
liver (Abbott et al. 1994). Detection in brain parenchyma is
also described in human disease: in progressive multiple scle-
rosis (MS), DPP4 is upregulated in microglia of normal
appearing white matter, whereas within MS plaque, expres-
sion is in monocytes/macrophages (Elkjaer et al. 2019). One
report of increased DPP4 in neurons and plaques of
Alzheimer’s disease is published, but is restricted to immuno-
histochemical analysis without other means of confirmation
(Bernstein et al. 2018).

Whereas ACE2 and DPP4 are primarily vascular in the
healthy adult human brain, strong expression of APN
(CD13) is seen both in mature brain parenchyma and vascu-
lature (Larrinaga et al. 2005; Smyth et al. 2018). In cerebral
cortex, APN activity can be isolated in diverse subcellular
fractions, including nuclei and synaptic membranes; the pro-
tein is a component of the system regulating neuropeptide
activity (Larrinaga et al. 2005). In brain vasculature, APN is
a marker of pericytes and smooth muscle cells (Smyth et al.
2018). APN has also been identified in primary cultures of
human olfactory neuroepithelia, which by virtue of their loca-
tion offer a potential CNS portal for respiratory viruses
(Vawter et al. 1996). It is currently hypothesized, but not
proven, that transaxonal spread from infected olfactory
neuroepithelium is a CNS portal for HCoVs, as has been de-
scribed in animal models of diverse viral pathogens and in
SARS-HCoV-infected hACE2 transgenic mice (Van Riel
et al. 2015; McCray et al. 2007). Finally, the human brain
contains the highest concentration of sialic acids of any organ,
found predominantly as sialoglycolipids (Wang and Brand-
Miller 2003; Schnaar et al. 2014). O-Acetylated forms consti-
tute several percent of total brain gangliosides, although 9-O
forms may be specific for neurogenesis and migrating
neuroblasts and, thus, not generally available for binding in
adults (Schnaar et al. 2014).
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While expression of most major coronavirus receptors may
not be significant in adult human brain parenchyma, another
consideration for viral neurotropism is the fact that viruses
commonly exploit alternate receptors to gain cell access, albeit
with lesser efficiency. For example, human CD209L (L-
SIGN), expressed on endothelial cells of liver and lymph node
and also on primary isolated human brain microvascular en-
dothelia, can act as a receptor for SARS-CoV (Jeffers et al.
2004; Mukhtar et al. 2002). It is currently unclear if SARS-
CoV-2 is capable of exploiting L-SIGN, and alternate receptor
mechanisms are not thoroughly investigated for HCoVs; only
receptor motifs are available for two human species (OC43
and HKU1) (Table 1). A clinical isolate of one of those spe-
cies, HCoV-OC43-Paris, can infect murine olfactory bulbs
with dissemination throughout brain; the cell receptor mediat-
ing this neurovirulence is unknown (St-Jean et al. 2004).

It is also important to recognize that direct infection of
neurons, glia, and/or olfactory neuroepithelia is not a neces-
sary predicate for neuropathogenesis (Table 2). In addition to
direct parenchymal infection, mechanisms that can contribute
to CNS damage are direct infection of endothelial cells; in-
creased thrombophilia with vascular occlusion in the absence
of direct infection; para-infectious immune-mediated damage
as in acute disseminated necrotizing or demyelinating enceph-
alopathy; and in the course of inflammatory cell migration
across the blood–brain and blood–CSF barriers, meningoen-
cephalitis. Many viruses gain access to the CNS via immune
cell trafficking across the blood–brain and blood–CSF
barriers.

SARS andMERS coronaviruses are both capable of infect-
ing human monocyte-derived macrophages and dendritic
cells; however, with SARS, in vitro infections are abortive
and do not support production of virions, whereas with
MERS, productive infections and rising viral titers are seen
(Zhou et al. 2015; Cheung et al. 2005; Tseng et al. 2005).
In vitro, different characteristics of monocyte-derived cell in-
fection are associated with differences in the pattern of im-
mune response and cytokine elaboration (Zhou et al. 2015;
Perlman and Dandekar 2005; Law et al. 2005). Whether these
differences have nervous system relevance is unclear (Zhou
et al. 2015; Cameron et al. 2008). SARS and MERS also
directly infect T lymphocytes (Perlman and Dandekar 2005;
Zhou et al. 2015). In tissue samples of individuals with SARS-
CoV, virions, viral proteins, and nucleic acids have been iden-
tified in macrophages, T lymphocytes, granulocytes, and, to
lesser degrees, B lymphocytes and NK cells (Gu et al. 2005;
Shi et al. 2005; Nicholls et al. 2006). In contrast, a single
autopsy report of an individual dying with MERS-CoV failed
to demonstrate viral antigen in pulmonary macrophages de-
spite detection in pneumocytes (Ng et al. 2016). Finally, non-
epidemic HCoVs are also capable of infecting human
monocyte/macrophages in vitro, with variable abilities to rep-
licate (Desforges et al. 2007; Cheung et al. 2005). Thus,

regardless of systemic pathogenici ty, for human
coronaviruses, immune cell trafficking is a potential mecha-
nism for establishing CNS disease.

Neurologic syndromes in man

Neurologic manifestations have been recorded for all current-
ly recognized HCoVs, impacting a wide age range; not sur-
prisingly, the spectrum of disease in infants and children dif-
fers from that in adults (Table 3). In interpreting the literature,
it is essential to distinguish encephalopathy in the setting of
systemic infection from infectious encephalitis, as per the
International Encephalitis Consortium guidelines (see
Table 4) (Venkatesan et al. 2013). Coronavirus encephalitis
is so infrequent in infants, children, and adults, that it is not
mentioned as a differential diagnosis in any consensus diag-
nostic algorithm or treatment protocol for, or in any large-
scale survey of, viral encephalitis (Venkatesan et al. 2013;
Sharma et al. 2012; Kneen et al. 2012; Granerod et al. 2010;
Tunkel et al. 2008). It is unclear why encephalitis is so infre-
quent in man, when other naturally occurring coronaviruses in
animals may frequently display inflammatory CNS patholo-
gy; for example, encephalitis is commonly seen with feline
infectious peritonitis virus (FIPV), one of the most prevalent
and fatal pathogens of cats (Rissi 2018).

In infants and children worldwide, respiratory viruses are
the most common infectious pathogens, and lower respiratory
tract infections are the leading cause of death (Dominguez
et al. 2009; Carman et al. 2019). The contribution of
coronaviruses to respiratory infections is inconstant, as the
seroepidemiology for HCoVs NL63, HKU1, 229E, and
OC43 varies widely, ranging from 1 to 75%, dependent on
viral species, patient age, geographic location, care venue, and
time of year (Principi et al. 2010). Coronaviruses can be seri-

Table 2 Potential mechanisms of coronavirus neuropathogenesis

Infection of olfactory neuroepithelium with transaxonal spread into
deeper brain regions

Infection of brain vasculature:

Direct spread from endothelia/vascular structures into neurons and glia

Vascular occlusion or inflammation/vasculitis with ischemia/-
hemorrhage

Infection of lymphocytes and monocytes/macrophages:

Migration across blood–brain and blood–CSF barrier with
immune-mediated damage

Migration across blood–brain and blood–CSF barrier with spreading
viral infection

Para-infectious sequelae:

Increased thrombophilia with cerebral infarction

Dysregulated immunity with cerebral demyelination or necrosis

Febrile seizures
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ous pathogens when encountered in infancy and childhood; in
a series of children under the age of 16 hospitalized in Hunan
Province, coronaviruses accounted for 11% of respiratory in-
fections (Li et al. 2016b). A study from the Children’s

Hospital in Colorado estimated 40% of tests for prevalent
respiratory pathogens were non-diagnostic (for respiratory
syncytial virus, influenza A and B, parainfluenza, and adeno-
virus), when re-tested, 5% yielded coronaviruses (44% NL63,
40% OC43, 13% 229E, 2% HKU1) (Dominguez et al. 2009).

There are two major neurologic complications seen with
coronavirusesininfantsandchildren:febrileseizuresandacute
meningoencephalitis. Febrile seizures are events in associa-
tionwith fever, occurring in theabsenceofprior seizures, evi-
denceofCNS infection, or systemicmetabolic derangements
(Carmanet al. 2019). Ina recentmulticenter studyof192chil-
drenwith febrile seizures,HCoVsOC43and229Ewere iden-
tifiedin6.9%and3.4%ofnasopharyngealsamples,mostoften
in combination with other respiratory viruses (Carman et al.
2019). While infrequent overall, HCoV-OC43 was the most
commonviralpathogen in infantsunder theageof12months.
Inchildrenunder theageof6with febrileseizures inSlovenia,
10%were associatedwithHCoVs (Pokorn et al. 2017).Of 26
children hospitalized for coronavirus respiratory illness in
Hong Kong, of 6 (23%) had febrile seizures, 4 with HCoV-
NL63, and 2 with HCoV-OC43 (Chiu et al. 2005). Another
study from Hong Kong described febrile seizures in 5 of 10

Table 3 Neurologic
manifestations of the human
coronaviruses, and their potential
etiologies

CNS manifestation Potential pathogenesis

Febrile seizures in children Fever as trigger, possible cytokine response to
infection; no evidence of direct CNS viral effect

General seizures in adults and children Uncertain trigger, may be generalized CNS response to
systemic illness, inclusive of hypoxia, cytokine
storm, and microvascular abnormalities; CNS virus
(patients with CSF detection are documented) with
possible neuronal infection (unproven); CNS in-
flammation (patients with CSF pleocytosis have
been documented)

Meningitis and meningoencephalitis Inflammatory cell invasion of CNS (documented
through CSF analysis and rare post mortem cases),
possible mononuclear cell trafficking with our
without viral infection of monocytes; or immune
response to primary brain infection of uncertain cell
type (infection not well documented for many
species)

Stroke (both large vessel ischemic infarction and
intracranial hemorrhage)

Coronavirus-associated coagulopathy;
antiphospholipid antibodies; direct endothelial
infection

Anosmia and hypogeusia Infection of nasopharyngeal mucosa (well
documented); possible infection of neuroepithelium
(not established); concern for olfactory bulb, tract,
and primary cortical infection (not documented in
humans)

Non-focal phenomena: changes in sensorium
including lethargy and confusion; agitation;
dizziness; headache

Possibly a generalized CNS response to hypoxemia,
cytokine storms, and microangiopathy of critical
disease; or undisclosed inflammatory/infectious pa-
thology in the absence of a diagnostic neurologic
workup

Acute disseminated encephalomyelitis and
hemorrhagic necrotizing encephalopathy

Para-infectious immune response

Table 4 International Encephalitis Consortium criteria for diagnosis of
encephalitis (Venkatesan et al. 2013)

Major criterion (must be present):

Altered mental status lasting over 24 h with no other causes identified
(decreased level of consciousness, lethargy, or personality disorder)

Minor criteria (2 for possible encephalitis, 3 for probable encephalitis):

Documented fever ≥ 100.4 °F within the 72 h before presentation

Generalized or partial seizures not attributable to a pre-extant seizure
disorder

New onset focal neurological findings

CSF WBC count ≥ 5 cells/mm3

Abnormality of brain parenchyma on neuroimaging suggestive of
encephalitis that is new from prior studies or acute in onset

Abnormality on electroencephalography that is consistent with
encephalitis and not attributable to another cause
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(50%) hospitalized children with HCoV-HKU1, raising the
possibility that this species may have greater than usual impact
on the CNS (Principi et al. 2010; Lau et al. 2006). Febrile
seizures are uncommon with SARS-CoV; while not men-
tioned in some reports, a single infant with febrile convulsions
is described in a series from Hong Kong (Hon et al. 2003;
Bitnun et al. 2003; Chiu et al. 2003). In series of infants and
children with SARS-CoV-2 currently available from China
and Spain, there is no mention of febrile seizures, nor are
any neurologic disorders described (Tagarro et al. 2020; Wei
et al. 2020; Lu et al. 2020). Thus, HCoVs appear to contribute
in minor part to febrile seizures in infants and children; when
identified, they are usually continuously circulating and not
epidemic species and are present both in isolation as well as
accompanied by other, more common respiratory viruses.

Acute meningoencephalitis or meningitis is another com-
plication of coronaviruses in infants and children, albeit rare.
A 3-year-old with meningitis in the setting of HCoV-OC43
serology may be the first case described in the literature; an-
other case report of HCoV-OC43 encephalitis in an 11-month-
old boy with immunodeficiency was published 36 years later
(Riski and Hovi 1980; Morfopoulou et al. 2016). The only
series to date describing features of coronavirus-associated
encephalitis is from the Children’s Hospital of Chenzhou in
Hunan Province (Li et al. 2016b). Of 183 children under the
age of 16 years admitted for acute encephalitis, 22 (12%) had
coronavirus infection detected by IgM serology (Li et al.
2016b). Eighty-two percent of these children were male, and
the mean age was 3 years. The course of disease averaged
14.5 days, and all had a full recovery with no neurological
sequelae. Fever was present in 82%, headache in 46%,
vomiting in 36%, and seizure in 23%. Cerebrospinal fluid
pleocytosis was seen in 46%, normal CSF glucose in 82%,
and elevated protein in 36%.When compared to children hos-
pitalized with pulmonary coronavirus, children with encepha-
litis had lower peripheral blood lymphocyte and eosinophil
counts, higher neutrophil counts, and higher serum levels of
granulocyte macrophage colony-stimulating factor (GM-
CSF). Children with encephalitis also had higher peripheral
blood monocyte counts than healthy controls. When paired
biospecimens were analyzed, levels of GM-CSF, IL-6, IL-8,
and MCP-1 were higher in the CSF than in the serum of the
encephalitic children (Li et al. 2016b).

Non-specific neurologic manifestations such as lethargy,
dizziness, and headache are also described in children with
SARS-related respiratory illness, but there is insufficient evi-
dence to ascribe signs and symptoms to a viral CNS effect, as
opposed to constitutional symptoms of severe respiratory
compromise (Hon et al. 2003; Bitnun et al. 2003; Chiu et al.
2003). Recently, infants under the age of 3 months with
COVID-19, presenting with non-focal neurologic phenomena
(axial hypotonia, drowsiness) with isolated fever and without
respiratory illness, have been described (Nathan et al. 2020).

Cerebrospinal fluid in all was normal and negative for SARS-
CoV-2; all recovered with only acetaminophen therapy. It has
been noted that constitutional symptoms with SARS are more
frequent in teenagers than in children under 12 and resemble
the symptoms seen in adults (Ng et al. 2004).

Non-specific neurologic manifestations have also been re-
ported in the more severe COVID-19-associated pediatric
multisystem inflammatory syndrome (Riphagen et al. 2020;
Chiotos et al. 2020). This emerging syndrome resembles
Kawasaki disease, with persistent fevers, rash, conjunctivitis,
peripheral edema, gastrointestinal symptoms, and cardiac and
coronary abnormalities. In one report, symptoms and signs
seen in 4 of 6 children with this severe illness included head-
ache, altered mental status, irritability, and nuchal rigidity
(Chiotos et al. 2020). One child displayed cerebral edema on
head CT, and lumbar puncture revealed a pleocytosis consis-
tent with aseptic leptomeningitis. While viral testing of CSF
for SARS-CoV-2 was not described, this may represent the
first case of meningoencephalitis in a child with COVID-19
disease.

While continuously circulating coronaviruses account for
most CNS manifestations in infants and children, the majority
of brain abnormalities in adults have been described with the
epidemic coronaviruses. In adults, neurologic manifestations
most frequently described are non-focal, non-specific, and
unaccompanied by direct evidence of CNS viral invasion
and hence the debate as to whether they are intrinsically neu-
rologic or constitutional. Furthermore, even when neurologic
signs confirm diffuse intracerebral pathology, it is unclear
whether this reflects damage mediated by virus, or by the
severe hypoxia and cytokine storms encountered in COVID-
19, SARS, and MERS disease. Finally, peripheral nervous
system (PNS) and musculoskeletal abnormalities are de-
scribed in adults with SARS-CoV-2, SARS-CoV, and
MERS-CoV infections; while not the focus of this review,
these include Guillain–Barré syndrome (GBS), critical illness
polyneuropathy, critical illness myopathy, isolated multiple
cranial neuropathy, and Miller Fisher syndrome (Gutierrez-
Ortiz et al. 2020; Zhao et al. 2020; Toscano et al. 2020; Kim
et al. 2017; Tsai et al. 2004). Both demyelinating and axonal
forms of GBS have been described with COVID-19 and can
in part be distinguished from critical illness neuropathy and
myopathy by earlier onset in the course of general disease
(Toscano et al. 2020).

High rates of neurologic phenomena have been reported in
adults hospitalized with SARS-CoV-2 (Mao et al. 2020;
Helms et al. 2020). In 214 COVID-19-related hospitalizations
from Wuhan, manifestations were categorized as central, pe-
ripheral (included in this category were impairments in taste,
smell, and vision), or musculoskeletal (Mao et al. 2020).
Central nervous system abnormalities were present in 25%,
PNS in 9%, and musculoskeletal in 11%. The most common
CNS manifestations were dizziness (17%), headache (13%),
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and impaired consciousness (7.5%). Of 58 hospitalized pa-
tients reported from France, 84% had neurologic manifesta-
tions; common abnormalities were also non-focal and includ-
ed agitation (69%), confusion (65% of a subset of 40), and, on
examination, diffuse corticospinal tract signs (enhanced deep
tendon reflexes, ankle clonus, bilateral extensor plantar re-
flexes) in 67%. A small subset of French patients underwent
brain MRI and CSF analysis; all 7 CSF studies returned neg-
ative reverse transcriptase-polymerase chain reaction (RT-
PCR) for SARS-CoV-2, despite leptomeningeal enhancement
in 8 of 13 neuroimaging studies (Helms et al. 2020). Series of
patients with SARS and MERS are similar with regard to
commoner phenomena being potentially constitutional. Of
138 patients with SARS reported from Hong Kong, headache
and dizziness were seen in 56% and 43% respectively; of 144
patients in Toronto, 35% reported headache and 4% dizziness
(Lee et al. 2003; Booth et al. 2003). In 70 patients hospitalized
with MERS in Saudi Arabia, headache (13%), confusion
(26%), and seizures (9%) were reported; in 23 MERS patients
from Korea, 9% had headache and 22% confusion (Saad et al.
2014; Kim et al. 2017).

A less common, but well-documented complication of all
the epidemic coronaviruses is stroke, either in the form of
large artery cerebral infarction or intracranial hemorrhage
(Umapathi et al. 2004; Arabi et al. 2015; Algahtani et al.
2016; Mao et al. 2020; Oxley et al. 2020). In larger series,
the overall prevalence of stroke is 5% or less; 2.4% in SARS
patients from Singapore, 5.2% in COVID-19 patients from
France, and 2.8% in COVID-19 patients from Wuhan (Mao
et al. 2020; Helms et al. 2020; Umapathi et al. 2004). Reported
patients range in age from 33 to 70, and many lack other risk
factors for stroke. Recently, cerebral infarction was described
in a 14-year-old boy with COVID-19-associated multisystem
inflammatory syndrome (Riphagen et al. 2020). Patients with
SARS-CoV-2-related strokes can present at any stage of viral
infection, from otherwise asymptomatic to critical pulmonary
disease. In China, it was observed that acute stroke is more
common with severe illness, seen in 5.7% of those with crit-
ical illness and only 0.8% of those with less advanced disease
(Mao et al. 2020). However, in New York City, where
European SARS-CoV-2 strains predominate, cerebral infarc-
tion was documented in young individuals with mild COVID
symptomatology (Oxley et al. 2020). Stroke may be related to
coronavirus-associated coagulopathies. Elevated D-dimers, fi-
brin degradation products and thrombocytopenia are present
in over 50% of those with severe COVID-19 and SARS dis-
ease, and in similarly high percentages of those with MERS;
venous thrombosis and thromboembolism have also been de-
scribed (Giannis et al. 2020). However, not critically evaluat-
ed is how disseminated intravascular coagulopathy (DIC), or a
microangiopathic coagulopathy closely resembling DIC, con-
tributes to ischemic stroke in the absence of hemorrhage or
underlying arterial lesions, as the strokes described are large

vessel, high flow, arterial phenomena. Recently,
antiphospholipid antibodies were detected in three patients
with severe COVID-19 and stroke, raising the possibility that
cerebral ischemia arises with vascular immunopathologies
other than DIC and microangiopathy (Zhang et al. 2020).
Alternatively, there may be a direct role for viral infection of
endothelia, as recent autopsy reports demonstrate viral parti-
cles in systemic and brain endothelium, with apoptosis and
focal endotheliitis (Varga et al. 2020; Mondolfi et al. 2020).

An altered sense of smell or taste has been reported in up to
87% of adults testing positive for SARS-CoV-2; the preva-
lence may be higher in European studies than in those from
Asia (Spinato et al. 2020; Eliezer et al. 2020; Lechien et al.
2020; Mao et al. 2020). In Europe, olfactory and gustatory
dysfunction is the presenting symptom in approximately
12% of patients with mild to moderate COVID-19 and has
been suggested as a useful screening tool for SARS-CoV-2
(Spinato et al. 2020; Lechien et al. 2020; Wee et al. 2020).
However, olfactory dysfunction is not unique to epidemic
coronaviruses; this is a well-known post-viral phenomenon
for other respiratory viruses, and in one study, HCoV-229E
was identified as an underlying pathogen (Suzuki et al. 2007).
When contrasted with historical influenza patients, one study
found a greater frequency of smell and taste disorders with
COVID-19 (Beltran-Corbellini et al. 2020). The pathogenesis
of this phenomenon for any respiratory virus is unclear, but it
is of interest that nasal epithelial cells have robust expression
of ACE2. Similarly, the CNS relevance of this phenomenon is
unresolved. Neuroimaging of patients with post-viral olfacto-
ry loss has demonstrated decreased olfactory cortex and olfac-
tory bulb volumes, implicating CNS damage; it is unclear
whether similar phenomena will be observed with the epidem-
ic coronaviruses (Yao et al. 2018).

Other coronavirus-associated neurologic phenomena in
adults, reported infrequently, are seizures and meningoen-
cephalitis with SARS-CoV and CoV-2 (Hung et al. 2003;
Lau et al. 2004; Moriguchi et al. 2020). Recently, an adult
patient with SARS-CoV-2 and acute hemorrhagic necrotizing
encephalopathy was described (Poyiadji et al. 2020). Finally,
for both children and adults, there are reports of demyelinating
phenomena. Acute disseminated encephalomyelitis (ADEM)
in a previously healthy 15-year-old boy with HCoV-OC43
detected in CSF and nasopharyngeal secretions has been pub-
lished (Yeh et al. 2004). While multiple T2-hyperintense, oc-
casionally enhancing lesions were seen on magnetic reso-
nance imaging (MRI) of the brain and spinal cord, the child’s
neurologic symptoms resolved without any therapeutic inter-
ventions over the course of several weeks (Yeh et al. 2004).
Acute flaccid paralysis in a 3-year-old dually infected with
HCoVs OC43 and 229E has been reported; it resolved after
several weeks, but a definitive CNS or PNS origin could not
be ascertained (Turgay et al. 2015). In adults, HCoVs 229E
and OC43 have been associated with multiple sclerosis (MS),
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but these observations are not uniform across all studies
(Burks et al. 1980; Stewart et al. 1992; Arbour et al. 2000).
A reliable model of coronavirus-induced demyelination is
seen with MHV (Bergmann et al. 2006; Perlman and
Wheeler 2016). When inoculated with attenuated strains of
John Howard Mueller virus (JHMV), mice initially develop
a productive and transient encephalitis; as the immune re-
sponse decreases viral titers, demyelinating lesions arise, and
mice have increasing clinical symptomatology. Mice remain
persistently infected with ongoing chronic demyelination,
thus providing a model of human MS. When primates are
inoculated with JHMV, both encephalomyelitis and demye-
lination are observed (Murray et al. 1992a).

Human neuropathogenesis: coronavirus
localization in the CNS

Perhaps due to persuasive findings in MHV models of demy-
elination, there have been more studies of coronavirus in the
brains of patients with MS than for any other HCoV-
associated neurologic syndrome (Burks et al. 1980; Stewart
et al. 1992; Murray et al. 1992b; Cristallo et al. 1997; Arbour
et al. 2000; Dessau et al. 2001). The first isolation of corona-
virus from MS was reported in 1980, when 2 of 13 human
brain homogenates inoculated into weanling mice produced
either CNS disease (isolate SD) or cytopathic effects in cell
culture (isolate SK) (Burks et al. 1980). Neutralizing antibod-
ies to isolate SK were detected in CSF and sera of both pa-
tients, however, neutralizing antibodies were also detected in
85% of normal controls, albeit in lower titer than in individ-
uals with MS (Burks et al. 1980). Isolate SD produced demy-
elination with intracerebral inoculation into primates, with de-
tection of virus in the white matter, meninges, and choroid
plexus, although the monkeys remained clinically asymptom-
atic (Murray et al. 1992a). In 1992, coronavirus was identified
in plaque and non-plaque regions of 12 of 22 brains with MS;
5 brains were reactive for HCoV-OC43 and none for HCoV-
229E (Murray et al. 1992b). In another study, HCoV-229E but
not HCoV-OC43 was detected in MS brain tissues (Stewart
et al. 1992). Neither study detected coronavirus in normal
control brains. In the largest series, encompassing 39 brains
withMS, 26 with other neurological diseases, and 25 controls,
both species were detected with an overall prevalence of 44%
for HCoV-229E and 23% for HCoV-OC43; however, viruses
were identified in all patient groups, albeit with greater fre-
quency in MS (Arbour et al. 2000). Both viruses have also
been detected in CSF samples in patients with MS and other
CNS disorders (Cristallo et al. 1997). In contrast to these stud-
ies, HCoVs 229E and OC43 could not be reliably detected in a
single study of 25 MS and 36 control human brains, using
nested RT-PCR (Dessau et al. 2001). Thus, while variably
present in the human CNS, HCoVs OC43 and 229E cannot

be considered specific to demyelinating pathology, raising
questions about what aspects of infection might be relevant
to human neuropathogenesis.

Direct evidence of HCoV-OC43 neurovirulence was found
in the brain biopsy of an infant with severe combined immu-
nodeficiency who developed fatal encephalitis (Morfopoulou
et al. 2016). HCoV-OC43 was detected by RNA sequencing
and real-time RT-PCR, and immunohistochemistry for the
viral N protein showed dark staining of neuronal perikarya
and lighter staining of surrounding neuropil, with frequent
neuronal karyorrhexis, while microglial proliferation and in-
filtrating T cells were seen in the biopsy, depicted regions with
viral antigen staining appeared devoid of lymphoid inflamma-
tion or neuronophagia. Productive neuronal infection with ap-
optosis and persistent neurologic deficit has been described
with HCoV-OC43 infection of mice, and axonal transport
with neuron-to-neuron propagation has been identified as a
mode of virus spreading in cell culture (Jacomy et al. 2006;
Dube et al. 2018). Thus, while coronavirus encephalitis may
be rare, it is possible that a cellular inflammatory response is
not prominent with neuronal necrosis, hampering clinical rec-
ognition; murine models highlight the role of selective neuro-
nal damage in neurovirulence.

Limited studies of the CSF and brain have also been per-
formed for the epidemic coronaviruses. SARS-CoV has been
detected in the CSF of patients who develop seizures in the
context of pulmonary disease; in both cases reported, there
was a normal CSF protein and no CSF pleocytosis (Lau
et al. 2004; Hung et al. 2003). Viral loads were quantified in
one patient, with the CSF yielding 6884 copies/ml and the

Fig. 3 COVID-19-associated microangiopathy in the brain. This
high-power photomicrograph displays a small blood vessel in cere-
bral white matter of a patient dying with COVID-19 disease. A small
fibrin thrombus is seen, and monocyte margination consistent with
“endotheliitis” as has been described in systemic vasculature. This
patient had infarcts and hemorrhages; these findings were the most
common abnormalities in the largest neuropathology series described
to date (Bryce et al. 2020). (Hematoxylin and eosin stain, original
magnification 200×)
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serum 6750 copies/ml, strongly supportive of CNS infection
(Hung et al. 2003). In contrast, mononuclear pleocytosis was
present in a patient with altered sensorium and seizures with
SARS-CoV-2 detected in CSF; in this patient, virus was not
detected in a nasopharyngeal swab, and post-seizure neuroim-
aging demonstrated hyperintensities in the medial temporal
lobe, hippocampus, and lateral ventricle (Moriguchi et al.
2020). While MERS patients with seizures have been de-
scribed, CSF studies are not available (Saad et al. 2014). In
MERS and COVID-19 patients who are without seizures, the
few reported CSF studies have been negative, raising the pos-
sibility that seizure activity might be an indicator of CNS viral
penetrance and neuronal damage (Kim et al. 2017; Helms
et al. 2020). However, data from CSF studies is too limited
to draw conclusions.

There is also limited data on the neuropathology of the
epidemic viruses (Gu and Korteweg 2007). In 4 patients,
SARS-CoV protein and nucleic acids were detected in neu-
rons of an unspecified region of the cerebral cortex but not in
the cerebellum; the authors estimated that fewer than 24% of
cells demonstrated evidence of infection and did not further
characterize brain histopathology (Ding et al. 2004). In a se-
ries of 8 brains, all demonstrated viral nucleic acid in numer-
ous neurons of an again unspecified region of cerebral cortex,
as well as in hypothalamus (Gu et al. 2005). In this series,
edema and selective neuronal necrosis were described in 6
of the 8 patients, and there was no mention of inflammatory
infiltration. A 13th autopsied individual with SARS demon-
strated edema and selective neuronal necrosis; staining for N
protein in neurons as well as unspecified “glia” was reported,
again in the absence of mononuclear or lymphoid inflamma-
tion (Xu et al. 2005). Finally, an electron microscopic study of
the brain of a single patient dying with COVID-19 has been
published, demonstrating viral-like particles in endothelial
vesicles and perivascular cell processes (Mondolfi et al.
2020). While vascular localization of SARS-CoV-2 is consis-
tent with the brain distribution of ACE2, it is hard to draw
conclusions from a single case report. With regard to SARS-
CoV, autopsy localization of virus in neuronal cytoplasm
coupled with viral detection in the CSF from patients with
seizures may suggest that in a subset of individuals, neuronal
infection is a significant pathology—as it is in animal models.
Recently, a manuscript has been deposited in medRxiv de-
scribing the microscopic findings in 20 brains from patients
dying with COVID-19 disease (Bryce et al. 2020).
Widespread thrombi in microvessels with acute infarction
was the most prominent finding, present in 30%; it is unclear
if this pathology reflects the DIC-like syndrome often seen in
terminal COVID-19 disease, or selective viral targeting of
brain microvasculature (Fig. 3). Other findings included large
parenchymal infarcts, hemorrhages, global anoxia, and, in
general, sparse inflammation. Two brains with single foci of
T cell infiltration were also described, but the significance of

this was unclear, and the authors stressed the lack of evidence
for meningoencephalitis. In contrast, a single case report de-
scribing infarcts, acute hemorrhages with axonal disruption,
macrophage infiltrates, and ADEM, with regions of
perivascular myelin loss accompanied by macrophages, has
also been published in a patient dying with COVID-19
(Reichard et al. 2020). Neither of these reports of COVID-
19 neuropathology entailed assays for CNS virus. Thus, as
these viruses continue to evolve and emerge, their potential
neurovirulence needs greater investigation, both in animal
models and in their human hosts.
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