
non-systematic review

118

Submission date: 14/03/2021 
Revision date: 24/03/2021

Acceptance date: 04/04/2021

Translated by:

Antequera-Manzano, Sofía2; Arellano-Romero, Beatriz2; De la Torre-Galán, Samuel2; Gámez-Salazar, Carmen2; Gil-
Ortega-Barahona, Clara Sofía2; Hernández-García, Amanda Inés2; Villena-Rodríguez, Francisco José2

2 Faculty of Translation and Interpreting, University of Granada (UGR)

Mechanisms of SARS-CoV-2 Entry into Neuronal Cells and 
its Possible Neurological Sequelae
Guiomar-Córdova, Ariana1; Bustos-Romano, Magdalena1; Sánchez-Correa, Daniel1

1 Faculty of Science (Biology), University of Granada (UGR)

Abstract
This non-systematic review gathers data on neurological sequelae of COVID-19 patients aged 18 to 65 
years. Scientific evidence shows that the main SARS-CoV-2 entry occurs through the ACE2 receptor, 
which is present in numerous cells of the organism. The virus penetrates the blood-brain barrier through 
vascular endothelial cells and immune cells; via the olfactory bulb and optic nerve channels; and across 
trans-synaptic transmission. In the central nervous system, the cytokine storm culminates in oxygen de-
privation to neuronal cells. In the long term, this may lead to neurodegenerative diseases such as encepha-
lopathy. Preliminary studies on treatment suggest a symptomatic approach proposing some pharmaceu-
tical drugs such as adamantane. Therefore, some COVID-19 patients could experience cognitive sequelae, 
which could be related to the inflammation level produced by the infection. 
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1. Introduction
The SARS-CoV-2 agent (1,2) was identified in De-
cember 2019 at the Huanan seafood market in Wu-
han, Hubei (China). This virus caused atypical pneu-
monia of unknown origin and muscle aches, among 
other symptoms (2). Since then, the number of cases 
has increased significantly around the world (1). The 
WHO declared the situation to be a pandemic on 
March 11, 2020 (2). As of March 28, 2021, a total of 
126,607,206 positive cases and 2,776,023 deaths were 
confirmed worldwide, according to data provided 
by Johns Hopkins University (3).

SARS-CoV-2 is a new betacoronavirus responsible 
for COVID-19 (4). The median incubation period is 
approximately two days, although it can vary from 
one to four days (5). The most common symptoma-
tology produced by this microorganism includes fe-
ver, cough, fatigue, headache, anosmia, hyposmia, 
ageusia, dyspnea, and chest pain, among others 
(6–8). The second most common manifestation is 
altered mental status (9). Cerebrovascular injury 
and impaired consciousness developed within a 
mean period of 8 to 10 days after admission, while 
the rest of neurological manifestations occurred wi-
thin a mean period of 1 to 2 days after admission. 
Neurological manifestations were more frequent 
in severe COVID-19 infected patients than in those 
with non-severe infection (10). The most common 
deficiencies are altered mental statuses such as deli-

rium (13), severe cognitive, consciousness and per-
sonality disorder, and an alteration of the periphe-
ral nervous system (9). Moreover, SARS-CoV-2 has 
been related to more severe symptoms. Examples 
include dysarthria, dystonia, seizures, confusion, 
and even death (11,12).

This non-systematic review aims to gather data pro-
vided by scientific evidence on the neurological se-
quelae of COVID-19 patients. In addition, this paper 
studies the possible mechanisms of SARS-CoV-2 en-
try into both cells and the organism through diffu-
sion pathways to the central nervous system (CNS), 
and whether any treatment is currently available.

2. Methods
This review collected the studies found using the 
search equation ‘cognitive sequelae covid’ in the 
Medline database. The selection criteria were pa-
tients aged 18 to 65 years. Researchers have studied 
the cognitive sequelae of a post-COVID patient 
compared to the normal cognitive response in pa-
tients who have not been infected. This review has 
collected all studies published in 2020 related to this 
topic.

3. SARS-CoV-2 entry into human cells 
through the ACE2 receptor
Many chronic degenerative diseases could be the 
consequence of neuronal injury caused by CO-
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VID-19. Despite the potential direct or indirect effects 
of the disease, COVID-19 may permanently damage 
the CNS (14). One of the most vulnerable areas to is-
chemic injury by COVID-19 and of vital importance 
to cognitive function is cerebral white matter. The 
cumulative destructive effect of multifocal cerebral 
ischemia or hemorrhage together with the complica-
tions that arise after the disease, such as endothelial 
and blood-brain barrier (BBB) dysfunction and upre-
gulation of pro-inflammatory cytokines within the 
brain, may considerably increase the risk of chronic 
brain injury (15). In addition, a potential connection 
is established between cognitive impairment and 
neurodegeneration and adult respiratory distress 
syndrome (ARDS) (16). A higher report incidence of 
this connection was observed in elderly patients or 
those with COVID-19, or those with previous patho-
logies such as hypertension, diabetes or underlying 
cerebrovascular disease. However, young adults 
with COVID-19 also presented this incidence (15).

The spike protein of SARS-CoV-2 together with the 
ACE2 helps the virus enter into the cell and allows 
it to infect it. The distribution of the expression of 
the ACE2 receptor in different locations in animal 
and human brain tissues is widely expressed in 
neurons, astrocytes, and oligodendrocytes throu-
ghout the brain (14) (Figure 1). Post-mortem studies 
have shown three major findings:

•	 ACE2 receptor, the main receptor of SARS-
CoV-2, is widely expressed in brain microvas-
cular endothelial cells, in pericytes throughout 
the body and in the brain (14,15).

•	 The spike protein can directly damage the inte-
grity of the BBB to varying severity levels (14).

•	 The spike protein induces the inflammatory res-
ponse of microvascular endothelial cells, which 
leads to BBB dysfunction (14).

The virus binds to the ACE2 receptor in two diffe-
rent ways:

•	 Via the vascular endothelial cells. Vascular endo-
thelial cells regulate BBB permeability through 
tight junctions. These junctions present an exten-
sive expression of the ACE2 receptor, which pro-
vides the molecular mechanism by which SARS-
CoV-2 enters the BBB and invades the brain. The 
virus binds to the ACE2 receptor and enters the 
vascular endothelial cells by endocytosis and 
exocytosis, thus achieving cell-to-cell transmis-
sion. However, the virus does not replicate du-
ring transendothelial cell transfer. Viral replica-
tion delays until the virus reaches the target cells, 
such as neurons or glial cells, and binds to the 
ACE2 receptor before replication starts (14). 

•	 Via the immune cells. Immune cells work as a 
bridge for SARS-CoV-2 to cross the BBB (17) 
using the Trojan horse mechanism. It requires 
two conditions: firstly, immune cells that ex-
press ACE2; and secondly, circumstances in 
which the virus does not replicate. Furthermore, 
the pathogen can enter macrophages cytoplasm 
by binding to the receptor on the surface using 
the ‘Trojan horse’ mechanism (14).

4. Mechanisms of entry into the organism
The respiratory tract is the main mechanism for 
SARS-CoV-2 to enter into the organism. This leads 
to pneumonia, which may be followed by fibrosis 
and chronic impairment of lung function. The in-
fection by this pathogen affects the CNS and the 
peripheral nervous system (PNS) damaging both 
neurons and glial cells directly or indirectly. This 
may cause neuropathologies which could lead to 
long-term sequelae. Although virus transport via 
the olfactory bulb, associated with anosmia, is a po-
tential route for neuroinvasion, the cerebral vascu-
lature plays a more important role in entry of the 
virus into the CNS (15). The alteration of the BBB 
by SARS-CoV-2 and its entry into the brain support 
the formation of fatal microthrombi and even the 
occurrence of encephalitis (14). This association 
supports plausible hypotheses on the occurrence 
of long-term neurological sequelae. In addition, to 
cross the BBB, SARS-CoV-2 may enter the brain by:

•	 Optic nerve channel and olfactory bulb (18)

•	 Trans-synaptic transmission (19)

•	 Vascular endothelial cells (14)

The olfactory nerve contains both sustentacular 
cells, which maintain the integrity of the sense of 
smell, and stem cells, located in the olfactory epi-
thelium. These cells express wild-type ACE2 and 
transmembrane serine protease 2 (TMPRSS2), 
which could merge SARS-CoV-2 to the olfactory 
bulb and the sustentacular cells, followed by travel 
into the brain (14).

SARS-CoV-2 enters the central nervous system 
through two different routes: the olfactory route 
and the blood-brain barrier route. The virus can 
migrate into the CNS by endocytosis, due to its in-
creased vascular permeability, which is induced by 
pro-inflammatory cytokines and an indirect trans-
fer via the ‘Trojan horse’ mechanism. After binding 
to its membrane receptor, ACE2, the pathogen will 
be engulfed into neuronal cytosol and will connect 
with the angiotensin-converting enzyme in the 
cytosol. Both the virus and the ‘cytokine storm’ can 
destroy the myelin sheath, resulting in acute and 
chronic neuropathology (14) (Figure 2).
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4.1. Optic nerve channel and olfactory bulb

The pro-inflammatory cytokines and the C-reac-
tive protein (CRP) played a significant role in the 
development of SARS manifestation. SARS-CoV-2 
particles are spread in the respiratory mucosa and 
infect other cells, inducing changes in peripheral 
immune cells. This elicits a cascade of immune res-
ponses, which results in a detrimental production 
of cytokines as this inflammation is directly linked 
to cognitive dysfunction (16).

Post-mortem studies on the cerebral pathology of 
COVID-19 patients and the use of an advanced 3D 
microfluidic model of the BBB identified that ACE2 
receptor and the spike protein are expressed in brain 
microvascular cells. This protein can undermine the 
integrity of the BBB in different ways and induce in-
flammatory responses of microvascular cells, chan-
ging the function of the BBB. These findings support 
that the SARS-CoV-2 can alter BBB. Therefore, the 
virus can enter the brain and support the occurrence 
of neurological symptoms, the formation of fatal mi-
crothrombi, and even the occurrence of encephalitis. 
This supports the potential basis for the occurrence 
of long-term neurological sequelae (14).

When SARS-CoV-2 enters the CNS through the ol-
factory bulb, anosmia is triggered, causing neuro-
degenerative diseases due to loss of neurotransmit-
ter induced by neuronal death. After the entry into 
the organism, viral replication may begin, releasing 
pro-inflammatory proteins. Triggered by oxidative 
mediators, loss of dopamine (DA) neurons or the 
aggregation of amyloid fibrils may result from the 
entry of the virus (18).

4.2. Trans-synaptic transmission

When SARS-CoV-2 binds to the ACE2 receptor, it 
travels in an axonal manner to reach the CNS. Once 
reached the synaptic cleft, membrane coating-pro-
tected exocytosis, endocytosis, and vesicle trans-
port lead to trans-synaptic transmission of the vi-
rus from one neuron to another and from neuron to 
satellite cells. Furthermore, the rapid intracellular 
axonal transport provides a structural basis for fur-
ther virus transmission (14).

5. Effects on the nervous system
No matter what method of invasion SARS-CoV-2 
uses, when it reaches its destination, it replicates 
and uses its viral mechanisms to cause cell death 
or functional impairment. Rapid viral replication, 
direct cell injury, immune system activation, and 
inflammatory mediators (including cytokines) cau-
se COVID-19 severe symptoms and may explain 
SARS-CoV-2 infection long-term sequelae. The in-
crease of inflammatory mediators, the so-called 

cytokine storm, may explain the multiple organ 
injury found in some COVID-19 patients and may 
also explain the effects of SARS-CoV-2 on the CNS. 
This pro-inflammatory cytokine storm increases 
vascular permeability. Furthermore, this may trig-
ger abnormal blood coagulation and multiple organ 
failure. These cytokines may also increase micro-
vascular permeability within the CNS, facilitating 
the virus entry through the BBB. The ‘cytokine 
storm’ may also promote the formation of thrombi 
by activating the coagulation system (14). 

After SARS-CoV-2 infection, brain injury is caused 
due to autoimmunity. Furthermore, this autoimmu-
ne attack is known to cause encephalopathies, with 
psychotic or neurological symptoms. The brain is pro-
tected by the BBB, which makes it particularly vulne-
rable to an autoimmune attack. However, this is not 
particularly frequent among COVID-19 patients.

Pneumonia and ischemia are two of SARS-CoV-2 
infection main consequences, and they lead to seve-
re and prolonged hypoxia, which affects the brain 
causing acute negative effects in the most severe ca-
ses. These negative effects are associated with:

- Arterial oxygen reduction, which causes impair-
ments of neuronal activity 

- Neuronal oxidation caused by hypoxia

The inflammation accompanying COVID-19 increa-
ses levels of fibronectin, which facilitates clot forma-
tion. Moreover, a large number of COVID patients 
demonstrated these complications. Thus, Covid-19 
patients are more likely to develop neurodegenera-
tive diseases (19) (Figure 3).

6. Long-term sequelae
Coronaviruses may persist in CNS resident cells 
and can be cofactors associated with the develop-
ment of long-term neurological expressions in ge-
netically predisposed individuals. Several corona-
viruses have been identified by serological tests in 
a wide range of neurological pathologies, such as 
Parkinson’s disease, amyotrophic lateral sclerosis, 
multiple sclerosis, and optic neuritis. Coronaviru-
ses 229E, 293, and OC43 have been isolated from the 
cerebrospinal fluid and brain of patients with mul-
tiple sclerosis. A substantially higher prevalence of 
OC43 coronavirus has been reported in the brains 
of patients with multiple sclerosis in comparison to 
those in a control group. Furthermore, the immune 
response after the infection may provoke multiple 
sclerosis flare-ups in susceptible individuals (20).

Since some effects of SARS-CoV-2 may appear 
many months or years after the infection, it would 
be advisable to monitor patients who have suffered 
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COVID-19. The cytokine storm caused by infection 
may lead to small eventual cerebrovascular acci-
dents without provoking noticeable neurological 
deficiencies. Once a patient overcomes COVID-19, 
they may experience memory and attention pro-
blems or slow processing speed. Therefore, patients 
are advised to seek advice from a neurologist or un-
dergo neurocognitive tests from six to eight months 
after medical discharge if they are still experiencing 
cognitive disorders, slow processing of information 
or attention deficit (14).

7. Treatment and prevention
Although ACE2 receptors have been found in 
the ocular organs, ocular damage associated with 
a SARS-CoV-2 infection has not been reported. 
However, it is advisable to take preventive eye pro-
tection measures when in contact withSARS-CoV-2 
infected patients to prevent potential spreads of 
COVID-19 via an ocular route (10).

Individuals with vascular risk, such as obesity, 
hypertension or diabetes, are prone to suffer more 
from the sequelae of a SARS-CoV-2 infection in 
comparison to any healthy individual. It is there-
fore advisable to improve the quality of life in the 
general population, thereby increasing patients’ li-
kelihood of a more favorable recovery (4).

The research by Rejdak and Grieb (21) may suggest 
that adamantane has an antiviral protective effect. 
If this is proven, SARS-CoV-2 infection and its cli-
nical neurological sequelae could be slowed by the 
consumption of these drugs, which are common-
ly employed as a causal treatment to mitigate the 
symptoms of Parkinson’s disease and cognitive 
dysfunction. Adamantane’s hydrocarbon structure 
may affect the viroporin channel, responsible for re-
lease of RNA-viruses (21). This could interfere with 
the release of SARS-CoV-2 from infected cells. The-
refore, adamantane dispensation has been propo-
sed as a potential treatment against COVID-19 for 
the most vulnerable patients.

8. Conclusion
The studies included in this review suggest that 
COVID-19 may affect cognition in some patients, 
and that this sequela could be related to the inflam-
mation level produced by the infection. The SARS-
CoV-2 viral spike protein can bind to the ACE2 cell 
receptor, present on the surface of multiple cells 
throughout the body. Thus, the virus enters throu-
gh three possible pathways: via the olfactory bulb, 
through trans-synaptic diffusion or by vascular, or 
immune endothelial cells.

Certain cerebrovascular accidents that are predis-
posing to the development of neurodegenerative 

diseases, such as Parkinson’s disease or Alzhei-
mer’s disease can emerge due to SARS-CoV-2 infec-
tion. Scientists have not developed effective treat-
ments for these sequelae yet, but they have tested 
other pharmaceutical drugs such as adamantanes. 
However, specialists recommend seeing a neurolo-
gist six to eight months after suffering the disease 
for medical follow-up.

The main limitation of this study is the limited bi-
bliography on this subject. Therefore, it is necessary 
to propose new studies in which patients are more 
closely observed to learn the characteristics of neu-
rodegenerative sequelae.
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Figure 1. Schematic illustration of the binding of SARS-CoV-2 spike protein to the ACE2 receptor present in the central nervous system.

FIGURES

Figure 2. Schematic illustration of the main mechanisms of SARS-CoV-2 entry into the central nervous system.

Figure 3. Schematic illustration of the damage potentially produced by SARS-CoV-2 in the central nervous system.


