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Abstract

:

Numerous investigations have demonstrated significant and long-lasting neurological manifestations of COVID-19. It has been suggested that as many as four out of five patients who sustained COVID-19 will show one or several neurological symptoms that can last months after the infection has run its course. Neurological symptoms are most common in people who are less than 60 years of age, while encephalopathy is more common in those over 60. Biological mechanisms for these neurological symptoms need to be investigated and may include both direct and indirect effects of the virus on the brain and spinal cord. Individuals with Alzheimer’s disease (AD) and related dementia, as well as persons with Down syndrome (DS), are especially vulnerable to COVID-19, but the biological reasons for this are not clear. Investigating the neurological consequences of COVID-19 is an urgent emerging medical need, since close to 700 million people worldwide have now had COVID-19 at least once. It is likely that there will be a new burden on healthcare and the economy dealing with the long-term neurological consequences of severe SARS-CoV-2 infections and long COVID, even in younger generations. Interestingly, neurological symptoms after an acute infection are strikingly similar to the symptoms observed after a mild traumatic brain injury (mTBI) or concussion, including dizziness, balance issues, anosmia, and headaches. The possible convergence of biological pathways involved in both will be discussed. The current review is focused on the most commonly described neurological symptoms, as well as the possible molecular mechanisms involved.
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1. Introduction


Viruses of the Coronaviridae family are single-stranded RNA viruses [1]. They are broadly found in different animal species, including cats, dogs, birds, bats, and mice. Some coronaviruses are pathogenic to humans and may cause severe respiratory disease, such as severe acute respiratory syndrome (SARS) and Middle East respiratory syndrome (MERS), while others do not infect humans. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a coronavirus that has created chaos in the world since late in the year 2019 [2] and gives rise to the disease commonly called COVID-19 (named by the WHO as the coronavirus disease of 2019). For simplicity, we will use the term COVID-19 for the disease caused by the virus and SARS-CoV-2 for the virus itself in this review. To date, close to 700 million cases have been reported worldwide, and the numbers continue to rise. Worldwide deaths related to COVID-19 have been reported to be more than 6.8 million to date. The Worldwide Health Organization (WHO) declared the outbreak a public health emergency of international concern in January of 2020 and a pandemic in March of 2020. In the latter part of 2020, the epidemiology, pathophysiology, and clinical symptomology of patients affected by a SARS-CoV-2 infection revealed that patients with Down syndrome (DS), congenital heart disease, chronic kidney disease, obesity, airway obstruction, COPD, and pulmonary hypertension were at higher risker for serious complications [3,4,5,6] (see also www.cdc.gov accessed on 3 March 2023).



Recent investigations have demonstrated several viral infections that can be involved in the onset or progression of neurological diseases (see, e.g., [7,8]). Neurodegenerative conditions, including amyotrophic lateral sclerosis (ALS), Parkinson’s disease (PD), Alzheimer’s disease (AD), and multiple sclerosis (MS), often have multifactorial etiology, including environmental and genetic components acting in concert. However, both viral and bacterial toxins that affect the central nervous system (CNS) can contribute significantly to neurodegeneration, as evidenced by the experiments first performed in rats [9]. In that study, the investigators injected one single dose of tetanus toxin, a bacterial toxin, into the hippocampus of rats and found a time-dependent degeneration of the hippocampal neurons, suggesting a direct effect of bacterial toxins on these cells that resulted in progressive neurodegeneration.



There can be either direct neurological effects caused by the SARS-CoV-2 virus entering the brain or spinal cord or indirect effects caused by the immune response in the body and/or in the brain that can trigger pathology in the CNS (Figure 1) (see also [10,11]). There are two proteins that are particularly involved in the infection of cells by the SARS-CoV-2 virus. First, SARS-CoV-2 enters recipient cells by the binding of its spike protein to the angiotensin-converting enzyme 2 (ACE2) receptor, which is expressed on the cell membrane of many cell types [12]. ACE2 has been shown to be expressed by neurons, astrocytes, oligodendrocytes, and epithelial cells in the brain [13,14,15,16] and also in microglial cells [17,18]. Interestingly, in a recent study by Lindskog and collaborators [19], an upregulation of ACE2 was observed in endothelial cells in the brains of patients with COVID-19, most prominently in the white matter and with the highest expression observed in the patients exhibiting the most severe neurological symptoms [19].



Clough and collaborators [17] suggested that the virus activates a mitochondrial-dependent intrinsic apoptotic pathway, which then results in apoptosis [17]. These investigators showed that administration of the SARS-CoV-2 spike protein gave rise to increased apoptosis of cultured human microglial cells. This could explain the finding that there are fewer microglial cells in the gray matter of postmortem brain tissue obtained from patients infected with SARS-CoV-2, which might then suggest that COVID-19 neurological symptoms are mediated at least partially by microglial cell loss [20], leading to less ability to handle the cytokine storm ensuing after infection. It has also been shown that the SARS-CoV-2 virus can spread to the brain via the olfactory bulb and that infection in the brain spreads via neuron-to-neuron transmission, leading to neuronal cell loss in the areas afflicted [21]. These investigators also showed that intracranial inoculation, even with low doses of the virus, resulted in a lethal disease, even though little infection was detected in the lungs of mice injected with SARS-CoV-2 virus [21]. Others have demonstrated reduced hippocampal neurogenesis in mice treated with the SARS-CoV-2 virus, even after a mild respiratory infection [22]. Thus, several cell types in the brain, including neurons, are involved in the rapid onset of neurological symptoms in some people with COVID-19.



Transmembrane serine protease 2 (TMPRSS2) is a cell surface serine protease that is also required for the virus to enter the cell. Both ACE2 and TMPRSS2 are expressed in the nasal and respiratory epithelium [23,24]. TMPRSS2 is known to prime the spike protein domain, which leads to the virus fusing to epithelial cells by binding to ACE2, and for priming the spike domain of SARS-CoV-2 by cleaving at the S1/S2 sites [16,23]. When SARS-CoV-2 binds to the ACE2 receptor, the bioavailability of the virus becomes limited, which induces an injury/inflammatory cascade in the cell. This leads to a cytokine storm that affects both tissues in the body and the brain. In tissue culture, cells that express higher levels of TMPRSS2 also yield higher SARS-CoV-2 particle counts, leading to increased toxicity [25,26]. TMPRSS2 serves as a cofactor for SARS-CoV-2 cell entry and can prime glycoproteins of other respiratory viruses as well [27]. Due to its role in cell entry, TMPRSS2 has been a target for drug development to combat coronaviruses with some success in the last few years [25]. TMPRSS2 can increase the entry efficiency, and therefore, this protease plays a major role in the infection rate and severity and may be easier to target for drug interventions than the ACE/ACE2 system.



Activation of the inflammatory processes, as well as the host immune response, can cause chronic damage resulting in misfolded proteins, neuronal loss, chronic microglial activation, and progressive degenerative diseases, including those mentioned above (see, e.g., [8]). These studies clearly suggest that viral or bacterial infections can have serious consequences not only in the body but can also affect pathological processes in the brain and spinal cord and contribute to the initiation or progression of neurodegenerative conditions. Neurovirology has emerged over the last couple of decades and is a relatively new discipline of neuroscience but an important one in view of the recent pandemic. The current review is focused on neurological symptoms and biological mechanisms for SARS-CoV-2 effects on the brain.



As the pandemic continued to rage in the late summer and fall of 2020, a new set of symptoms was discovered and reported in the literature—neurological side effects of the primary viral infection caused by SARS-CoV-2. Investigators found that even younger persons could present with severe neurological symptoms, including paresthesia, depression, dysautonomia [28], and brain fatigue, while older persons were more likely to experience encephalopathy, seizures, encephalitis [29], delirium, or worsening of an ongoing dementia [30] (see also Table 1 below).



Certain patient groups among older adults appeared to be especially sensitive toward COVID-related comorbidities and mortality. In fact, it has been shown that patients with a comorbidity of Alzheimer’s disease (AD) and COVID-19 exhibit the highest mortality risk among older adults, while those with a preexisting diagnosis of Parkinson’s disease (PD), another common neurodegenerative disease, have a higher risk than the general population of contracting COVID-19 but not a higher mortality in an investigation that included more than 13,000 older adults in the UK [31]. These findings are interesting and suggest that there are features of AD, or other CNS pathologies, that lead to increased vulnerability toward SARS-CoV-2. These are discussed in more detail below. Viral infections thus appear to be involved in the progression of AD pathology in the brain, opening up a whole new field of research into neurovirological mechanisms for AD [32,33].



It is also shown that SARS-CoV-2 infections can result in autoimmune disorders [29,34,35].



Viral infections may trigger an autoimmune disease, especially in COVID-19 patients who are already at risk of developing autoimmune conditions [34]. Certain autoimmune diseases affect the brain and spinal cord [36] and therefore indirectly result in neurological symptoms post-COVID. Autoimmunity can happen during a hyper-stimulated state of the immune system and could be due to molecular mimicry between pathogen and host proteins. It has been shown previously that viruses can contribute to the production of autoimmune antibodies and lead to the development of autoimmune diseases [37]. Autoimmune manifestations of SARS-CoV-2 have been reported and can contribute to the neurological symptoms associated with this virus. Al-Beltagi and collaborators [35] suggested that one potential mechanism for the development of autoimmune diseases could be the binding of the SARS-CoV-2 spike protein to the ACE2 receptor. This may cause long-term disabilities for a group of vulnerable patients reacting to the viral infection with a sustained inflammatory reaction. In addition, immunomodulatory or immune-suppressive drugs such as IL-1β receptor blockers that are already FDA approved could represent likely candidates for COVID-19 therapy (see, e.g., [38]).



Interestingly, coronaviruses in general were considered to give rise to modest respiratory illnesses until the discovery of severe acute respiratory syndrome (SARS) caused by SARS-CoV in 2002, followed by the Middle East respiratory syndrome (MERS) caused by MERS-CoV in 2012 [39]. SARS and MERS induced severe viral pneumonia with respiratory failure in some cases but were also ascribed to numerous extrapulmonary manifestations, including neurological symptoms [40]. There is reason to believe that these coronaviruses are neuroinvasive and can therefore cause severe detrimental effects on neurons in the brain and spinal cord [41,42,43,44].



Desforges and collaborators [42] speculated that human coronaviruses are neurovirulent, since SARS and MERS, as well as other viruses affecting humans, are known to contribute to short- and long-term neurological manifestations as well [45,46]. Viruses can enter the CNS either via hematogenous transport or via retrograde axonal transport [44]. Since SARS, MERS, and SARS-CoV-2 are respiratory viruses, which enter the body via aerosols, it is likely that they may enter the CNS via nerve terminals located in the upper respiratory tract, the olfactory mucosa, which represents the port of entry to the brain via the olfactory bulb and the first cranial nerve. Viral particles of SARS-CoV-2 have been discovered in postmortem tissues of the brain, both in the cerebrospinal fluid (CSF) and in the gray matter [43,47,48,49,50,51]. This could explain the symptoms of SARS-CoV-2 infections, such as loss of smell and taste, headaches, fatigue, nausea, and dizziness.



It is important to keep in mind that postmortem examination of the brain tissue was mostly conducted in persons with severe COVID-19 infection who died from the disease, so it may not necessarily be true for all persons who were infected with this virus. Other coronaviruses have also been detected within the CNS in humans, including SARS [52]. The initial symptoms of SARS included nausea, dizziness, fever, confusion, and, in about 20% of the cases, severe respiratory illness [53]. People who contracted MERS had similar extrapulmonary symptoms, including several neurological manifestations [40].



The mortality rates for SARS and MERS were 10% and 35%, respectively, while the mortality rate for COVID-19 is an average of 5.6% [54]. All three infections (SARS, MERS, and COVID-19) give rise to a broad spectrum of illnesses, including asymptomatic, mild, or severe multisystem symptoms. It should be noted, though, that mortality, as well as the array of common symptoms, will change depending on which strain of the virus is being referred to and the proportion of individuals in a state or region that are currently vaccinated. This is a complex pandemic with multiple factors affecting the outcome.



The well-described findings regarding neurological disease and symptoms following SARS and MERS can be used to draw potential scenarios as to what will happen with COVID-19 patients in the long term. Unfortunately, COVID-19 has killed more people than the SARS and MERS epidemics combined due to the significant spread of the disease worldwide [55]. Therefore, it is of utter importance to investigate the long-term neurological effects of the SARS-CoV-2 virus in brain tissue and the spinal cord since this will be an emerging healthcare issue. This is the focus of the current review, albeit with several effective vaccines distributed currently.




2. Common COVID-19-Related Neurological Symptoms


Soon after the beginning of the pandemic, it became evident that there would be more than just acute medical pulmonary or cardiovascular problems associated with SARS-CoV-2 infections. As discussed above, the neurological and neuropsychiatric manifestations have also been widely seen with other viral infections [40,45]. Neurological symptoms and encephalopathy were reported in numerous patients, not only those with severe but also with milder symptoms of SARS-CoV-2 infections [56,57]. The most common neurological complications include anosmia and hypogeusia (loss of smell and taste), dizziness, headaches, general fatigue, seizures, and stroke, as well as delirium and balance disturbances (see Table 1 and [58]).



A positron emission tomography (PET) imaging study was conducted on patients with at least 3 weeks post-infection of functional complaints [56]. Hypometabolism was observed in long COVID cases in the orbital gyrus, which includes the olfactory gyrus and the right temporal lobe, including the amygdala and the hippocampus, brainstem, and cerebellum [56]. These fluorodeoxyglucose (FDG) PET findings were highly discriminatory between long COVID patients and controls.



In terms of stroke in patients with COVID-19, specific disease features have been reported, with stroke being commonly reported in younger patients without the more classical risk factors observed for stroke [59]. In a study from Thomas Jefferson University, stroke patients who had COVID-19 were often younger, had multiple large vessels blocked, and had a worse outcome than stroke patients without a history of SARS-CoV-2 infection [59], suggesting that the virus affects clotting even without the common risk factors observed. A high prevalence of cryptogenic stroke, as well as increased risk for large vessel stroke, have been noted even in patients with reportedly milder cases of the infection (see Table 1). These findings strongly suggest that one must be aware of the stroke risk also caused by the SARS-CoV-2 infection in younger patients [60] and that vascular blockage or bleeds are common features of the consequences of this virus.
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Table 1. Common neurological symptoms/conditions associated with SARS-CoV-2.
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	Symptom
	Age Range
	Citation





	Anosmia or hypogeusia
	All ages
	[41,57,58,61,62]



	Encephalopathy
	Older adults
	[29,63]



	Balance disturbances and limb force reductions
	All ages
	[58]



	Cognitive impairment
	60 and older
	[56,64]



	Seizures
	Older adults
	[44,48]



	Hemorrhagic events, including CVST
	Females < 50 years old
	[40,48,58]



	Stroke (most common: cryptogenic stroke)
	<55 years old
	[59,60]



	Delirium
	Older adults/dementia
	[65]



	Severe headaches
	14–60% of all patients
	[66]



	General fatigue
	All ages
	[67]








Severe migraine-like headaches are common in both the early phases of COVID-19 and in long COVID [41,45,48,66]. The headaches associated with acute infection are reported as oppressive pain in the frontal portion of the head and affects between 14 and 60% of adult patients during the acute COVID-19 phase [45,48]. This is often the earliest symptom of COVID-19. One potential reason for the early involvement of the frontal lobe is the route of infection described for coronaviruses via the nasal epithelium and the olfactory bulb [13] (see above). Headaches are also common in children afflicted by a SARS-CoV-2 infection [68]. Severe headaches have been reported to be a crucial part of long COVID, a condition that affects the ability to work and quality of life-long term in adults of all ages. The symptoms and clinical comorbidities of long COVID are sometimes difficult to recognize [69].



Patients have reported intermittent but deep, stabbing, tension-like or migraine-like headaches for months following an acute infection. It is important to be cautious about secondary headaches in long COVID, as these could be caused by cerebrovascular complications, including stroke or microbleeds, and need to be differentiated from other primary and secondary headache disorders. It has been shown that long COVID can be associated with headache episodes that are clinically indistinguishable from migraines even in patients without a history of migraines [66,69]. Daily headaches can give rise to functional impairment and psychological or psychiatric comorbidities. Headaches associated with either acute or long COVID are caused by hypoxia, vascular events, or ongoing immunologic events, as discussed by others [70]. Due to increased survival from COVID-19 from widespread vaccination practices, long COVID has emerged as an increasing medical and socioeconomic problem in the Western world.



Interestingly, some neurological symptoms have also been reported, albeit rarer, after vaccination against the SARS-CoV-2 virus. These include ischemic and hemorrhagic stroke, cerebral venous sinus thrombosis (CVST), encephalopathy, Ball’s palsy, and Guillain–Barre syndrome (GBS) [71]. Most of the vaccines that have been developed for SARS-CoV-2 target the viral spike proteins by generating antibodies to prevent infection. Some of the vaccines are known to cause more side effects than others and have therefore not been commonly approved. The vaccine platforms used for SARS-CoV-2 include whole virus vaccines, viral vector vaccines, and nucleic acid vaccines (RNA and DNA), as well as hybrid forms thereof [72]. The risk for developing neurological complications following vaccination is small compared to the complications observed when unvaccinated patients are infected [73]. Vaccines are not the main focus of the current review and have been reviewed in detail elsewhere [74] but nonetheless represent an area of intense debate, unfortunately allowing vaccination practices to be the target of political campaigning.




3. Cognitive Impairment and Alzheimer’s Disease


Cognitive impairment, dementia, and “brain fog” have been reported in severe COVID-19 patients [64,75]. Dementia is classified as progressive or persistent loss of intellectual ability, including impairment of memory and abstract thinking, executive function, decision making, aphasia, and/or personality change [30]. Potential pathophysiological mechanisms for cognitive impairment associated with either acute or long COVID include neuro-invasion via cranial nerves, such as the olfactory, trigeminal, optic, and vagal nerves. The cytokine storm that might affect the blood–brain barrier (BBB) may lead to the invasion of proinflammatory cytokines from the blood into brain structures that are sensitive to infection, such as the medial temporal lobe, as discussed in more detail in Figure 1. There are common risk factors associated with severe COVID-19 and Alzheimer’s disease (AD).



For example, ACE2 converts angiotensin I to angiotensin 1–9 and serves as a receptor for entry of the SARS-CoV-2 virus, as described above [23,24,76,77,78], and the ACE2 levels are elevated in the hippocampus of patients with AD [14]. Ang-II exhibits harmful effects on the brain, including vasoconstriction and proinflammation, while Ang (1–7) has the opposite effects and exerts mild vasodilation, along with protection against cardiovascular disease [79]. The relationship between ACE2 and AD is complicated, since other studies show that reduced levels of ACE2 lead to cognitive impairment in mouse models [80]. For example, recent studies have shown that Aβ42 is converted to the less harmful Aβ40 by ACE and ACE2 [81], demonstrating direct effects of this receptor on the aggregation properties of amyloid in AD. Since there are drugs available that regulate ACE2 activity and/or levels [82], this is a road forward towards effective interventions against SARS-CoV-2 infections. Thus, ACE2 activity and levels increase SARS-CoV-2 infection, while ACE2 expression decreases once viral infection occurs. The controversy in this field could be due to differences in experimental methods and models, as well as dual functions of ACE2 receptors and the angiontensins, and the field will benefit from more mechanistic studies.



Another potential risk factor for AD in the COVID-19 pandemic is the ApoE genotype. The APOE gene codes for a protein called apolipoprotein E, which combines with lipids to form lipoproteins. ApoE is involved in the packaging and transportation of cholesterol, and there are at least three different isoforms of the APOE gene product, including ApoE2, -3, and -4 [83]. The ApoE4 genotype is the strongest susceptibility factor for sporadic AD [83], but the ApoE4 genotype is also associated with the occurrence and severity of infections, for example, with the following viruses: HIV-1, herpes simplex, and hepatitis C [84]. Cohort studies indicate that having the ApoE4 genotype can exhibit as much as a two-fold increased risk in mortality for COVID-19 [84], providing evidence that susceptibility toward severe infection outcomes also exist for this virus. The mechanisms for ApoE4 involvement in long COVID are interesting [85] and deserve heightened focus considering the pandemic and the severe outcome for AD patients.



These findings show that AD results in increased mortality for COVID-19, and there are now known risk factors that can affect the outcome. The next steps in this field could be to identify effective treatment paradigms that may target ACE2 and/or other mechanisms involved in increased severity of infection for the AD patient population.




4. COVID-19 and Delirium


An unfortunate extrapulmonary consequence of severe COVID-19 in older adults, especially those with comorbidities such as AD, is delirium. Delirium results in confused thinking and a lack of awareness of day and time and is often confused with AD. Delirium usually comes on fast, within hours or a few days. In a recent study by Tyson et al. [65], they examined delirium in patients who came into the emergency department (ED) with severe COVID-19. The delirious group could be distinguished from the non-delirious group, as they were more likely to have neurologic, psychiatric, or cardiovascular comorbidities, as well as using deliriogenic medications and/or with a prior history of delirium. Previous studies have shown that delirium predicts mortality and occurs more often in older than in younger adults. Tyson et al. further reported that delirium related to COVID-19 had a highly significant correlation with neurological comorbidities and dementia. Stroke also correlated with delirium to a significant degree (p < 0.002) [65]. Of the more than 500 patients examined in the Tyson study, only about 13% met the diagnostic inclusion criteria for delirium. Thus, this study suggested that delirium is not one of the most common neurological consequences of COVID-19, but one should nonetheless pay attention to this serious condition developing, as delirium correlates with serious outcomes, including mortality [86]. Relatively little attention has been paid to the prevalence or consequences of delirium in patients with severe COVID-19, even though other studies indicated a prevalence of delirium in as much as every third patient with severe COVID-19 [86].




5. Increased Vulnerability in Patients with Traumatic Brain Injuries


An exaggerated response to SARS-CoV-2 has been reported in individuals who have had one or repeated mild traumatic brain injuries (mTBIs) or concussions (Prusmack, oral communication). As mentioned above, neurological symptoms seen in individuals with post-concussive syndrome (PCS) are strikingly similar to neurological symptoms occurring in COVID-19, either in acute or long COVID cases, and include headaches, dizziness, and problems with concentration and memory [87]. A recent study by Bullock and collaborators [88] showed that high school athletes who had an active COVID-19 infection were three times more likely to sustain a concussion. This may be due to deconditioning because of reduced training habits during illness but could also potentially be due to parallel pathophysiological events in the brain. Similar to what is seen in the brain post-COVID, an mTBI also results in an insult on endothelial cells involved in the BBB [89]. While the breakdown of the BBB observed in COVID-19 seems to primarily be caused by cytokine-related conformational changes [90], mTBIs also give rise to physical damage to endothelial cells, i.e., a primary injury, followed by cytokine-related alterations, a secondary injury, caused by an inflammatory cascade post-injury. Interestingly, the biomarkers for TBI are elevated in the plasma of severe COVID-19 cases [91]. Since inflammation is a key player in neurotrauma [92], it is possible that persons who have already sustained one or repeated mTBIs are especially vulnerable to COVID-19 infections due to a lingering widespread neuroinflammation in the brain. These findings may result in anti-inflammatory treatment as a prevention for COVID-related neurological symptoms.




6. Molecular Mechanisms for Brain and Cell Entry


6.1. Brain Aging and Aggregation of Misfolded Proteins


Some studies have suggested that the SARS-CoV-2 virus accelerates aging in the brain [93]. Accelerated aging can be caused either by genetics, such as with persons with progeria or with Down syndrome (DS), or environmental factors, including repeated or severe infections [94]. Senescent cells stop dividing and shift their phenotype towards survival rather than development, which leads to a senescence-associated secretory phenotype (SASP) [94]. Senescence leads to altered morphology and proteostasis, impairment of the lysosomal pathways, including autophagy, and the accumulation of lipid droplets known as lipofuscin in the brain. With aging in the brain, epigenetic alterations, including DNA methylation, chromatin remodeling, and histone post-translational modifications, are known to occur and collectively lead to reduced function and progressive neuronal loss. According to Mattson et al. [95], the hallmarks of brain aging include reductions in neuronal plasticity, as well as dysfunctional neuronal network activity, increased oxidative stress, and inflammation. Interestingly, many of these “brain aging” hallmarks are also observed in patients of all ages with severe COVID-19. For example, Karnik and collaborators reported neuroinflammation as a hallmark for brain involvement of COVID-19 [96], and investigators have reported multiple biomarkers associated with AD and neurotrauma in patients with severe COVID-19 [75]. Other hallmarks of aging reported for COVID-19 include an overactive systemic immune response, ischemia/hypoxia or disruption of perfusion in the brain, and hyperactivation of astrocytes in brain parenchyma [97]. In a recent study published in Nature by Mavrikaki [98], the investigators performed an RNA study on patients with different severities of COVID-19 infections. They found thousands of differentially expressed genes (DEGs) in the patient samples compared to the controls. Upregulated DEGs were enriched for genes involved in immune-related pathways, and downregulated DEGs were enriched for genes involved in learning and memory, as well as synaptic plasticity and activity [98]. This is a genetic profile that resembles those previously observed in aging brains; hence, the investigators stated that COVID-19 may result in accelerated brain aging.



Others have also suggested that mental effects in severe COVID-19 patients mimic the cognitive capacity reduction observed with aging. This is consistent with other findings, showing that the SARS-CoV-2 virus can induce the aggregation of misfolded proteins [99,100], including alpha-synuclein, phospho-Tau and amyloid, also a common feature of the aging brain [101]. The misfolding of proteins, leading to neurodegeneration, can be the result of impaired adaptive stress response and/or oxidative stress, impaired DNA repair and autophagy, and neuroinflammation [95]. Thus, molecular, imaging, and psychiatric investigations all point to an accelerated aging profile in the brain with long COVID, including reduced cognitive capacity, dysregulated immune response, and the aggregation of toxic proteins/neurodegeneration [56,75,93]. Recognizing these pathways might allow for drug interventions, as well as lifestyle factors, that are effective in also promoting healthy aging for long COVID patients.




6.2. Direct vs. Indirect Effects in the CNS and Presence of the SARS-CoV-2 vs. in Neurons


Studies have suggested at least three different entryways in which the SARS-CoV-2 virus can enter the CNS [24], as discussed in Figure 1. The SARS-CoV-2 coronavirus invades the CNS via neuronal and hematogenous routes, in addition to viral infection in peripheral tissues with extensive crosstalk with the CNS [60]. This includes retrograde transport via, for example, the sensory axons in the nasal mucosa [102], vascular entryways, and direct entry via the blood–brain barrier (BBB) [24]. Although it is clear that the SARS-CoV-2 virus enters brain parenchyma and causes neurological symptoms, there is less discussion in the literature regarding whether only certain brain regions are afflicted or how the virus may spread from region to region in the brain. There have only been a few histopathological studies conducted on brain donations from COVID-19 victims.



Heppner and collaborators published the first evidence showing SARS-CoV-2 virus entry into neurons in the CNS [47]. They discovered SARS-CoV-2 immunostaining in sensory neurons of the olfactory mucosa and suggested that this was one of the entryways for the virus into the CNS and that this could also explain the anosmia and hypogeusia, which are common symptoms of the condition [41,102,103,104]. In a recent study [57], we confirmed that loss of smell and/or taste were indeed only observed in individuals who tested positive for COVID-19 in an antibody test [57]. The intranasal administration of SARS-CoV-2 in mice leads to rapid accumulation in the brain, with the frontal cortex being affected first [47,105]. Song et al. [105] showed, using several different methods, entry of the virus into the neurons, for example, using organoids, as well as a mouse model overexpressing ACE2. In addition, they demonstrated that the infection of neurons with the virus could be blocked by ACE2 inhibitors or the administration of CSF from patients with COVID-19 [105].



As discussed above, ACE2 and TMPRSS2 are abundantly present in the olfactory epithelium and in neurons [16,23,82,106]. The expression of these two entry proteins is higher in aged mice and humans, which could explain the increased sensitivity to the virus with increasing age [23,107]. In addition, there are other mechanisms, yet unknown, by which the virus could enter the CNS and cause neurological symptoms [108]. ACE2 downregulation and a disproportionate response of the immune system may also contribute to multiple organ injury in COVID-19, including the brain [78,109].



Which brain regions are most affected by SARS-CoV-2 infection is still debated. However, the encephalitis seen in many patients with severe COVID-19 suggests focal brain injuries, which might be reversible and connected to acute or chronic vascular changes in the brain. Although relatively few pathology studies have been published to date, the findings in human brains show that the viral infection in the brain is associated with alterations in both neurons and glial cells, particularly the glia lining of cerebral blood vessels [76]. It has been shown, using mouse studies, that the SARS-CoV-2 virus can persist in brain parenchyma for many months following an acute infection. In humans, significant brain swelling has been reported, even in young patients [110]. In particular, the hypothalamus and the cerebellum contained virus particles, along with the frontal cortex and areas associated with sensory input, such as the thalamus and the olfactory bulb. In a study by Agrawal et al. [110], they examined 20 donated brains from individuals with severe COVID-19 who died at the ages of 26–97. They described both acute and chronic alterations in brain health. More than 50% of the brains showed microscopic or macroscopic vascular lesions, regardless of preexisting conditions. These included hemorrhagic and ischemic vascular lesions, as well as microglial activation in the white matter, and T-cell invasion, as well as regional neuronophagia in the locus coeruleus (LC), the medullar inferior olivary nucleus, and cerebellar dentate nucleus in some of the cases, and microglial nodules were observed in particular in the brainstem [110]. It is interesting that the LC is affected by COVID-19, since some of the earliest symptoms in long COVID were the lack of attention and reduced working memory—brain functions that are affected by LC activity [111]. In the patients over 65, chronic vascular and/or neurodegenerative changes were observed, fitting with the hypothesis described above regarding the SARS-CoV-2 virus causing accelerated brain aging. Although they were unable to find viral particles in the brain, a collaborator at the University of Lund (Dr. Elisabet Englund) has described the presence of viral dsRNA in the vascular wall, as well as perivascular inflammation in postmortem materials from infected patients [112]. In addition, Song and collaborators [105] also detected the SARS-CoV-2 spike protein in different brain regions in postmortem brain tissue in patients with the severe disease. They described the presence of SARS-CoV-2 spike protein immunostaining in several brain regions, including the caudate and BA6, severe global encephalopathy, and diffuse microbleeds, with spike protein staining seen in the periphery of the bleeds [105]. In another postmortem study [113], the investigators reported neuro-invasion in the following brain regions after SARS-CoV-2 infection: cranial nerve nuclei, olfactory bulb, motor nuclei of the vagus nerve, and the trigeminal nerve nuclei, as well as the choroid plexus, leptomeninges, median eminence of the hypothalamus, and area postrema of the medulla [113]. The subject with encephalitis in that study was SARS-CoV-2 immunopositive in the entorhinal cortex. The areas of the brain affected by neuro-invasion are thus widely different between different studies, and a more thorough investigation of the neurotropism of this novel virus is therefore needed. In addition, there are widely different opinions regarding the ability of the virus to enter neurons and remain in neurons post-acutely after a systemic infection—something that will no doubt be a focus for continued and expanded investigations. It is likely that these widely different results from different labs could be due to different experimental models, fixations, or the examination of patients at different times after acute infection.



Recent studies showed that patients with metabolic syndrome (overweight, diabetes, and/or hypertension) experience a particularly bad outcome if infected with SARS-CoV-2 [114]. This could be explained by an overactivation of the Interleukin-1 beta (IL-1β) system in these conditions (see Figure 1). This proinflammatory cytokine is elevated in the plasma of those with metabolic syndrome [115], and IL-1β receptors are located on BBB endothelial cells as mentioned above [89]. The binding of IL-1β to its receptors on endothelial cells in the brain results in alterations in the permeability of the BBB, allowing proinflammatory cytokines and immune cells entry to the brain parenchyma [116]. Since neurons and the glia have IL-1β receptors [117], this can lead to an accelerated neuroinflammation, which is known to exacerbate and propel neurodegeneration. IL-1β induces glial cells to produce cytokines and growth factors consistent with continued neuroinflammation [117] (see also Figure 1D). It is plausible that elevated IL-1β and other proinflammatory cytokines lead to a secondary effect on the BBB and allow entry into the brain of virus particles via alterations in BBB permeability, even though this particular scenario has not been investigated to date using experimental models.



In sum, the mechanisms involved in COVID-19 effects on the brain are highly complex and may be caused either by direct or indirect systemic responses to the virus, as outlined in Figure 1. Disruption of the BBB and the recruitment of innate immune cells from the periphery, as well as vascular events in the brain, contribute to the neurological symptoms observed. Due to the high mutagenicity of the SARS-CoV-2 virus, continued studies into the mechanisms and routes of infection to the brain are warranted since the mechanisms and neurological symptoms might be altered as the virus evolves and after vaccination.




6.3. Transportation of the SARS-CoV-2 vs. in Exosomes


A crucial finding was recently reported, showing that the virus spreads from cell to cell—or organ to organ—in the body via exosomes that are released from infected cells [118,119]. Exosomes are small extracellular vesicles (EVs) that are formed within all cell types in the multivesicular body and then expunged from the cell with the purpose of getting rid of toxic or unneeded materials, as well as signaling to other cells in the vicinity [120]. We and others have shown that EVs also serve as excellent sources for biomarkers in the brain when purified EVs from the blood are further purified to contain only glial- or neuron-derived exosomes [121,122,123].



Exosomes constitute a reliable route for misfolded protein transmission, contributing to the pathogenesis of neurodegenerative conditions such as PD and AD [100]. Travelling from the blood via the BBB into the brain parenchyma, exosomal cargo contains SARS-CoV-2 RNA, viral proteins, and inflammatory mediators but also modified host proteins that could promote neurodegenerative and neuroinflammatory cascades in the brain, potentially leading to the progression or acceleration of neurodegeneration in affected patients (see Figure 2). Thus, exosomes are produced by virus-infected cells and play an important role in mediating communication between infected and uninfected cells, most likely also within the brain and spinal cord. In addition, a recent manuscript by Gurunathan et al. [124] suggested that SARS-CoV-2 can modulate both the production and composition of exosomes and therefore exploit the biogenesis, secretion, and uptake of EVs to promote transmission of the infection to other cells. This group also proposed that exosomes loaded with immunomodulatory cargo could provide novel drug targets for COVID-19. Mysiris et al. posed that exosomes are involved in several different viral infections and that exosomes may contain cargo carrying both amyloidogenic proteins and viral particles from the periphery into the brain [100]. Exosomes released from infected cells contain misfolded proteins, including alpha-synuclein and p-Tau, that could propagate neurodegenerative prion-like proteins from brain region to brain region [100].



The role of exosomes for the transmission of viruses could be exploited for antiviral drug and vaccine development. Exosomes can be released either via stimulated or constitutive pathways (see Figure 2). Since there are drugs, for example, cancer drugs, that affect the release or uptake of exosomes [125], these might also potentially benefit patients with COVID-19 at the risk of developing neurodegenerative disorders. In addition, an exosomal analysis of blood can detect exosomal biomarkers, including pathogens, decades before any symptoms of cognitive or motor impairment are evident, providing an opportunity for preventative treatment [120,121,122,123,126,127,128,129,130,131]. The discovery that SARS-CoV-2 exerts many of its detrimental effects on the brain via exosome transport may therefore lead to better biomarkers for long COVID, novel treatment options, and examination of its role in neurodegenerative conditions.





7. Mechanisms for Down Syndrome-Related Vulnerability


In the beginning of the pandemic, it became evident that individuals with Down syndrome (DS) exhibited especially severe symptoms with COVID-19, with a 4-times higher risk of hospitalization, and were also subject to a significant increase in mortality with the disease (a 10-times higher risk (see, e.g., [132,133,134])). DS is associated with cardiovascular conditions [135,136,137], poor response to respiratory infections [138], and a reduced response to vaccination [139]. Respiratory distress is the most common cause of death in both children and adults with DS. The reduced number and maturation defects of T- and B-lymphocytes contribute to altered immunoglobulin levels, poor responses to vaccinations, and an increased severity of respiratory infections in children and adults with DS. These findings lead to an early recognition that those with DS had high priority for a vaccination against COVD-19.



The biological mechanisms involved in the vulnerability to COVID-19 include a severe immune dysregulation in DS [133,139,140], as well as the presence of the gene coding for TMPRSS2 (see above) on Chr. 21 [141]. In addition, four out of six known interferon receptors are also coded on Chr. 21 and are thought to contribute to the severe effects of viral infections in DS [133]. The superoxide dismutase-1 (SOD-1) gene is also located on Chr. 21 and contributes to the increased levels of oxidative stress throughout life in many tissues, including the brain [142].



Interestingly, there are several microRNAs (miRNA) on Chr. 21 that may affect the severity of infection for people with DS [143]. These include miR-155, miR-802, miR-125b-2, let-7c, and miR-99a [143]. Of these, some are particularly interesting from an AD and the COVID-19 perspective. MiR-155 is involved in inflammation and the conversion of microglia to the M1 phenotype [144]. Other miRNAs located on Chr. 21 are associated with cellular stress and AD pathology, including let-7c, miRNA-99a, miRNA125b, miRNA-155, and miRNA-802. Let-7c is elevated in patients with AD [145]. Even though we do not know yet which precise role miRNAs play in COVID-19 in the brain, several of these are located on Chr. 21 and may contribute to both the AD observed in nearly all persons with DS and the increased mortality of respiratory viral infections.




8. Conclusions and Next Steps


This review focused on the neurological symptoms of acute or long COVID and the biological mechanisms involved. The next steps in the research of the brain involvement of this novel coronavirus should involve (1) further exploration of the role of ACE and ACE2, as well as the angiotensins for the aggregation of misfolded proteins in neurodegeneration associated with the neurological consequences of COVID-19, (2) to identify effective treatment paradigms that may target ACE2 and/or other mechanisms involved in the increased severity of infection for AD patients and other vulnerable populations, and (3) to investigate the mechanisms of the exosome-related transportation of viral fragments within the brain and to the brain via cranial nerves and the vascular system. Exosome-regulating drugs could be used to limit the spread of infection in the brain, and, finally, (4) to include exosome cargo investigations when obtaining blood samples from COVID-19 patients to examine the biomarkers for specific brain-related post-acute sequelae of COVID-19. The mutability of the SARS-CoV-2 virus and its potential to directly affect the CNS highlights the urgency of developing technology to diagnose, manage, and treat brain injuries in COVID-19 patients. The emerging research on miRNAs and their role in the inflammatory cascade, especially in terms of spreading from cell to cell, might reveal their role in COVID-19, as well as dementia and neuroinflammation.



Limitations: One important factor that has not been discussed in this review is the mutation rate of the virus and the importance of that for future neurological implications of COVID-19. Will we see more or less cranial involvement in coronavirus infections with new mutations, and can these be mitigated by continued vaccinations? SARS-CoV-2 has been shown to have a high transmission rate in humans. It has been described previously that coronaviruses undergo modifications at a rate of 104 substitutions in a year per site. The mutation rates for the SARS-CoV and MERS-CoV whole genomes are assessed to be 0.80–2.38 × 103 and 1.12 × 103 nucleotide substitutions per year at a single site [146], meaning that we will most likely see variants of this and other coronaviruses for decades to come. What has been lacking in the field is also the systematic assessment of neuropathological sequalae for long COVID in the brain. As autopsy materials become available, more studies are sure to come. Vascular imaging and neuropathological analyses are needed to establish the correlations among virus-induced vascular disease, vasculitis, and COVID-19-related cerebrovascular and neurological syndromes.
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Figure 1. Direct and indirect effects of SARS-CoV-2 virus on the brain and mode of entry into the CNS. (A) The virus can enter together with T cells since an infection can alter the BBB permeability. (B) The SARS-CoV-2 Spike 1 protein can attach to endothelial cells and insert the virus into the cells of the BBB. (C) The virus attacks the nasal mucosa and can be transported retrogradely via olfactory nerves either with direct retrograde transport or via exosomes into the CNS. The same retrograde transport of viral particles has also been proposed in other cranial nerves (trigeminal, facial, and vagal nerves). (D) Indirect entry of the SARS-CoV-2 virus into brain tissue may be caused by overactivation of the IL1-β inflammatory system in the body after infection, leading to elevated IL-1β and other proinflammatory cytokines in the blood. IL-1β has receptors on endothelial cells, and binding to its receptors causes re-conformation of the BBB, allowing both blood cells and cytokines to enter the brain. IL1-β then binds to its receptors on glial cells and neurons within the CNS, leading to progressive neuroinflammation and neuronal loss. Since brain pathology is caused by blood-based cytokines and not the virus itself, this leads to an indirect effect on the brain via systemic infection. Small solar-shaped figure represents the virus and yellow shape in D represents IL-1β. “Y” in D represents IL-1β receptor. 
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Figure 2. Exosomes and viral trafficking. A = Release of exosomes from a normal cell. B = Release of exosomes from a SARS-CoV-2 infected cell. (A) Small extracellular vesicles (EVs) are formed in the multivesicular body (MVB) in all cell types and then either destroyed in the autophagosomal pathway or released into extracellular space. The exosomes can either have a constitutive or activated release. An important role for EVs is to serve as an intercellular communication tool. (B) Exosomes purified from patients with SARS-CoV-2 contain viral particles and contribute both to the spread of infection and the adaptive immune response. Once in the cytoplasm, replication followed by viral particle assembly occurs. New membranous structures of various sizes and shapes are formed, referred to as “replication organelles”. These are transported to MVBs and incorporated into exosomes. Exosomes from COVID-19 patients contain viral proteins, cytotoxic agents, and an “inflammatory message” that is reactivated in the recipient cell. 
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