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Abstract

:

In December 2019, in Wuhan (China), a highly pathogenic coronavirus, named SARS-CoV-2, dramatically emerged. This new virus, which causes severe pneumonia, is rapidly spreading around the world, hence it provoked the COVID-19 pandemic. This emergency launched by SARS-CoV-2 also had, and still has, devastating socio-economic aspects. Assessing the impact of COVID-19 on vulnerable groups of people is crucial for the adaptation of governments’ responses. Growing scientific evidence suggests that it is essential to keep the attention on people after acute SARS-CoV-2 infection; indeed, some clinical manifestations are frequently present even after recovery. There is consensus on the need to define which symptoms persist after the infection and which disabilities may arise after COVID-19. Recent reviews, case reports, and original contributions suggest that various organs may be affected, and neurological symptoms are present in about one third of patients with COVID-19. Neurological complications after severe COVID-19 infection might include delirium, brain inflammation, stroke, and nerve damage. In the recent pandemic, neurologists and neurobiologists have a chance to study key features of infection neurology. Furthermore, the psychological impact of the pandemic should not be underestimated, although there is currently no definition for this condition.
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1. Introduction


In December 2019, in Wuhan, one of the most populous cities in Central China, the current coronavirus disease 2019 (COVID-19) pandemic triggered by severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) was identified. In January 2020, the World Health Organization (WHO) declared a public health emergency of international alarm. In fewer than 10 months, SARS-CoV-2 spread worldwide, killing over 2,300,000 people with more than 149,000,000 confirmed infected cases as of today (https://covid19.who.int) (29 April 2021). The global COVID-19 pandemic crisis was never verified before, creating a massive disruption to lives and livelihoods, as well as to social and economic systems around the world. This virus is highly contagious and spreads steeply everywhere in the world. Young people act as asymptomatic carriers, but older and frail people are more likely to have the most severe form of the disease and higher mortality. The severe form of COVID-19 infection can have profound implications in the short- and in the medium-term, but we postulate there are implications in the long-term, too. Before identification of the present pandemic disease, six other human infectious coronaviruses were identified, and four of them (HCoV-229E, -OC43, -NL63, and -HKU1) still have a high incidence worldwide and are responsible for 15%–30% of cases of upper respiratory tract infections [1]. The last two gave origin to serious epidemic respiratory diseases; SARS was caused by SARS-CoV in 2002–2003, and Middle East Respiratory Syndrome (MERS) by MERS-CoV, which was firstly identified in Saudi Arabia in 2012 [2,3]. Rare diseases of the central nervous system (CNS) and the peripheral nervous system (PNS) are related to them [4]. For SARS-CoV-2, the incubation period varies from 4 to 11 days [5]. Common symptoms include loss of smell and taste, fever, cough, sore throat, and feeling of malaise. Some gastrointestinal symptoms are also frequent, such as diarrhea, nausea, and anorexia [6]. Risk factors of complications due to the infection from SARS-CoV-2 include an age above 65 years, chronic lung disease, cardiovascular diseases, hypertension, diabetes, and obesity [7,8,9,10,11].



The manifestation of severe SARS-CoV-2 infection is characterized by sepsis and acute respiratory failure. About 20% of the hospitalized patients positive for SARS-CoV-2 infection develop a strong sequelae of serious symptoms requiring intensive care and oxygen supplementation [12]. Hui and coworkers reported characteristic signs of shock in critical COVID-19 patients, including cold extremities, weak peripheral pulses, and severe metabolic acidosis, indicating a possible dysfunction at the microcirculation level [13]. In a recent meta-analysis, neurological damage was evaluated to vary from patient to patient, from the ones with nonspecific symptoms to those with specific symptoms. Some severe symptoms can also become visible in the later stage of the disease [14]. Furthermore, it was recently remarked that, in addition to the symptoms involving the respiratory system, 36.4% of hospitalized patients with severe SARS-CoV-2 have a higher probability to experience neurological symptoms, including headache, altered consciousness, and paresthesia compared to those who have mild/moderate disease [15].



In France, 84% of the patients with COVID-19 showed neurological complications, such as encephalopathy (69%) and signs of the corticospinal tract (67%) [16].



We previously reported that SARS-CoV-2 infection may cause brain damage through both a direct way (the virus directly reaches the brain) and an indirect effect (high systemic inflammation and oxidative stress) [17]. In May 2020, Moriguchi’s group first reported a case of aseptic encephalitis after SARS-CoV-2 infection with the discovery of the SARS-CoV-2 RNA in the cerebrospinal fluid of the patient. This case report was described in a 24-year-old man with seizures followed by unconsciousness [18]. Several published articles suggest that some COVID-19 patients may develop post-acute neurological, cardiovascular, and renal alterations. In a recent study presented by Carfì and collaborators, the authors found out that 87.4% of patients recovered from SARS-CoV-2 had persistence of at least one symptom [19].



A recent study of follow-up of adults with non-critical COVID-19 showed that, in the medium-term, two-thirds of patients still reported symptoms at 30 and 60 days, and one third were still sick or in a worse clinical condition at 60 days [20]. Furthermore, the cohort of patients that still presented symptoms after 60 days belonged to the 40–70 age range [20].



Therefore, the COVID-19 pandemic requires a careful medical treatment even after its end. It should be noted that the study presented some limitations because it was a single-center study, and only non-critical COVID-19 patients were included.



The paper published by Garrigues and coworkers showed that most patients needing hospitalization for COVID-19 still presented persistent symptoms such as fatigue and dyspnea, even 110 days after discharge. After discharge, the most usual reported symptoms were fatigue (55%), dyspnea (42%), memory loss (34%), sleep disorders such as insomnia, (30.8%), and concentration difficulty (28%). These findings emphasize the need for long-term follow-up of those patients and rehabilitation programs [21,22]. One of the weaknesses of the study is that it was based on the patient’s self-assessment, and for this reason, they could have undergone incomplete recall or recall bias.



From what was said above, it appears that post-acute COVID-19 syndrome is a multisystem disease that can occur even after a relatively mild infection, although these conditions seem to affect mainly COVID-19 patients with more severe forms of the disease. Currently, there is no clear definition of these clinical alterations.



In this review, we discuss some recognized neurological signs of SARS-CoV-2 infection. We believe that it is necessary to highlight the presence of neurological signs during and after SARS-CoV-2 infection, although, thus far, little is known to treat the disease and prevent a worsening of patients’ prognosis. Neurological manifestations of COVID-19 (Figure 1) vary from mild (e.g., loss of taste and smell, cephalgia, dizziness) to severe (e.g., ischemic stroke, encephalitis).




2. Neurobiology of SARS-CoV-2 Infection


Several studies recently showed that symptoms affecting the nervous system, such as sensory disturbances, headache, nausea, and vomiting, may occur in patients with SARS-CoV-2 infection and persist after infection [17]. Here, we discuss the different neurobiological processes and mechanisms linking SARS-CoV-2 to neuronal dysfunction.




3. Potential Mechanisms for the Penetration of SARS-Cov2 in CNS


The potential pathways of SARS-CoV-2 neuro-invasion from the periphery to the brain are many. All these routes are determined by the angiotensin-converting enzyme-2 receptor (ACE2), used by SARS-CoV-2 to bind and penetrate human cells [23]. This receptor is broadly distributed in lungs, heart, liver, kidney, intestine, and oral and nasal mucosa.



3.1. Direct Route


The existence of the direct route is hypothesized with the aid of coronavirus-infected animal experiments [24]. Possibly, after the droplets containing SARS-CoV-2 reach the nasal cavity, most viruses head to the lung, while others adhere to the mucosa of the nasal cavity from which they directly attack the olfactory sensory neurons in the olfactory epithelium; from here, they can be transferred into the CNS through the olfactory nerve. In addition, the abundant capillary blood vessels and lymphatics existent in the nasal mucosa provide chances for virus invasion of the bloodstream, from which they reach the brain. Moreover, SARS-CoV-2, adhering to the nasal mucosa or accessing the eye conjunctiva, may also reach the trigeminal nerve and then the brain through the route used for brain drug delivery [25]. The virus may also infect the sensory neurons in the taste buds, reach the nucleus of the solitary tract (VII, IX, and X) or the trigeminal nerve (V), and enter the CNS through neuronal retrograde transport [23].



Recently, Song and collaborators suggested the direct neuro-invasion of SARS-CoV-2 in the central nervous system in human and mouse brains. They showed that the brain is a site for high SARS-CoV-2 replication, with metabolic changes in neurons (neuronal death) in human brain organoids. Neuronal infection can be excluded by blocking ACE2, with antibodies, or by administering cerebrospinal fluid from a COVID-19 patient. Furthermore, using mice overexpressing human ACE2, the same authors demonstrated SARS-CoV-2 neuro-invasion in vivo. Finally, using COVID-19 brain autopsy of deceased patients, the authors detected SARS-CoV-2 in cortical neurons [26].




3.2. Indirect Route via Bloodstream


Viruses, once entered in the lungs, flow into the bloodstream through ACE2 receptor, present in the epithelium of the respiratory system. Moreover, they can also reach the gastrointestinal tract and then reach the brain through the vasculature system [23]. Once it has entered the bloodstream, the virus can infect the endothelial cells of the blood–brain barrier (BBB) or the blood–cerebrospinal fluid barrier (BCSFB), and then disseminate toward the CNS via ACE2 receptors. Besides, SARS-CoV-2′s cytokine storm in severely affected patients damages the BBB, resulting in infiltration of inflammatory factors and other blood contents, including viral particles, in the CNS [26]. Viruses in the blood can also directly enter the fourth ventricle through a damaged BCSFB.





4. SARS-CoV-2: Cellular Mechanism


Spike (S) proteins are essential for the virus to enter into the host cells. These proteins bind to the cellular ACE2 receptor, which is also present in neurons [27,28]. Protein S is the surface glycoprotein of the virus responsible for its crown shape. This protein is composed by two subunits, S1 and S2 [24]. The S1 subunit consists of the N-terminal domain (NTD) and the C-terminal domain (CTD). The receptor-binding domain (RBD) in the CTD is responsible for binding to the host cell. The S2 subunit allows the fusion with membranes. Full-length protein S, RBD domain, S1 subunit, and NTD are used as antigens to develop SARS-CoV-2 vaccines, including adenoviral, RNA-based, DNA-based, and protein subunit vaccines [29].



Furthermore, after intravenous injection, radioiodinated S1 (I-S1) protein was shown to cross the BBB in mice, be absorbed by brain regions, and enter the parenchymal brain space. Intranasally administered I-S1 penetrated the brain, but the levels were approximately ten times lower than those observed after intravenous administration. I-S1 intersected the BBB by transcytosis, and ACE2 was involved in the brain uptake [30].



The penetration of SARS-CoV-2 into neurons can alter their cellular processes for energy production and protein folding [29]. Inside the cell, the virus can cause mitochondrial dysfunction and lysosome damage by inducing increased reactive oxygen species (ROS), protein misfolding/aggregation, and, ultimately, cell death [26]. It is important to underline that all these processes are involved in the pathogenesis of various neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic lateral sclerosis (ALS) [31,32,33]. Moreover, binding of ACE2 to the SARS-CoV-2 spike protein can reduce the conversion of angiotensin 2 (AT2) to AT [27]. Higher levels of AT2 are associated with pro-inflammatory markers and vascular injury to brain cells and other organs, all processes involved in neurodegeneration [27]. Furthermore, high levels of inflammation (cytokine storm) and BBB lesions in the brain are very likely to have long-term consequences on neurodegeneration. Indeed, there is indication that brain inflammation may contribute to the pathology of neurodegenerative diseases, including AD, PD, and ALS [34]. Coronaviruses such as SARS-CoV-2 could remain inside neurons without inducing toxic effects [35]. Therefore, in patients with acute SARS-CoV-2 infection, the virus could theoretically cause brain degeneration decades later [31]. Consequently, it would be useful to follow patients who were affected by COVID-19, allowing one to establish the real relationship between viral infection and neurodegenerative disorders (Figure 2). Finally, a better understanding of cellular and molecular mechanisms through which CoVs induced neuronal damage could help in performing new therapeutic strategies.




5. Neuroimmunology of COVID-19 Infection


Viruses stimulate the innate immune cells that recognize the molecular patterns associated with the pathogens. Decrease of the efficiency of the innate immune responses in eliminating the virus leads to the activation of adaptive immune system. The immune cells secrete cytokines and/or chemokines such as interleukin-6 (IL-6), interferon-γ (IFN-γ), interferon-γ-inducible protein-10 (IP-10), and monocyte chemoattractant protein-1 (MCP)-1. These molecules promote the influx of monocytes/macrophages and neutrophils to the site of infection [36]. Generally, this response is able to eliminate the virus, but occasionally the immune system is dysregulated, which leads to the alteration of the immune homeostasis [37]. SARS-CoV-2 infection can cause an intense inflammatory response, cytokine storm, which promotes lung pathogenesis and respiratory failure. This condition is one of the reasons for the higher mortality rate in fragile populations. As previously described, during COVID-19, the immune system is anomalously involved, and this may exacerbate autoimmunity in genetically predisposed people. Abnormal activation of immunological pathways could trigger mechanisms that alter the molecular recognition between viral epitopes and autoepitopes. Exacerbated immune-mediated manifestations are described in COVID-19 patients and represent the first sign of infection in fragile individuals. In addition, a robust adaptive immune response is essential for a conclusive viral clear and avoiding a re-infection [37].



During severe infection, the SARS-CoV-2 is able to infect macrophages, microglia, and astrocytes in the brain, which are particularly important. This neurotropic virus can stimulate glial cells and induce a pro-inflammatory status [38]. The most important cytokine during COVID-19 is interleukin 6 (IL-6), which is positively correlated with the severity of COVID-2019 symptoms. High levels of proinflammatory cytokines can cause confusion and alteration of consciousness [39]. A high level of inflammation may be associated with thrombophilia and increase the risk of stroke and other thrombotic events. The complementary activation may additionally lead to thrombotic microvascular injury in patients with severe COVID-19 [40]. Mohamud and coworkers reported five events of acute ischemic stroke simultaneous or 14 day delayed in patients with SARS-CoV-2 infection [41]. The mechanism of this event can be explained considering that the virus induces a high infiltration of macrophages, neutrophils, and T cells in the atheromatous plaques present in the blood vessel, exposing the patient to a thrombotic event. This can occur at the level of the carotid arteries [42]. The inflammation caused by SARS-CoV-2 infection can cause thinning of their fibrous caps, invasion of lipids, and expansion of the lipid layer [41].



High levels of cytokine and chemokine liberation may additionally lead to brain injury through microglial activation. In fact, in a case report, marked microglial nodules and neuronophagia were found in the brain tissue of a patient with COVID-19 [43].




6. Clinic Manifestation of Neuropathology of COVID-19 Infection


Neurological manifestations of COVID-19 infection are increasing to date. Ellul and collaborators elucidated the clinical features associated with COVID-19 infection in either central or peripheral nervous systems. Usually, neuropathological manifestations appear at the same time as the viral respiratory infection or some days after. Unfortunately, early reports did not have sufficient details to detect the presence of obvious neurological manifestations [4]. As the pandemic progresses, reports of neurological manifestations are increasing. To date, a multicenter study reported neurological manifestation as follows: three patients with encephalitis, 69 patients with other encephalopathies, and three patients with encephalomyelitis. Information relative to these patients is limited, but three died and, in three patients, neurological symptoms persisted long enough to require rehabilitation. Regarding peripheral nervous system manifestations, the study reports: seven patients with Guillain-Barrè disease diagnosed at the beginning of the viral infection and five patients with other neuropathies including Rhabdomiolysis. Among these patients, three needed rehabilitation, another three reported a longer time in intensive unit, and the rest reported minor or no information [44]. Furthermore, in 34 patients with cerebrovascular disease (ischaemic stroke and attacks), 20 died and six needed rehabilitation [4]. Loss of smell (anosmia) and taste (ageusia) emerged as common symptoms of COVID-19 and were present in 357 patients out of 417 in a European study [45] and in 68 out of 259 patients in a French retrospective observation [46]. There was no information on patients with abnormal smell and taste in persistent neurological symptoms. In the study of Varatharaj and colleagues at the beginning of 2020, among 125 patients recruited, the following percentage reported neurological problems: 13% with encephalopathy, 18% with a neuropsychiatric diagnosis (psychosis, neurocognitive syndrome, and an affective disorder), and 62% patients with cerebrovascular events [47]. Table 1 shows the neurological symptoms, the percentage of affected people, and the time of symptom onset.



In a pediatric multicenter neurological study, Lindan and collaborators found that the entire cohort studied did well with COVID-19 infection, whereas all children with hospital-acquired co-infections died, and two children were severely impaired and needed rehabilitation [48].



Although, the percentage of patients needing rehabilitation due to neurological associated COVID-19 manifestation is low, this is certainly due to the lack of follow up description after the hospital period of infection. At the beginning of the pandemic period, several observational studies lacked neurological description, implying that neurological manifestations were not evident. Today, it is quite clear that neurological traits associated with COVID-19 infection can be considered a sequel of the viral infection. Rogers and collaborators in a systematic review and meta-analysis showed how anxiety, fatigue, depression and post-traumatic stress were present in people surviving the COVID-19 infection as long-term manifestation. The etiology of the outcomes of infection with COVID-19 is likely to be multifactorial and might include the direct effects of viral infection (including encephalitis), cerebrovascular disease, physiological impairment (such as hypoxia), immunological activation, social isolation, and psychological impact. Many survivors complain about memory, attention, concentration, or mental impairments even after one year [49]. Eventually, it is quite possible that the psychiatric outcomes could be unrelated to the COVID-19 infection and may rather be a consequence of literature selection bias. At the same time, literature reporting post-illness studies did not agree on follow-up times and the studies cannot be compared. Therefore, thus far, there are too few studies for drawing conclusions but there is enough information to hypothesize that, in select populations, COVID-19 infection might drive neurological and psychiatric drawbacks.




7. Rehabilitation of Patients after COVID-19 Infection


There are not specific brain treatments for COVID-19 neurological effects. However, the German Society of Neurology published the first neurological manifestation guideline for the care of patients with neurological disease with and without SARS-CoV-2 infection. Moreover, an abbreviated version of the guideline was published [50].



Health care systems are currently focused on managing COVID-19 and its consequences on human health. The severity of the illness is related to advanced age, respiratory and cardiovascular diseases, hypertension, diabetes, and patients with immunodeficiency [51]. The initial personal visit should target the establishment of a patient’s baseline after SARS-CoV-2 infection. This procedure would require a deep investigation of present and past medical, social, and family history, physical examination, and blood testing. Once the COVID-19 post infection baseline is established, a follow-up evaluation during a visit should aim for a better understanding of the natural course of the disease and identify earlier new abnormalities. During the first 12 months of follow-up, clinical visit could be accompanied by some additional evaluations, such as SARS-CoV-2 infectivity testing lung analyses, 6 minute walk tests, quality of life monitoring, fatigue, and general blood tests.



It is now evident that this infection does not only involve the respiratory system but has consequences that affect cardiovascular, neurological, and musculoskeletal systems as well as other organs [52,53,54,55]. Furthermore, patients who stay longer in the intensive care unit may also develop a post-intensive care syndrome with anxiety, depression, or other neurological disorders. In addition to paying attention to the respiratory syndrome, it is necessary to evaluate and treat the after-effects derived from a condition with prolonged bed rest and invasive mechanical ventilation. The rehabilitation of patients after COVID-19 infection cannot be separated from medical assistance focused to the treatment of respiratory, neurological, and post-infectious pathologies [56]. Therefore, the rehabilitation program requires a multidisciplinary approach that responds in a highly specific way to the needs of the individual. The rehabilitation treatment concerns two fundamental aspects: (a) respiratory function [57] and (b) physical re-education of peripheral muscle function and increase of exercise capacity [58]. The first rehabilitation event is to re-educate the patient to postural passages in bed from supine decubitus to lateral decubitus (rolling activity). The positioning of the posture should be chosen based on thoracic/CT ultrasound, auscultation, and SpO2 [58]. The pulmonary rehabilitation program, physical exercise and aerobic training, was reconfirmed as a fundamental moment in the management of COVID-19 patients, together with neuromotor rehabilitation techniques and rehabilitation activities for peripheral muscles, strength, static and dynamic balance, and walking to improve autonomy and quality of life and the reintegration of the individual into society.




8. Conclusions


Despite the fact that neurological manifestations of COVID-19 are not yet fully investigated, some patients after a severe infection, frail people in particular, have CNS involvement for a long time [59]. A precise and targeted study of neurological symptoms can clarify the role played by the virus in causing prolonged neurological manifestations. It is essential to better define the characteristics of post-acute COVID-19 neurological syndrome to identify methods of intervention.
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Figure 1. Neurological disorders during and after COVID-19. Created with BioRender.com. 
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Figure 2. Similar alterations in SARS-CoV-2 infection and neurodegenerative processes. Created with BioRender.com. 
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Table 1. Neurological symptoms of COVID-19.
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	Neurological Symptoms (Percentage of Affected Persons)
	Symptoms
	References





	Memory loss (34%), sleep disorders (30.8%), difficulty with concentration (28%).
	100 days after hospitalization
	[21]



	Dizziness (16.8%), headache (13.1%), taste impairment (5.6%), and smell impairment (5.1%).
	Hospitalized patients
	[15]



	Encephalopathy (13%), neuropsychiatric diagnosis (psychosis, neurocognitive syndrome, and an affective disorder) (18%), and cerebrovascular events (62%).
	Reported over a 3 week period
	[47]



	Neurological complications (84%), including encephalopathy (69%) and corticospinal tract signs (67%).
	Hospitalized patients
	[16]



	Encephalitis (case report)
	Hospital
	[18]
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