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ARTICLE INFO ABSTRACT

Keywords: SARS-CoV-2 mainly invades respiratory epithelial cells by adhesion to angiotensin-converting enzyme 2 (ACE-2)

COVID-19 and thus, infected patients may develop mild to severe inflammatory responses and acute lung injury. Afferent

IS{ARS'COY'Z impulses that result from the stimulation of pulmonary mechano-chemoreceptors, peripheral and central che-
ypoxemia

moreceptors by inflammatory cytokines are conducted to the brainstem. Integration and processing of these
input signals occur within the central nervous system, especially in the limbic system and sensorimotor cortex,
and importantly feedback regulation exists between O3, CO5, and blood pH. Despite the intensity of hypoxemia in
COVID-19, the intensity of dyspnea sensation is inappropriate to the degree of hypoxemia in some patients (silent
hypoxemia). We hypothesize that SARS-CoV-2 may cause neuronal damage in the corticolimbic network and
subsequently alter the perception of dyspnea and the control of respiration. SARS-CoV-2 neuronal infection may
change the secretion of numerous endogenous neuropeptides or neurotransmitters that distribute through large
areas of the nervous system to produce cellular and perceptual effects. SARS-CoV-2 mainly enter to CNS via
direct (neuronal and hematologic route) and indirect route. We theorize that SARS-CoV-2 infection-induced
neuronal cell damage and may change the balance of endogenous neuropeptides or neurotransmitters that
distribute through large areas of the nervous system to produce cellular and perceptual effects. Thus, SARS-CoV-
2-associated neuronal damage may influence the control of respiration by interacting in neuromodulation. This
would open up possible lines of study for the progress in the central mechanism of COVID-19-induced hypoxia.
Future research is desirable to confirm or disprove such a hypothesis.

Neural Invasion
Central Nervous System

1. Introduction endothelial, brain, and small intestine cells express ACE2 receptors and

are potential targets for SARS-CoV-2 [8,9]. Another possible mechanism

The Coronavirus disease 2019 (COVID-19), initially identified in
Wuhan in December 2019, was recently introduced as a pandemic by the
World Health Organization. The virus that causes this disease, defined as
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), can
infect human respiratory epithelial cells through an interaction with the
angiotensin-converting enzyme (ACE)- 2 [1,2].

The ACE2 receptor has a key role in the adhesion of SARS-CoV-2 and
its entrance into cells [3,4]. This virus mainly invades alveolar epithelial
cells and then disseminates throughout the body via ACE2 expressing
endothelial, CNS, myocardial, lymphocytes, and intestinal cells [5-7].

It is well-described that pulmonary, cardiac, renal, vascular
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of SARS-CoV-2 brain involvement could be direct spreading across the
cribriform plate of the ethmoidal sinus [10,11] (Fig. 1).

Recently, many studies have revealed that a significant number of
patients with SARS-CoV-2 infection had anosmia as an initial symptom
of the infection [12-15]. Olfactory alterations are frequent in patients
with SARS-CoV-2 infection. The absence of catarrhal symptoms was a
prominent finding in half of the patients with COVID-19 [16]. The
presence of virus in neural and capillary endothelial cells in frontal lobe
tissue was reported [17]. Moreover, a direct invasion of the virus that
enters through the olfactory mucosa was reported. Based on these au-
topsy findings, virions of SARS-CoV-2 were exist in olfactory pathways
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and medulla oblongata [18].

Although neurological presentations are not common in the COVID-
19 epidemic, a considerable number of COVID-9 infected patients may
complain from the early or delayed onset of neurological manifestations
which correlated with the presence of the SARS-CoV-2 in the CNS [19].
According to a recent report of a COVID-19 patient with anosmia, the
brain MRI revealed bilateral inflammatory obstruction of the olfactory
clefts, with no anomalies of the olfactory bulbs and tracts [20].
SARS-CoV-2 can also damage glial cells and neurons by interacting with
host ACE2 without developing substantial inflammation or clinical ev-
idence of encephalitis [21,22,11]. The distribution of ACE2 in the brain
is still obscure but some important brain areas were relatively expressed
highly ACE2 receptors both in excitatory and inhibitory neurons in the
substantia nigra and brain ventricles [23,24]. The high expression of
ACE2 receptor in central glial substance and brain ventricles suggests

SARS-CoV-2

ACE-2 receptor
Afferent signals
Efferent signals

®
T

IS systemic circulation
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two potential novel routes the entering of SARS-CoV-2to CSF and/or
spreading around the brain [23,24].

In this review, we try to argue that clinical profiles and respiratory
prognosis are related to the entry of the virus into the CNS and
involvement of some specific areas and therefore we argue the dyspneic
and silent hypoxia mechanism of CNS in COVID-19.

2. Mechanism of hypoxemia in COVID-19

The SARS-CoV-2 frequently leads to mild to severe inflammatory
responses and diffuse alveolar damage. The autopsy reports of patients
with SARS-CoV-2 have indicated mild to moderate mononuclear
response consisting of notable aggregates of CD4+ cells around the
thrombosed small vessels and foci of hemorrhage. Pulmonary micro-
vascular thrombosis that is restricted to the lungs can be an additional

High cortex

s

Fig. 1. A neurobiological model framework shows the route of entry of SARS-CoV-2 via the systemic circulation and olfactory bulb to the brain. Afferent impulses
from chemoreceptors and mechanoreceptors are transmitted to the brainstem, limbic system, and cerebral cortex for integration and processing. The central nervous
system directs efferent motor commands via the phrenic and thoracic spinal nerves to regulate ventilation and modify dyspnea.
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mechanism that occurs in the severe type of COVID-19 and can under-
mine the pulmonary ventilation [25,26].

Hypoxemia in COVID-19 patients with diffuse lung injury could be
related to three different types. The first main type of hypoxemia in
COVID-19 patients is hypoxic and hypocapnic respiratory failure mainly
due to the increased pulmonary shunt fraction and ventilation-perfusion
mismatch (V/Q defects) in the injured lung [27,28]. Hypoxic and hy-
percapnic respiratory failure is the second type of hypoxemia that occurs
less commonly among COVID-19 patients. Although hypercapnia con-
tributes to breathlessness in normal individuals, some COVID-19 pa-
tients do not complain of dyspnea even with the development of severe
hypoxemia [29]. The third type of hypoxemia is pure hypoventilation
and is characterized by hypoxemia in the presence of a normal arte-
riovenous oxygen gradient, which is extremely rare among these pa-
tients [30,29].

Invasion of the alveolar epithelium and pulmonary parenchyma, and
subsequent inflammatory response induces the stimulation of pulmo-
nary mechano-chemoreceptors and other chemoreceptors. Input signals
from these receptors are then transmitted to the brainstem by sensory
afferents, and input impulses are further processed mainly in the limbic
system and sensorimotor cortex [31,32]. This issue has been considered
to be closely associated with dyspnea perception [33].

Feedback regulation of O, and CO is operated by carotid bodies (CB)
and central respiratory chemoreceptors (CRC). CRCs control this process
by measuring the PCO, and power of hydrogen ion (PH) in the brain. In
hypoxic conditions, carotid bodies are activated selectively and CRCs
are inhibited, contributing to hyperventilation [31,32,34].

Diminution in dyspnea perception in COVID-19 may be explained by
two mechanisms; the direct invasion of SARS-CoV-2 to ACE2 expressing
brain cells in the limbic system (especially the insular area), or by the
indirect toxic effect of cytokine storm in the corticolimbic network that
has the main role in expressing the perception of dyspnea [35,5].

3. Neurobiology of dyspnea

The experience of dyspnea occurs when there is an imbalance be-
tween the central neural drive and the respiratory muscle function.
Sensory receptors (activated due to hypercapnia, hypoxemia, or even
parenchymal disease) provide afferent signals and transmit the signal to
the breathing centers in the brainstem, cerebral regions in the limbic
system, and cortex. Input signals from the cardiopulmonary system
continuously and precisely regulate oxygen and carbon dioxide and
hydroxide ion concentration.

Neuroimaging studies have shown that respiratory input signals are
processed within the anterior insular cortex and associated operculum,
anterior cingulate cortex, amygdala, and dorsolateral prefrontal cortex
[36,37]. Input signals are processed in the cortex by two main pathways:
discriminative processing that is related to awareness of intensity
components and the structures involved in this pathway include brain-
stem medulla, and ventroposterior area of the thalamus, and affective
processing, which is associated with qualitative components and feel-
ings and begins with the relay of afferent information via the vagal
pathway to several structures of the limbic system, such as amygdala
[38,39].

Afferent signals are transmitted via the vagal nerve to the central
nervous system (CNS) and are then sent to the amygdala and medial
dorsal regions of the thalamus and finally ascend specific parts of the
limbic system, including the insular and cingulate cortices [40,33].
These structures are thought to process the unpleasant aspect of dyspnea
and it seems that COVID-19 infection modifies the function of these
areas of the brain [41,42].

The thalamus and hippocampus are critical neural areas for receiving
respiratory sensory input [33]. After effective integration and processing
of afferent inputs in the CNS, these structures subsequently produce
efferent outputs and send impulses via the phrenic and thoracic spinal
nerves to the diaphragm and intercostal muscles, respectively (Fig. 1).
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4. Hypoxemia and effects on the brain

The effective function of synaptic transmission needs at least 30%
cerebral oxygen delivery and hypoxemia can decrease the amount of
brain adenosine triphosphate (ATP) down to 10 percent in 5 minutes
[43].

COVID-19 patients experience moderate to severe hypoxemia that
can contribute to multiple organ dysfunction, particularly the CNS.
Hypoxemia induces a functional change in Na™ and K* pump oxygen-
sensitive ion channels and impairs the excitation and inhibition of
neuronal and glial cells; also, this can activate glutamate transporters
which split glutamate inside the synaptic region and cause excitotoxicity
[44]. Under hypoxic conditions, the Krebs cycle is inhibited, leading to a
reduction in 2-oxoglutarate [45].

During hypoxia, hypoxia-inducible factor (HIF)-1 becomes stabilized
and leads to the expression of genes related to this condition (e.g.
erythropoietin, vascular endothelial growth factor, and insulin-like
growth factor 1) via hypoxemic response element (HRE) [46]. One of
the neuroprotective agents is adenosine (also one of the neurotrans-
mitters). Activation of this route further activates phospholipase C,
which inhibits the release of glutamate and other neurotransmitters.
HIF-1 also increases adenosine by breaking down the ATP of the extra-
cellular fluid [47].

In hypoxemic conditions, HIF binds to HRE and allows the upregu-
lation of cytokines, such as IL-f, IL-6, IL-8, and tumor necrosis factor
(TNF)-a. TNF-a is one of the most important inflammatory cytokines
associated with neural damage [44]. HIF acts as a cornerstone of the
hypoxia-sensing machinery and regulatory transcriptional program, but
the role of certain types of microRNAs has been demonstrated in hypoxia
response, especially miR-210 [44,48].

In the condition of hypoxia, a shift from oxidative phosphorylation,
which takes place in the mitochondria, to glycolysis is observed as a
result of HIF activation. HIF-1 alpha induces miR-210 and causes this
shift by repressing several steps of the mitochondrial metabolism and
mitochondrial enzymes [44]. Also, miR-210 affects capillary wall for-
mation and has a role in the regulation of apoptosis and DNA repair [49,
48].

5. Neurotropism of SARS-CoV-2

Currently, different mechanisms have been proposed for CNS inva-
sion in patients with COVID-19, which could be categorized as direct or
indirect mechanisms (Fig. 2). The direct entry of SARS-CoV-2 to the CNS
could be achieved either through the hematogenous or the neuronal
route. In the hematogenous route, SARS-CoV-2 can invade the vascular
endothelium by binding to ACE-2, leading to increased permeability of
the blood-brain barrier (BBB) and then infecting glial cells in the CNS or
directly attacking the vascular system. Another potential mechanism,
also known as the Trojan horse mechanism, is that SARS-CoV-2 can
infect leukocytes within the bloodstream and then cross the BBB via
diapedesis. In the neuronal route, SARS-CoV-2 could transmit from the
peripheral nerves to the brainstem via retrograde transsynaptic propa-
gation or it could directly invade the frontal lobe of the cortex via the
cribriform plate and olfactory bulb; importantly, both of these mecha-
nisms have been previously shown in other beta coronaviruses [50].
With the spread of the virus to the brainstem, the involvement of the
nucleus of the solitary tract and the nucleus ambiguous, which receive
afferent signals from pulmonary mechano-chemoreceptors, may even-
tually lead to respiratory failure and even death [22]. In addition, his-
topathologic examination of brain specimens of patients with COVID-19
revealed the loss of neurons in the cerebral cortex, hippocampus, and
cerebellar Purkinje cell layer; also, SARS-CoV-2 was detected in several
brain sections by RT-PCR [51]. These findings further support the notion
that COVID-19 could induce direct neuronal damage. Regarding the
indirect mechanisms, many factors including drugs, hypoxia, systemic
inflammation, coagulation imbalance, comorbidities, cardiovascular
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Fig. 2. Potential mechanisms of central nervous system involvement by SARS-CoV-2.

injury, and critical illness could potentially cause cerebrovascular
events. For example, the macrophage activation syndrome or cytokine
storm, which has been reported in COVID-19, could result in neuro-
inflammation and brain tissue injury. Dixon et al. have argued that the
negative RT-PCR results obtained from CSF samples in patients with
neurological manifestations are in favor of a hyperinflammatory
response, rather than a direct neurotropic effect [52].

6. Respiratory failure in COVID-19-related neurological diseases

Emerging data suggest that SARS-CoV-2 can trigger autoimmune
neurologic diseases such as Guillain-Barre syndrome (GBS). Such auto-
immune reactions are likely due to molecular mimicry between SARS-
CoV-2 spike proteins and glycolipids found on the surface of periph-
eral nerves [53]. Recent studies showed that patients with COVID-19

that presented with GBS developed severe and progressive respiratory
failure [54-56]. Hence, neuromuscular dysfunction could be considered
as an alternative cause of respiratory insufficiency in patients with
COVID-19 and GBS, especially in those who have minimal chest imaging
findings. As mentioned earlier, other coronaviruses such as SARS-CoV-1
and MERS-CoV could result in neurological complications via initially
invading peripheral nerves and then entering the CNS through trans-
synaptic propagations [50]. Whether SARS-CoV-2 can also act similary,
is still not fully understood; however, manifestations such as anosmia,
ageusia, and headache that have been increasingly recognized in pa-
tients with COVID-19 imply the neuroinvasive potential of SARS-CoV-2.
Other than GBS, several case reports have described patients with other
neurologic disorders associated with COVID-19, including meningitis,
encephalitis, acute disseminated encephalomyelitis, and myelitis
[57-60]. However, the exact role of SARS-CoV-2 in the development of
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these neurologic diseases is not clear yet.
7. Conclusions

COVID-19 mainly invades the alveolar epithelial cells and then dis-
seminates throughout the body via the systemic circulation, neural
transmission, and adherence to ACE2 expressing cells. SARS-CoV-2
could directly spread to the central nervous system by the olfactory
epithelium. The indirect effects of cytokine storm and direct neuro-
invasion of SARS-CoV-2 to ACE2 expressing brain cells in the limbic and
insular area in the corticolimbic network could be one of the possible
mechanism involved in the development of respiratory failure and silent
hypoxemia. Also, SARS-CoV-2 can trigger autoimmune neurologic dis-
eases such as GBS. Moreover, neuromuscular dysfunction could be
considered as an alternative cause if respiratory insufficiency in patients
with COVID-19. This would open up possible lines of study for the
progress in the central mechanism of COVID-19-induced hypoxia.
Future research is desirable to confirm or disprove such a hypothesis.
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