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ARTICLE INFO ABSTRACT

Keywords: Due to the infection by the SARS-CoV-2 virus (COVID-19) there were also reported neurological symptoms, being
SARS-CoV-2 the most frequent and best cited those that affect the cerebrovascular, sensorial, cognitive and motor functions,
COYID-19 together with the neurological diffuse symptoms as for examples headache or dizziness. Besides, some of them
I?I:ﬁ?elogical symptoms behave high risk of mortality. Consequently, it is crucial to elucidate the mechanisms of action in brain of SARS-
Neuroinvasion CoV-2 virus in order to create new therapeutic targets to fight against this new disease. Since now the mechanisms
Neuroscience of arrival to the brain seems to be related with the following processes: blood brain barrier (BBB) disruption

together with nervous or axonal transport of the virus by the trigeminal nerve, the vagus nerve, or the brain-gut-
axis. Being two the mechanisms of brain affectation most cited: a direct affectation of the virus in the brain
through neuroinvasion and an indirect mechanism of action due to the effects of the systemic infection. Both
processes include the triggering of inflammation, hypoxia and the increased likelihood of secondary infections.
This topic supposes a major novel challenge for neuroscience. Therefore, the aim of this review is to provide
summarized information about the neurological symptomatology and the brain pathogenic mechanisms involved
and reported in COVID-19.

1. Introduction by SARS-CoV or MERS-CoV (Liu et al., 2020). Besides, although less

explored, together with these respiratory symptoms, COVID-19 has been

The Coronavirus Disease 2019 (COVID-19) is a respiratory illness
emerged in December 2019 in Wuhan, situated in the Hubei province of
China. This virus has rapidly spread throughout the world, being
declared by the World Health Organization (WHO) as a “Public Health
Emergency of International Concern” on February 11, 2020. One month
later, on March 11, 2020, declared as a “Pandemic of Alarming Levels of
Spread and Severity”, with more than 113 countries affected. Genetic and
phylogenetic analysis show that this virus shares a strong relationship
with the Severe Acute Respiratory Syndrome (SARS) and the Middle East
Respiratory Syndrome (MERS), belonging phylogenetically to the Coro-
naviridae family and being taxonomically known as Severe Acute Respi-
ratory Syndrome Coronavirus 2 (SARS-CoV-2) (Wu et al., 2020). In
consonance, epidemiology data published show that this virus shares
similar pathogenesis and symptomatology with the pneumonia induced

sometimes linked to the development of neurological symptomatology,
by their effects in sensorial, cerebrovascular, cognitive or motor function
(Abbatecola and Antonelli-Incalzi, 2020). The approach to the study of
the effect of this new virus in brain functionality raises a new important
challenge for neuroscience research, because the infection in brain can
influence not only the general health, but also it can generate risk of
comorbidities and mortality. Therefore, the purpose of this review is to
summarize the information reported so far in scientific publications,
regarding the neurological symptomatology triggered by SARS-CoV-2
infection, as well as to look into the underlying mechanisms that so far
could explain the physiopathology of this new virus in brain.
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2. Methodology

To address the topic the methodological framework followed was the
classical for a state-of-the-art review, whose aim it is to offer current state
of the knowledge for future investigation and research in a narrative way
(Grant and Booth, 2009). For searching the information, a list with the
following words was done: COVID-19, SARS-CoV-2, coronavirus, central
nervous system (CNS), brain, neurological symptoms, neurological
manifestations, brain effects, neurodegeneration, neurology, neurosci-
ence, cognition, cerebrovascular, neurological infection, neuroinvasion.
Then, there were made combinations with these words, containing al-
ways the words “COVID-19” or “SAR-CoV2” or “Coronavirus” plus
another from the list mentioned above. These combinations were used
for searching information in the following sources: PubMed, Embase,
Medline, Scopus, Web of Knowledge, Google Scholar and BiblioSalut.
The type of articles accepted for being included in this work were
indexed articles published in English with the following formats: clinical
cases, original articles, meta-analysis reviews, narrative reviews, and
comments to editor, with qualitative and quantitative data. For the
search the time framework was limited from November 1, 2019 to July
31, 2021. After finding the information an integrative approach was
conducted, summarizing the most important information according to
the following structure: neurological clinical manifestations of
SARS-CoV-2 infection; arrival and affectation of SARS-CoV-2 in brain;
future challenges for neuroscience and conclusions. For further infor-
mation about the review methodology see (Snyder, 2019).

3. Neurological clinical manifestations of SARS-CoV-2 infection

Despite not being in the list of the main diagnostic criteria, in the
bibliography were reported considerable neurological clinical manifes-
tations as consequence of the SARS-CoV-2 infection, being currently most
of them under study. In order to summarized these neurological symp-
toms, first there were extracted the most reported and best cited. Second,
these were organized in the following categories: neurological diffuse or
miscellaneous, cerebrovascular, motor, sensorial, cognitive symptoms
(Fig. 1). The information regarding each category is summarized in the
following paragraphs.
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3.1. Diffuse or miscellaneous neurological symptoms in SARS-CoV-2
infection

Retrospective and prospective case series about patients with COVID-
19 reported the presence of diffuse neurological symptoms in levels up to
36,4% of them (L. Mao et al., 2020), being the headache, encephalopa-
thies, encephalitis, confusion, dizziness and seizure the most cited.
Following, it is summarized the information about these symptoms: a)
Headache: Although there is not a concern about their exact prevalence,
it has been pointed to be a frequent symptom in COVID-19 patients. The
maximum percentage reported was in a prospective study, which
included 130 patients and described 74.6% of presence of headache in
these infected patients, having the 24.7% of them severe headache
(Caronna et al., 2020). The published frequencies are varied, for example
a meta-analysis with 104.751 infected patients from 17 studies indicates
a headache rate of 25.2%. These studies are based in samples of patients
with moderate severity of COVID-19. However, in severe COVID-19 pa-
tients the headache frequency reported was about 27.83%, including 309
COVID-19 cases from 15 studies (Mutiawati et al., 2020). Surprisingly, in
relation with this symptom it was also indicated that the duration of the
clinical symptoms of COVID-19 in patients with headache is shorter
(23.9 + 11.6 days) than in infected patients without headache (31.2 +
12.0 days), being significant (p = 0.028) and suggesting that the head-
ache could be an alarm sign, to protect the body against the virus through
the activation of the immune system (Caronna et al., 2020). It was also
described an increase in mortality concomitant to the onset of the
headache in severe infected patients (Shapiro et al., 2021). Physiologi-
cally, the headache has migraine-like features, probably reflecting an
activation of the trigeminovascular system, direct by the virus or indirect
as a consequence of the systemic inflammation. Authors suggest a rela-
tionship with the symptom of anosmia frequently cited. Because the virus
would act not only in the olfactory epithelium causing loss of smell, but
also in the branches of the trigeminal nerve, very close to the nostrils
through which the virus could cross brain barrier causing neuroinvasion
(Bolay et al., 2020). Therefore, the direct invasion of trigeminal nerve
endings in the nasal or oral cavity by the virus seems one of the most
reasonable mechanisms underlying headache and anosmia/ageusia
connection. Besides, SARS-CoV-2 is a neurotropic virus and viral particles
have been observed in the human brain (Ding et al., 2004)(Gu et al.,
2005). Therefore, it is highly likely that SARS-CoV-2 may also enter to
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Fig. 1. Leading neurological manifestations in COVID-19. Symptoms are classified in miscellaneous, cerebrovascular, motor, sensorial and cognitive.
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the nervous system via the cranial nerves (Izquierdo-Dominguez et al.,
2020)(Baysal-Kirac and Uysal, 2020). Although the SARS-COV-2 trans--
synaptic transfer has not been still proven, the possibility of a
trans-synaptic route was documented for other coronaviruses (Mengeling
et al., 1972). Entrance from the nasal cavity to the olfactory bulb, then
spreading to the brainstem via the piriform cortex with both passive
diffusion and axonal transport has been demonstrated (Desforges et al.,
2019)(Uygun et al., 2020). Therefore, although there is still matter of
study, the neurotropic ability of the virus, could not only affect the tri-
geminal nerve but also the other olfactive nerves, by their anatomical
proximity, together with the loss of sensitive functionality when there is a
trigeminal inflammation in presence of nasal congestion symptoms due
to the respiratory infection, supporting altogether the relationship be-
tween nasal sensitive symptoms and headache. Besides, nasal obstruction
and rhinorrhea were frequently reported accompanied by anosmia and
ageusia. Accordingly, there were found significant levels of anosmia and
ageusia in patients with headache (54.6% vs. 18.2% in headache vs
control group; p < 0.0001) (Caronna et al., 2020).

b) Encephalopathy and encephalitis: encephalopathy is defined as an
alteration of one or more brain functions (e.g. altered level of con-
sciousness, seizures, confusional state, acute focal deficits) caused by a
systemic disease (e.g. anoxia, ischemia, metabolic disorders, etc.), and is
typically reversible (Al Mazrouei et al., 2020). Encephalitis is charac-
terized by typically focal brain alterations, with or without meningeal
involvement, with different possible causes (infectious, inflammatory,
autoimmune, paraneoplastic, etc.), and can be confirmed with histology
studies or through the detection of inflammatory cells in the cerebro-
spinal fluid (CSF) (Blinder and Lewerenz, 2019). The clinical features are
fever, headache and symptoms of brain dysfunction. Infectious etiology is
common, therefore in patients with COVID-19 there was also observed
the presence of this neurological complication with these cited mani-
festations, being frequently classified insight the category of infectious
toxic encephalopathy, also known as acute toxic encephalitis. In this
sense, in a Spanish registry of 232 COVID-19 patients, there was found a
frequency of 21.9% of encephalopathy. Manifesting mild or moderate
confusion (33% of cases) in moderated infected patients and severe en-
cephalopathy or coma (9.8% of cases) in Intensive Care Unit (ICU) pa-
tients, being these symptoms detected after 8.02 days of infection
(Abenza Abildta et al., 2021). Brain MRI studies were performed in 47%
of these patients, detecting alterations in 7.8% of them. Besides, EEG
studies were also performed in 41.3% of these patients, indicating al-
terations in 61.9% of them (Abenza Abildua et al., 2021). However, other
smallest studies pointed encephalopathies in lower frequencies, as for
example in a retrospective study developed in Geneva, it is reported 4,4%
(Uginet et al., 2021). The Spanish registry cited before found viral RNA of
SARS-CoV-2 in cerebrospinal fluid (CSF) of patients with encephalitis in
only one case (Abenza Abildia et al., 2021) and the study from Geneve
did not find in any of the patient (Uginet et al., 2021). In agreement,
other studies that identified cases of encephalopathies did not detected
the virus in CSF, or detected it with low frequencies 7%, suggesting that
viral neuroinvasion by SARS-CoV-2 it is not the exclusive mechanism of
action (Helms et al., 2020). This point should be studied with accuracy,
because there is not already consensus. In this regard, researchers suggest
the hypothesis that the neurological manifestations due to COVID-19
infection are triggered by a combination of direct and an indirect
mechanisms (Lucchese, 2020), pointed the disturbed brain homeostasis,
the inflammatory state and the vascular dysfunction, the main causes for
example of the endotheliitis (Uginet et al., 2021).

c) Confusion: signs of confusion were also detected in COVID-19
patients, involving delirium, acute or chronic confusional state, acute
brain failure or acute encephalopathy impaired consciousness, disori-
entation, lack of attention, agitation and other cognitive problems (Soiza
and Myint, 2019). One sign of encephalopathy reported was mild or
moderate confusion (Abenza Abildta et al., 2021). The frequencies arrive
up to levels of 27% (Pranata et al., 2021) or 33% (Abenza Abildia et al.,
2021). As it is described delirious patients are more likely to have longer

Brain, Behavior, & Immunity - Health 19 (2022) 100399

hospital stay and to develop in-hospital complications and ICU hospi-
talization comparing with non-delirious patients that are ambulatory or
hospitalized in infectious departments prepared for COVID-19 patients
(Cipriani et al., 2020). In some cases delirium may precede symptoms as
headache, fever and cough, being the presence of delirium associated
with an increased risk of mortality in ICU or not ICU hospitalized older
adults with COVID-19 (Pranata et al., 2021).

d) Dizziness: it is also presented in COVID-19 infected patients,
although it is not a specific COVID-19 symptom, because its leading cause
include, acute labyrinthitis, vestibular neuritis, acute otitis media or
secondary to stroke following COVID-19. Furthermore, this symptom is
reported as the initial presentation of COVID-19 illness, thereupon during
a moderate severity phase, with frequencies from 2.13% (Saniasiaya and
Kulasegarah, 2021), arriving also up to a maximum of 17% in a series of
214 infected patients (Mao Li et al., 2020). Therefore, dizziness requires a
deep investigation to determine its leading cause. Among the postulated
mechanisms causing dizziness are the direct neuroinvasion by the union
of the virus with the angiotensin-converting enzyme 2 receptors (ACE2)
found in the capillary endothelium of the brain (Baig et al., 2020). ACE2
is expressed in a wide variety of tissues, including the brain and most of
the cardiovascular-relevant tissues, and the current consensus is that the
distribution of this protein is ubiquitous. In brain ACE2 is widespread
throughout different regions, for example present in nuclei involved in
the central regulation of cardiovascular functions like the
cardio-respiratory neurons of the brainstem, as well as in
non-cardiovascular areas such as the motor cortex and raphe. Activation
of ACE2 receptor promotes vasodilation, antiproliferation and anti-
hypertrophy. Therefore, it constitutes a target in the treatment of the
hypertension and other cardiovascular diseases with impact in brain
functionality (Xia and Lazartigues, 2008). Other postulated cause of
dizziness is the indirect effect of the hypoxia, hypercoagulopathy, as well
as immune-mediated insult during COVID-19 infection (Saniasiaya and
Kulasegarah, 2021). These authors emphasize that dizziness should not
be taken lightly as it has been proven to be a notable clinical manifes-
tation among COVID-19 patients. Dizziness also occurs in patients with
encephalopathy, concomitant with headache (Romero-Sanchez et al.,
2020), possibly because the virus affects mechanisms involved in the
triggering of all these symptoms, such as the inflammation of the neural
nerves, hypoxia, hypercoagulopathy and the general replay of the brain
against the pathogen (Saniasiaya and Kulasegarah, 2021).

e) Seizure: is a paroxysmal alteration of the neurologic function
caused by the excessive, hypersynchronous discharge of neurons in the
brain. The term epileptic seizure is used to distinguish a seizure caused by
abnormal neuronal firing from a nonepileptic event, such as a psycho-
genic seizure (Stafstrom and Carmant, 2015). In COVID-19 the onset of
seizures seems to be occasional and reported with low frequencies,
beginning from 0.5% (Mao Li et al., 2020) up to 9% in small series (Liu
et al., 2020). These studies pointed an indirect effect, arguing that the
seizure could be triggered by fever and hyperthermia, which can disrupt
the blood brain barrier (BBB) (Nikbakht et al., 2020). Because extreme
hyperthermia increases the acute activation of glial cells and the BBB
permeability (Kiyatkin and Sharma, 2009). Furthermore, a severe disease
course or the advanced disease stages for example in ICU hospitalized
patients could result for example in hypoxic encephalopathy, cerebro-
vascular events and cytokine storm, which may trigger the development
of acute seizure (Sohal and Mansur, 2020). Patients who had seizure
needed to be hospitalized not necessarily in ICU, but usually for a long
in-hospital stay. Besides, they had four times more probability to die than
patients without seizures, suggesting that this kind of neurological
complication may be an important contributor to the morbidity and
mortality associated with COVID-19 (Kuroda, 2021). This aspect is under
study principally in the context of epilepsy, because the effect of
COVID-19 on individuals with this neurological disease remains unclear.
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3.2. Cerebrovascular symptoms in SARS-CoV-2 infection

Acute cerebrovascular symptoms remain one of the most serious
neurologic complications observed in COVID-19 patients, being more
frequent in severe or ICU hospitalized than in non-severe or not hospi-
talized patients (Bridwell et al., 2020). Although some cases were re-
ported, fortunately it seems that their onset is infrequent, being
published low level of frequency, e.g. 0.2% in a study of 21.483 hospi-
talized patients with COVID-19 registered in the COVID-19 Cardiovas-
cular Disease registry of the American Heart Association (Leasure et al.,
2021), and also 0.2% in a retrospective study with a sample size of
85.645 patients in the USA (Qureshi et al., 2021). In severe patients are
also reported low levels 1.3% (Qureshi et al., 2021), up to a maximum of
6% of frequency of acute cerebrovascular diseases (Yaghi et al., 2020).
The type of cerebrovascular symptoms published so far are ischemic
stroke, intracerebral hemorrhage, and cerebral venous thrombosis; being
the stroke one of the most reported, with frequency rates from 2.5% to
6%, with a large majority of them being acute ischemic stroke, causing
ICU hospitalization (Leasure et al., 2021). It is suggested that the
comorbidities like hypertension, atrial fibrillation, hyperlipidemia,
congestive heart failure or diabetes, were present in patients with acute
ischemic stroke. In fact, COVID-19 is characterized as a predominantly
prothrombotic disease with elevated D-dimer, higher Sequential Organ
Failure Assessment (SOFA) score, high fibrinogen levels, but only mildly
decreased antithrombin levels and microvascular thrombosis rather than
a bleeding diathesis (Gao et al., 2020)(C. Wu et al., 2020)(Yang et al.,
2020). Therefore, the plausible mechanism that causes these ischemic
processes is the so called "sepsis-induced coagulopathy" (Abbas et al.,
2021). Sepsis is defined as life-threatening organ dysfunction caused by a
dysregulated host response to infection. For clinical operationalization,
organ dysfunction can be represented by an increase in the SOFA score of
2 points or more (Singer et al., 2016). Early phase of sepsis is charac-
terized by hypercoagulability due to tissue factor expression on circu-
lating monocytes and microparticles, increased fibrinogen plasma
concentration, platelet activation and subsequent dysfunction, and
hypofibrinolysis/fibrinolysis shutdown (Sun, 2006)(Adamzik et al.,
2012). Tissue factor expression on circulating monocytes and micropar-
ticles is triggered by pathogen toxins and other pathogen-associated
molecular patterns via NF-kB activation and subsequent induction of
plasminogen activator inhibitor type 1 and proinflammatory cytokines
such as interleukin-6 (IL-6) (Mussbacher et al., 2019)(Liu et al., 2017)
and neutrophil extracellular traps (NETs). NETs are extracellular webs of
chromatin, microbicidal proteins, and oxidant enzymes that are released
by neutrophils to contain infections, including cell-free DNA. All these
molecules are elevated in severe COVID-19 patients receiving mechani-
cal ventilation in ICU hospitalized, and it strongly correlates with acute
phase reactants, including CRP, D-dimer and LDH. These NETs have the
potential to propagate inflammation and microvascular thrombosis (Zuo
et al.,, 2020). Whether extracellular RNA derived from SARS-CoV-2
contributes to the hypercoagulability seen in COVID-19 is not still
known (Gorlinger et al., 2020). Furthermore, other authors affirm that
the risk of mortality increase with the occurrence of acute ischemic
stroke in patients with COVID-19 (Abbas et al., 2021), especially when
comorbidities are present (Qureshi et al., 2021). Intracerebral hemor-
rhage has been also reported (Agarwal et al., 2020), with emphasis in the
elderly and in ICU hospitalized COVID-19 patients, being categorized as a
rare manifestation with a high risk of mortality (Abboud et al., 2020;
Yanan Li et al., 2020), and described up to rates of 59% of lethality
(Abbas et al., 2021). This symptom in some cases is accompanied by
severe immune thrombocytopenia following upper respiratory tract
infection (Magdi and Rahil, 2019) or multiple microhemorrhages (e.g.
intraparenchymal hemorrhage, subarachnoid hemorrhage and subdural
hematoma), and finally sometimes accompanied by cognitive declined
(Magdi and Rahil, 2019). It is required to elucidate the causes, the risk
and the outcome of the cerebrovascular complications through studies
using large sample sizes.
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3.3. Motor symptoms in SARS-CoV-2 infection

Although the motor symptomatology is less frequent than other
neurological symptoms in COVID-19 illness, some symptoms were
detected, such as the neuropathic pain (McWilliam et al., 2021), ataxia,
skeletal muscular injury and myopathic changes, especially in critical
patients associated to the long recovery in-hospital stay or ICU stay (Liu
et al., 2020; Mao et al., 2020; Rossi et al., 2021; Villa et al., 2021). The
literature also report neurological motor syndromes such as the
Guillain-Barre Syndrome (GBS) (Ellul et al., 2020). GBS is a symmetric,
ascending flaccid paralysis, often preceded by respiratory or gastroin-
testinal infections from a virus or bacteria (Bridwell et al., 2020). Isolated
case reports and case series have suggested a connection between
COVID-19 and the occurrence of GBS. Arguing that probably post-viral
deregulation of the immune system generated by COVID-19 triggers
the GBS, because the clinical characteristics and disease evolution seem
to be similar to those observed in GBS secondary to other etiologies. In
the general population, the incidence of GBS is well establishes, being
about 1 or 2 in 100.000 individuals per year (Van Den Berg et al., 2014).
In COVID-19 positive patients the incidence of GBS it is still not defini-
tively established, but reports found in bibliography refer mostly to
different Italian regions. For example, there were reported 1 in 100.000
patients in Friuli Venezia-Giulia (Gigli et al., 2021), or 5 cases in
1.000-1.200 patients in Lombardia (Toscano et al., 2020), or recently 47,
9/10.000 in a retrospective multicenter study from hospitals situated in
Lombardia and in Veneto (Filosto et al., 2021). Besides, in Spain there is
reported 1 in 847 in the Spanish registry ALBACOVID of Castilla La
Mancha (Romero-Sanchez et al., 2020). The cited motor symptoms
together with the loss of muscle density are associated with higher risk of
mortality, especially in ICU hospitalized patients (Rossi et al., 2021).
Motor symptoms are usually present in ICU patients because critically ill
patients present several additional risk factors for nervous system dam-
age, which affect motor function, as they are direct viral invasion of the
nervous system, systemic cytokine storm and severe hypoxemia.
Furthermore, the deep sedation and extended muscular paralysis, bed
rest for several days even months, and the inability to receive proper
physical rehabilitation present frequently in ICU patients add risk factors
for the development of motors symptoms. In fact after ICU treatments,
COVID-19 patients generally require an extensive rehabilitation program
to recover motor functionality and general health state (Deana et al.,
2021). Therefore, also this topic needs to be deepened studied and
understand.

3.4. Sensorial symptoms in SARS-CoV-2 infection

Perhaps, among the neurological effects, the impact at sensorial level
of the SARS-CoV-2 infection has been the most cited one. It is the case of
anosmia (the decreased ability to smell) and hypogeusia/ageusia (the
decreased ability to taste) (Pallanti, 2020), which are considered in the
list of COVID-19's markers of infection by the British Association of
Otorhinolaryngology (ENT-UK) (Hopkins, 2020). Bibliography published
so far include cohort studies and case reports, being the prevalence of
anosmia in COVID-19 patients calculated to be around 44%, and the
prevalence of hypogeusia around 43% (Butowt and von Bartheld, 2020).
In an international observational study, including 514.459 patients,
anosmia accompanied by ageusia were the strongest neurological
consistent symptoms (Sudre and Keshet, 2021). Results that are in
agreement with other studies, as for example in a study conducted in
Ireland, including 46 subjects, it was described that approximately half of
patients reported some degree of olfactory (22/46, 48%) or gustatory
(25/46, 54%) sense loss. Thirteen patients (28%) reported a complete
loss of sense of smell, (8/46, 17%) reported a complete loss of sense of
taste while (7/46, 15%) reported total loss of both (Kerr et al., 2020).
Besides, a systematic review and meta-analysis including 45 articles with
a total of 42.120 COVID-19 patients from 17 different countries,
concluded that surprisingly in the case of severe ill patients or in ICU
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hospitalized patients, the rate of anosmia could be lower (Purja et al.,
2021). Therefore, due to the previous information these authors wonder
if the anosmia-ageusia could be an early predictor of COVID-19 severity.

Other sensorial manifestations like visual loss (Murchison et al.,
2021), central retinal artery occlusion, or post-COVID optic neuritis
(Ucar, 2021) have been also reported in case study reports. Therefore,
cohort studies are needed to glimpse some clear statement regarding this
topic. Besides, there were also mentioned audio-vestibular disorders.
Although there is only a very limited amount of literature focusing on this
topic and they are mainly case reports. In a meta-analysis is cited
sensorineural hearing loss, vertigo and tinnitus as the most reported
sensitive symptoms due to COVID-19. Also in other case series are re-
ported the etiopathogenesis of these symptoms as an inner ear disorders
related to COVID-19 infection (Fancello et al., 2021). More research is
required to assess if these symptoms persist after disease resolution.
However, it seems clear that the loss of smell/taste does not depend
exclusively on nasal obstruction/rhinorrhea and it can begin even before
the typical signs/symptoms of COVID-19 alone or together with head-
ache, thus becoming warning signs even in oligosymptomatic patients
and, especially, in the initial stage of the disease, when high viral repli-
cation and transmissibility occur. The recovery of smell/taste, when it
occurs, usually does so in the first two weeks after the resolution of
COVID-19. However, new interpretations appear every week, therefore it
is believed that valuing and actively questioning the patient about
olfactory/gustatory disorders can help, implemented not only by oto-
rhinolaryngologists, but the entire health team working on the front line
of the pandemic control (Costa, 2020).

3.5. Cognitive symptoms in SARS-CoV-2 infection

Impaired consciousness and dysexecutive syndrome have also been
found among COVID-19 patients (Hampshire et al., 2021), especially in
concomitancy with other systemic pathologies (Jacobs et al., 2021) and
in severe or ICU hospitalized patients (Rousseau et al., 2021). A retro-
spective study of Wuhan reported disturbances of consciousness in hos-
pital admission in nearly one third of the patients from a sample of 113
deceased patients with COVID-19 (Chen et al., 2020). These alterations in
consciousness were also found in other similar studies in China (L. Mao
et al., 2020). Besides, signs of a dysexecutive syndrome consisting in
inattention, disorientation or poorly organized movements in response to
commands were found in 36% of infected patients of an observational
serie of 58 COVID-19 patients in France (Helms et al., 2020). In severe
patients the cognitive impairment seems to be more present, so in a study
about COVID-19 adults who survived after being hospitalized in an ICU,
it was described that 40.6% of a total of 92 patient presented some
cognitive disorder (Rousseau et al., 2021). There is still a little infor-
mation regarding the nature and prevalence of cognitive problems
caused by the SARS-CoV-2 infection in moderated or asymptomatic pa-
tients. Therefore, frequency of cognitive decline is not well known, but
authors link the cognitive impairment with the so call “long-COVID-19”,
defined as an infection by SARSR-CoV-2 not recovered for several weeks
or months following the start of symptoms that were suggestive of
COVID-19, whether the patient was tested or not (Nabavi, 2020).
Long-COVID-19, also is described as a profound fatigue, including cough,
breathlessness, muscle and body aches, and chest heaviness or pressure,
but also skin rashes, palpitations, fever, headache, diarrhea, pins and
needles that persist in time. Besides, cognitive decline could be also due
as a consequence of other neurological problems triggered by the infec-
tion, as for example cerebrovascular problems, which leads to memory
loss, anxiety and sleep disorders. This was described in a cohort of 3.762
patients from 56 countries, where cognitive dysfunction and memory loss
were found after 6 month in approximately 88% of the patients (Davis
et al., 2021).
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4. Arrival and affectation of the SARS-CoV-2 in brain
4.1. Arrival of the SARS-CoV-2 in brain: possible front doors

The exact pathogenesis of the SARS-CoV-2 at CNS remains specula-
tive, because it is a new virus whose comprehension requires long time,
that has not yet elapsed since the beginning of the pandemic. It is unclear
what fraction of the neurological damage is due to the direct CNS inva-
sion, called neuroinvasion, or by the indirect effect caused by the sys-
temic reactions due to the host fight against the infection. Besides, there
are mechanisms that have been flagged as to be involved in both cases
after the infection. Clinical and laboratory findings glimpsed that the
SARS-CoV-2 is a neurotropic virus and can invade nervous tissues, being
the coating-mediated endo/exocytosis a possible route to enter and
transmit within the brain cells (Yang et al., 2020). The first finding is
that, although in low quantities, there were found RNA particles of
SARS-CoV-2 in CSF of COVID-19 patients with neurological symptoms
(e.g. encephalitis, headache, impaired consciousness), by using genome
sequencing or ultrahigh-depth sequencing (Xiang et al., 2020). It was
suggested that the difficult to quantify the RNA of the SARS-CoV-2 in the
CSF due to their low quantity, could indicate a possible viral clearance
preceded (Placantonakis et al., 2020), or that brain symptoms may
depend more on the systemic disease severity (Al Saiegh, 2020). On the
other hand, supporting the neuroinvasion mechanism there were found
high levels of SARS-CoV-2 particles in nervous of COVID-19 died patients
(Meinhardt, 2020). It has been hypothesized that the CNS invasion by
SARS-CoV-2 may be the result of crossing one of the brain barriers, such
as the BBB or the blood-cerebrospinal fluid barrier at choroid plexus,
arriving by nerve routes such as the olfactory nerve, trigeminal nerve,
gut-brain axis or vagus-nerve (Montalvan et al., 2020). All sustained in
the basis that there were identified viral particles in peripheral nerves.
Furthermore, there was suggested that once the virus has passed the
oropharyngeal tract, it could arrive to the brain coming from sensory and
motor nervous endings, by axonal dissemination to brain areas then
observed as to be affected by the virus (Conde Cardona et al., 2020; Hu
et al., 2020). Having as a result the arriving to the CNS and the conse-
quent possibility of neuronal damage (Spindler and Hsu, 2012)(Fig. 2).
The identification of neuropathological findings and viral particles in
autopsy of COVID-19 died patients, by using a combination of anato-
mopathological studies and RT-PCR for detection of SARS-CoV-2 virus
supports this theory. These findings included neuronal degeneration of
the axon of the trigeminal nerve and ganglion, together with cellular loss
and high levels of SARS-CoV-2 viral particles (JM Meinhardt, 2020;
Placantonakis et al., 2020). One of the damaged neural tissues found was
the nucleus tractus solitarii, leading to microvascular clotting, pulmonary
edema, damage of the entorhinal cortex and cytokine storm in COVID-19
affected patients (Anoop and Kavita, 2020). Among the neuronal inva-
sion routes, the olfactory pathway via the trigeminal nerve, the
vagus-nerve and the gut-brain axis are the most cited. Therefore, the
information about these ways is summarized below:

4.1.1. Neuroinvasion via the olfactory pathway

The olfactory route is the most cited brain front door for the SARS-
CoV-2 virus (Fig. 2). Once virus enters in contact with the olfactory
epithelium, the cilia, projected from the dendrite of the olfactory sensory
neurons, become neurons accessible for being infected for the virus (Wei
et al., 2020). In this regard, it was demonstrated in rhesus monkey that
SARS-CoV-2 virus invades the CNS primarily via the olfactory bulb.
Thereafter, viruses by crossing the brain barriers rapidly spread to
functional areas of the CNS, such as the hippocampus, thalamus and
medulla oblongata (Jiao, 2021). As we previous mentioned, at cellular
level the door lock of SARS-CoV-2 is the ACE2 receptor, which joins with
the SARS-CoV-2 spike (S) protein. Besides, the transmembrane protease
serine type 2 (TMPRSS2) mediates the priming of the S protein subunits
S1 and S2 with the ACE2 receptor, causing the activation of the ACE2
receptors and enhancing the attachment and membrane fusion of the
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virus with the infected cells (Jaimes et al., 2020; Paniri et al., 2020). The
ACE2 receptor is well distributed in brain, being presented in high pro-
portions, especially in precursor cells of oligodendrocytes and astrocytes
residing in substantia nigra and cortex, in the endothelial cells of cerebral
capillaries, in the brain ventricles, as well as in areas that are directly or
indirectly involved in olfactory pathways, including the hypothalamic
nuclei, the amygdala, the hippocampus and the frontal cortex (H. Zhang
et al., 2020). This fact makes brain more vulnerable to the infection of
SARS-CoV-2 virus and supports the neuroinvasive potential of the virus,
as well as become it a possible therapeutic target (Xu and Lazartigues,
2020). Furthermore, the analysis of multiple scRNA-seq datasets found a
high population of ACE2 receptors in the bipolar neurons of the nasal
cavity. This factor can increase the probability of the entrance of viruses
in brain by this via (Sungnak et al., 2020). In addition, symptomatology
supports this idea, as there have been described olfactory manifestations
(e.g. anosmia, hyposmia and augesia) as common symptoms of COVID-19
infection (Xydakis et al., 2020), together with significant amounts of viral
particles in the olfactory mucosa underneath the cribriform plate, the
olfactory bulb, the trigeminal ganglion, and the medulla oblongata in
COVID-19 patients by autopsy (Meinhardt et al., 2021). Besides and
regarding this topic, two other reasons may influence in the different
rates of smell dysfunction among COVID-19 patients in different pop-
ulations: genetic variations at the level of the host or genetic variations at
the level of the virus. Regarding the host, specifically, there may be ge-
netic polymorphism in the ACE2 or TMPRSS2 host receptors. Therefore, a
novel hypothesis is that genetic differences in the prevalence of chemo-
sensory defects due to polymorphisms in ACE2 and TMPRSS2 may result
in variations in the binding affinity between the virus and the ACE2 re-
ceptor, possibly determining different infectivity and spreading ability of
the virus (Butowt and von Bartheld, 2020). Regarding the virus, variants
of the SARS-CoV-2 virus may differ in geography, for example, due to
mutations in the S protein (Grubaugh et al., 2020)(Korber et al., 2020)(Q.
Li et al., 2020) (Phelan et al., 2020)(L. Zhang et al., 2020). The receptor
binding domain of the virus S protein (subunit S1) binds with high af-
finity to the peptidase domain of the entry protein ACE2 and thereby
determines viral tropism and infectivity (Shang et al., 2020). Recent
studies indicate that SARS-CoV-2 has a significantly lower mutation rate
as compared to SARS-CoV-1 virus and that the critical receptor binding
domain of the S glycoprotein is particularly well conserved (Jia et al.,
2020). Therefore, genetic variability and the mutation rate within the
receptor binding domain is of particular interest in the context of pop-
ulation differences in the prevalence of anosmia and ageusia. For
example, mutation hot spots were identified in the receptor binding
domain, which may affect its binding to the ACE2 receptor (Ou et al.,
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Fig. 2. COVID-19 neurological entrance and main
mechanisms of action: SARS-CoV-2 viruses could
affect brain tissue and generate neurological symp-
tomatology directly by neuroinvasion, arriving to
the brain through several pathways such as: (1) the
olfactory route via the trigeminal nerve, (2) the
vagus nervous in connection with the lungs and (3)
the gut-brain axis; or indirectly as a consequence of
the effects of the systemic infection, such as hypoxia
or hyperthermia. In both cases several mechanisms
could be triggered such as BBB disruption, inflam-
mation, and increased risk of secondary infections,
among others, all of them being interconnected. The
final result is the generation of brain dysfunction
and the onset of the mentioned neurological symp-
tomatology in COVID-19 patients.

2020), these mutations were not restricted to one specific geographic
area, but were present in Europe, Asia and America (Ou et al., 2020)(van
Dorp et al., 2020). Particular mutation identified was the SNP variant,
G614, that is located outside the receptor binding domain, and has
become the dominant SARS-CoV-2 strain in the pandemic, while the
D614 strain was initially dominant in East Asia (Korber et al., 2020). In
vitro, the G614 mutation increases viral load, and it is likely but not yet
entirely clear whether it is clinically more infectious than D614 (Gru-
baugh et al., 2020). Taken together, at present it is unclear whether
mutations or genetic variability within or near the receptor binding
domain of the virus’ spike glycoprotein can increase the likelihood of
infection of the olfactory epithelium and thereby influence susceptibility
to olfactory deficits (Butowt and von Bartheld, 2020); however, this
question requires further attention. The increase in inflammatory prod-
ucts locally released by the virus infection, leads to a local damage and
causes olfactory loss, and simultaneously may interfere with the viral
spread into the CNS. In this context, olfactory receptors and their genetic
determinants could play a role in the SARS-CoV-2 entrance into cells
locally, in the CNS and systemically (Gori et al., 2020).

4.1.2. Neuroinvasion via the brain-gut axis

This hypothesis is based first in the established connection among the
gastrointestinal tract and the brain through the known gut-brain axis.
This is a connection materialized in part by the enteral neuronal network
regulated by the vagus and sympathetic nerve (Fig. 2). Second, it is based
in the significant presence of ACE2 receptors in the enterocytes of the
small intestine and colon (H. Zhang et al., 2020). Furthermore, it is the
evidence that the SARS-CoV-2 can cause intestinal dysfunction (e.g.
diarrhea, nausea, vomiting and abdominal pain), microbial imbalances in
gut microbiota and related immune disorders (Shi et al., 2021; Jiali et al.,
2021). Reinforcing all these evidences, there were found virus particles
in fecal samples also up to 5 weeks after passed the infection (H. Li et al.,
2020; Yongjian et al., 2020). Although the exact number of patients with
COVID-19 that shed viral RNA in faeces is not still known. The virus
might possibly contaminate sewage, water and food supplies, and
possibly contaminate bathroom sites via faecal-aerosol transmission.
Consistent with this hypothesis, viral RNA was detected in sewage and on
toilet seats, flush buttons and door handles. However, the research on
virus titre in faecal fomites and whether the virus titres in faecal fomites
are of sufficient concentration and infectivity for subsequent trans-
mission remains unknown. By other hand, SARS-CoV-2 can tolerate
human small intestinal fluid but rapidly loses infectivity in gastric fluid
within 10 min. It remains unclear whether the virus can survive during
food intake or whether it is protected by sputum (Guo et al., 2021).
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Therefore, the main routes of transmission are reported to be
person-to-person, by respiratory droplets and to a lesser degree, by fo-
mites. Although the detection of infectious virus in packaged seafood was
reported in China, the possibility of transmission via food and food
packaging and whether the virus poses a risk to food safety is still under
research. There is not currently evidence about the possibility of being
infected of COVID-19 from food. The virus that causes COVID-19 can be
killed at temperatures similar to that of other known viruses and bacteria
found in food. Although the current evidence suggests that SARS-CoV-2
does not cause foodborne illness, the virus has caused major disruptions
to the global food supply chain. Regarding this point there were devel-
oped real-time techniques to detect the trace level of the spike-protein for
cold-chain food (Zhang et al., 2021), in the search of avoiding that the
virus could be reintroduced via cold-chain transportation of contami-
nated items and might initiate an outbreak. It is known that SARS-CoV-2,
like other viruses, cannot multiply in food, therefore, over time, the
number of infectious virions is expected to decrease if the virus happens
to be present on the surface of a food product. Air disinfection could be
considered in food-related environments and two practical methods
include room air cleaners such as filters or UV light, as well as
upper-room germicidal UV fixtures (Nardell and Nathavitharana, 2020).
Much remains to be understood, including which are the viral and the
host factors influencing the brain invasion and whether the virus is
cleared from the brain subsequent to the acute illness.

4.1.3. Neuroinvasion via the vagus-nerve

In human biopsies, SARS-CoV-2 has been detected by immunohisto-
chemistry in all differentiated cell types of the airway mucosa and the
alveolar epithelium (Kong et al., 2020). Being also the ACE2 receptor
widely distributed in the endothelia of arteries, veins, arterial smooth
muscles, type I and type II, alveolar epithelial cells and lung alveolar
epithelial cells (Hamming et al.,, 2004). In this regard, the
lung-originating infection, propagation, and viral multiplication rate
have been confirmed and detailed in a transgenic mouse overexpressing
the human ACE2 gene. SARS-CoV-2 could interact with the ACE2 re-
ceptors for example present in cellular nuclei implicated in the central
regulation of cardiovascular function, such as the brainstem, interacting
with the vagus nerve (Fig. 2), gaining access to the dorsal vagal complex
via blood circulation at the level of the area postrema, due to the lack of
the BBB in this neurohemal structure (Hamming et al., 2004). In this
regard, the vagus nerve-nucleus of the solitary tract coming from the
lungs has been proposed as one important via of transport of the virus
towards the brain. It was suggested that the virus attack the vagus nerve
by infecting the lung (Rangon et al., 2020). Therefore, the vagus nerve is
proposed as another therapeutic target for the brain disturbances in

Brain, Behavior, & Immunity - Health 19 (2022) 100399

COVID-19 (Mastitskaya et al., 2021).

4.2. Mechanisms of SARS-CoV-2 that cause brain affectation

Although the exact mechanism of damage in brain originated by the
SARS-CoV-2 is still unknown, the combination of inflammation, hypoxia
status and secondary infections, among others consequences of the
infection, are mentioned as the leading causes of the brain injury. Below
are explained each of these mechanisms.

4.2.1. Neuroinflammation

The systemic infection caused by the SARS-CoV-2 activates the
immunological system of the host, especially leukocytes, which produce
a storm of cytokines, interleukins (IL) and antibodies, and stimulates
macrophages and monocytes, activating the immune system and leading
to a general state of inflammation (Fig. 3). In brain leukocytes are further
activated by the interaction between chemokine receptors expressed on
their membranes and chemokines circulating in the brain, together with
virus-induced alterations of endothelial adhesion molecules and junc-
tional proteins of the BBB, producing their disruption and favoring viral
neuroinvasion. The dysregulation of the BBB, likely caused by a combi-
nation of viral and host factors (e.g., secreted viral proteins, inflamma-
tory mediators, antiviral therapies, drugs, aging), has been proposed as a
critical component of the virus-induced neuropathology (De Chiara et al.,
2012). Once the virus goes through the BBB, moves from the bloodstream
to the brain, escaping from the immune system and colonizing the CSF,
stimulating the glial cells (astrocytes, oligodendrocytes and microglia)
and neurons, generating a process of neuroinflammation (Andriuta et al.,
2020). The SARS-CoV-2 viral particles in CSF detected, although in low
quantities, reinforce this idea. Besides, this process is characterized by
the activation of signaling pathways (e.g. NF-kappaB), which produce the
release of more IL and cytokines, generating at the same time an over-
production of reactive oxygen species (ROS), due to the increase in the
oxidative state due to the whole inflammatory process (Spindler and Hsu,
2012). Besides, it has been observed that the systemic inflammation
generates a decrease in monoamines and neutrophic factors, activating at
the same time the microglia, increasing the glutamate and the N-meth-
yl-D-aspartate (NMDA), and favoring excitotoxicity (Boldrini et al.,
2021). The most common findings in neurological affected COVID-19
patients, are mild neuropathological changes with pronounced neuro-
inflammation in the brainstem (Matschke et al., 2020). In this regard,
clinical studies about severe and moderate cases of COVID-19 have re-
ported a highlighted increase in plasma levels of interleukins (IL2, IL7,
IL10), granulocyte-colony stimulating factor (GSCF), human
interferon-inducible protein 10 (IP10), monocyte chemoattractant
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protein 1 (MCP1), macrophage inflammatory protein-lalpha (MIP1A)
and tumor necrosis factor (TNFa), favoring the theory that possibly an
exaggerated state of inflammation is produced during the infection.
These situations were reported especially in older people, contributing to
the lethality of the infection in this group (Butowt and von Bartheld,
2020; Helms et al., 2020; Wang et al., 2020). It was also found an increase
of pro-inflammatory cytokines and interleukins (TNFa, IL-6, IL-12p70,
IL-10) in CSF in COVID-19 patients associated to severe neurological
damage, as for example stroke (Garcia et al., 2021). Considering also that
in aging period there is a characteristic imbalance in the regulation of
inflammation and oxidative stress, that leads to a state known as
inflammaging (Franceschi et al., 2000), the activation of inflammatory
mechanisms could cause chronic damage, resulting in alterations of the
neuronal function and their viability, triggering neurotoxic pathways and
producing molecular hallmarks of neurodegeneration, lack of neutrali-
zation of the oxidative stress mechanism, deficient autophagic processes,
synaptopathies and neuronal death. Finally, altogether could generate
cognitive, motor and sensorial symptomatology. In aging, these effects
may act in synergy with the cardiovascular and respiratory comorbid-
ities, aggravating the situation. Perhaps this could be the cause of the
important rates of cerebrovascular manifestations in severe elderly
affected patients.

4.2.2. Hypoxia

The pulmonary affectation caused by the SARS-CoV-2 could induce
also brain hypoxia due to the loss of supply of oxygen to the brain.
Therefore, hypoxia is another potential mechanism involved in the onset
of the neurological symptoms caused by this virus, mainly caused by the
disturbs in the gas exchange by the respiratory system. One of the con-
sequences is that hypoxia induces anaerobic metabolism in the mito-
chondria of neural cells resulting in overproduction of acid lactic. High
levels of acid and a decreased in pH, cause intracerebral vasodilation,
brain edema, obstruction of cerebral blood flow, hypoxic ischemic en-
cephalopathy and headache. Furthermore, if there is a prolonged hyp-
oxia, intracranial hypertension can appear, inducing BBB disruption,
activation of glia cells, oligodendroglial cell injury, demyelination, white
matter microhemorrhages and cell injury (Wani AH, 2020). Therefore, in
high-risk patients with cardiovascular diseases, hypoxia may also induce
the occurrence of neurologic symptoms as acute ischemic stroke,
increasing the risk of death (Y. Wu et al., 2020). In this regard, using MRI
scan it was described hypoxic brain damage in patients with severe
COVID-19 infection hospitalized in the ICU (Kandemirli et al., 2020).
Unfortunately, cerebrovascular events were also found in COVID-19
infection, having a multifactorial etiology that should be studied,
because it is a factor risk causative of morbidity and mortality. In brain
biopsies of some COVID-19 patients affected by cerebrovascular prob-
lems there were found signs of thrombotic microangiopathy and endo-
thelial injury, suggesting that endothelial disruption is the primary
mechanism of damage. There were also found thrombotic micro-
angiopathy, loss of self-regulation and increased bleeding predisposition
in the neuroimaging tests of these patients (Hernandez-Fernandez et al.,
2020). In accordance, morphologic alterations such as hypoxic injury
with neuronal loss encephalitis, meningitis, petechial bleeding, peri-
vascular hemorrhage, axonal injury/degeneration, white matter clusters
of macrophages, perivascular acute disseminated encephalomyelitis-like
appearance, focal microscopic areas of necrosis with central loss of white
matter and marked axonal injury, astrogliosis, lymphocytic infiltrates
and microscopic infarcts, were found by using histological techniques, as
itis reported in a meta-analyses that include 662 patients from 58 studies
(Meinhardt et al., 2021).

4.2.3. Secondary infections

The brain without the optimal protection due to the deterioration of
the BBB, caused by the SARS-CoV-2 virus, becomes vulnerable. In this
conditions, it is easier for other pathogens to reach the CNS (Y. Wu et al.,
2020). Therefore, neurologic complications could be also due to
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secondary intracranial infections, that could cause neurological symp-
toms in COVID-19 patients (Y. Wu et al., 2020), such as encephalitis,
possibly with concurrent neurovascular endotheliosis and CNS renin
angiotensin system (RAS) dysregulation (Najjar et al., 2020). Recently,
another secondary infection reported was the rhino-orbital mucormy-
cosis, which is an angioinvasive disease caused by mold fungi of the
genus Rhizopus, Mucor, Rhizomucor, Cunninghamella and Absidia of the
Order-Mucorales, Class- Zygomycetes, that usually affects patients with
altered immunity, carrying high risk of mortality (Baker, 1957; Tirabo-
schi et al., 2012). The Rhizopus Oryzae is the most common type and
responsible for nearly 60% of mucormycosis cases in humans and also
accounts for the 90% of the rhino-orbital-cerebral form (Bennett et al.,
2014). Mode of contamination occurs through the inhalation of fungal
spores. Globally, the prevalence of mucormycosis varied from 0.005 to
1.7 per million population, while its prevalence is nearly 80 times higher
(0.14 per 1000) in India compared to developed countries, in a recent
estimate about the years 2019-2020 (Singh et al., 2021). Interestingly,
there are case reports of overall, 101 cases of mucormycosis in people
with COVID-19, of which 82 cases were from India and 19 from the rest
of the world. In this case diabetes mellitus seems to be a factor risk, since
it was present in 80% of cases. Also the use of corticosteroids for the
treatment of COVID-19 seems to be another factor risk, since it was
recorded that 76.3% of patients with mucormycosis and COVID-19 had
corticosteroids as treatment (Singh et al., 2021). However, few infor-
mation is published so far regarding this topic, therefore more compre-
hensive and detailed studies are required to discover how other virus act
in synergy with SARS-CoV-2 invading the neural system.

5. Future challenges for neuroscience

The pandemic caused by the SARS-CoV-2 virus has implied a change
in our lifestyle but also a revolution for science. In record time, many
scientists around the world have developed different types of vaccines
and have also published a great deal of information, describing and
exploring this new disease. However, considering that it is a new disease
and that from the point of view of science it has elapsed a short period of
time since the start of the pandemic, there are so many questions to
answer. As well as there is a considerable amount of literature regarding
the systemic infection generated by the virus, at neurological level there
is less information, despite their importance. Perhaps because neuro-
logical symptomatology is not always present and also because the first
goal is to combat for example the respiratory disturbs. Therefore, COVID-
19 raises a new challenge for neuroscience. From the clinical viewpoint
and at symptomatologic level, are needed more retrospective and pro-
spective cohort studies with larger sample size for describing with sta-
tistical validity the manifestations relative to neurological disorders
including the exact incidence of each symptom, morbidity and mortality.
Besides, prospective follow-up studies for answering what is the profile of
the patients that could develop neurological symptoms and to know if
people who have had neurological symptoms and is recovered from
COVID-19, could suffer neurological sequalae at short- and long-term.
Find out if there is a brain damage, in severe COVID-19 patients, after
they recovery, as for example to study whether sensitization of the tri-
geminovascular system persists when SARS-CoV-2 infection disappears
or what are the motor consequences in severe patients. Besides, it is
required to study and identify the determinants or concomitant risk
factors for developing neurological symptomatology (e.g., comorbidities,
available biomarkers, demographic factors), that may predispose a per-
son with COVID-19 to neurological manifestations.

At a physiopathological level, it is essential to study the mechanisms
of action of the SARS-CoV-2 virus during the infection, regarding the
molecular host-pathogen interaction. This study should be made taking
into consideration in vivo studies with experimental animals, in vitro
studies with neural and glial cells, accompanied by clinical data. The
main challenge is to unravel whether the neurological effects are due to a
direct effect of the virus by their postulated neuroinvasive mechanism or
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if there are caused by an indirect effect due to the consequences of the
systemic infection. This includes to understand in depth the role of
inflammation, the molecular interactions once the infection is produced
and the role of the blood coagulation or hyperthermia in the neuro-
invasion by the disruption of the BBB. Because extreme hyperthermia
increases the acute activation of glial cells and BBB permeability
(Kiyatkin and Sharma, 2009). In addition, it is also a challenge the study
of the relationship between genes and the virus. Recently, there have
been published some of the genetic association between COVID-19 and
various brain disorders, using a system biology-based network approach,
observing 123 brain-related disorders associated with COVID-19 and a
brain-disease-gene network with five highly clustered modules, with 35
hub proteins that are also involved in the protein catabolic process, cell
cycle, RNA metabolic process, and nuclear transport, demonstrating a
greater complexity of COVID-19 infection and glimpsed some thera-
peutically targets (Prasad et al., 2021). In accordance, other study using
network analysis has identified 73 human targets of SARS-CoV-2 asso-
ciated with brain-related diseases, identifying putative pathogenic genes
as for example the Integrin beta-1 (ITGB1). This gene is highly expressed
in the brain and codify for ACE2 binding proteins. ITGB1 could be
considered as a drug target for the prevention and treatment of CNS
symptoms associated with COVID-19 patients. The ITGB1 gene plays a
role in many important pathways involve for example in the cell adhesion
of molecules, axon guidance, Rapl-signaling pathway, and PI3K-AKT
signaling pathways (Khatoon et al., 2020). Furthermore, to explore the
temporal expression patterns of ITGB1 in the hippocampus, amygdala,
striatum, cerebellar cortex, mediodorsal nucleus of the thalamus, and
neocortex, using the Human Brain Transcriptome project (HBT; http
://hbatlas.org/pages/hbtd), found that expression appeared to be
decreased in early childhood and after that remained stable over adult-
hood and older age (Khatoon et al., 2020), suggesting a possible reason
for the severity of the virus infection in elderly people. Furthermore, a
more concrete aspect but not less important is the characterization of the
COVID-19 manifestation in patients with neurological diseases such as
epilepsy, Alzheimer's disease or Parkinson among others, because it re-
mains unclear. In this regard the study of the relationship between aging
and the triggering of COVID-19 in relation with the onset of CNS
symptomatology is one of the major goals for neuroscientists, due to the
high registered rates of mortality in elderly around the world. The un-
derstanding of the disease is vital for the finding of therapeutic targets. It
is also crucial to find early predictors of the disease, as for example to
know if the neurological symptoms like headache, dizziness or anos-
mia/augesia could be some of them (Purja et al., 2021). Finally,
regarding the effect of vaccines in decreasing neurological consequences
caused by COVID-19, there is no already a scientific consensus. Because
the specific effect of vaccines on neurological problems caused by
COVID-19 must still be studied. However, it is known that the neuro-
logical side effects generated by the vaccines are rare. Currently reports
of rare neurological complications associated with COVID-19 infection
and vaccinations are leading to regulatory, clinical and public health
concerns. A publication described the following rare neurological com-
plications in those who received COVID-19 vaccines: risk of acute central
nervous system (CNS) demyelinating events, encephalitis meningitis and
myelitis, GBS syndrome, Bell's palsy, myasthenic disorders, hemorrhagic
stroke and subarachnoid hemorrhage (Farrington et al., 1996). It is also
known that the vaccines help to fight against the disease and prevent
contagion and therefore reduce the probability of suffering neurological
consequences. Vaccines are proving effective at reducing SARS-CoV-2
infections, hospitalizations and deaths (CDC Centers for Disease Con-
trol and Prevention, 2021). All approved vaccines have been through
randomized clinical trials to test their quality, safety and efficacy.
However, the rapid development of the COVID-19 vaccines means that
these trials were not large enough to detect very rare adverse events or
specific effect for example at neurological level. Interestingly, a recent
study found that the risk of neurological complications was higher in
people with a positive COVID-19 test than in those who had received
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COVID vaccines. The risks of adverse neurological events following
SARS-CoV-2 infection are much greater than those associated with vac-
cinations, highlighting the benefits of ongoing vaccination programs
(Patone et al., 2021). Therefore, detailed assessments of potential
neurological adverse events associated with COVID-19 vaccines and
infection are urgently needed. Regarding this topic, The American
Academy of Neurology concluded that based on the existing evidence,
neurologists should recommend COVID-19 vaccination to their patients.
For those patients being treated with immunotherapies, attention should
be paid to timing of vaccination with respect to treatment and the po-
tential for an attenuated immune response (Marsh et al., 2021).

6. Conclusion

The clinical manifestations at neurological level of COVID-19 infec-
tion could be from very general as headache or dizziness, up to more
specific, many of them having a connection. Among the most frequently
reported are the following categories of manifestations: the general or
miscellaneous as it could be the headache, the cerebrovascular, the
motor, the sensorial and the cognitive dysfunctions. The possible infec-
tive mechanism of COVID-19 in brain is thought to be caused by a high
density of ACE2 receptors in brain and in other visceral tissues, together
with the entry of the virus in brain by different front doors, being the
most cited the neuronal or axonal transport, by the trigeminal nerve, the
vagus nerve or the gastrointestinal nervous pathway. The exact physio-
pathological mechanism of infection at CNS remains speculative, but
seems to be related with a combination of direct processes which in-
cludes the neuroinvasion and an indirect effect of the consequences of the
systemic infection, both of them triggering neuroinflammation, hypoxia,
vulnerability of the BBB, increased predisposition to secondary infections
and brain disfunction. In consequence, neuroscience has a new major
challenge, which is to deep understand these mechanisms in order to
identify new therapeutic target for reducing the comorbidity and mor-
tality risk of the infection. As well as early predictors of the illness. In this
sense, it will be crucial the study of molecular networks, including the
interaction between the virus and gene expression in combination with
the study of symptomatology in COVID-19 patients. The combination of
experimental and observational clinical studies, using a translational
approach, are fundamental to unravel why this virus affects the brain, as
well as to be able to fight against it.
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ABBREVIATIONS

ACE2 angiotensin-converting enzyme 2
BBB blood brain barrier

CNS central nervous system

CSF cerebrospinal fluid

GBS Guillain-Barre Syndrome
GSCF granulocyte-colony stimulating factor
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MCP1 monocyte chemoattractant protein 1
MIP1 macrophage inflammatory protein-lalpha
MERS Middle East Respiratory Syndrome

NETs neutrophil extracellular traps

ICU Intensive Care Unit

L2 IL7, IL10 interleukin number

IP10 human interferon-inducible protein 10
ITGB1  Integrin beta-1

RAS renin angiotensin system

ROS reactive oxygen species

S spike protein
SARS-COV-2 Severe Acute Respiratory Syndrome Coronavirus 2
TMPRSS2 transmembrane protease serine type 2

TNFa tumor necrosis factor
WHO World Health Organization
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