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The use of nitrogen-rich fertilizers and their runoff
into waterways are major contributors to the growing
imbalance of nitrogen and phosphorus.

communities (8). The impact of the imbal-
ance will continue to increase as the imbal-
ance continues to tip in the same direction.

This increasing N/P imbalance can have
severe consequences not only for natural
ecosystems but also for human societies be-
cause crop production and food security will
be affected. The resource gap in remedying
this imbalance at the regional level may also
broaden the economic gap between rich and
poor countries (9). N-containing fertilizers
have an unlimited source—the atmosphere—
from which N can be extracted through the
Haber-Bosh reaction. This innovation has
allowed a continuous increase in the pro-
duction and use of these N fertilizers since
the 1950s (10). By comparison, P sources
have largely been limited to mines and are
concentrated in very few countries, such as
Morocco (9), so P might eventually become
economically inaccessible to low-income and
food-deficient countries as these sources be-
come depleted. In the future, P-producing
nations are likely to manage their reserves
to maximize profit for both their domestic
mining and farming industries, making P-
based fertilizers increasingly unaffordable
for farmers in the poorest countries (9) and
worsening the N/P imbalance in regions
where the problem is the most prominent.

Imbalanced soil N/P ratios can also affect
the chemical composition of crops, which
can have implications on public health. For
example, in some regions P accumulates in
soils and water bodies, and the N/P ratio
decreases, as a result of an excessive use
of inorganic and organic P fertilizers (3).
Food produced in these environments may
lead to an overconsumption of P in the lo-
cal population, which can have negative
implications for their health (71). The im-
plications of this global imbalance between
N and P could also have impacts on several
other human infectious and noninfectious
illnesses that are strongly associated with
diet, such as coeliac disease (12).

Besides the imbalance observed in the
N/P ratio, human activities also generate
imbalances among other elements. For ex-
ample, changes in the ratio of carbon (C)
and N relative to iron, zinc, calcium, and po-
tassium, among others, have been observed
in plant tissues (12). The increasing atmo-
spheric concentrations of CO, are likely a
driver of the increase of C in plants, which
in turn have developed more compounds
that reduce the concentrations of these
other elements (72). This indirectly leads to
the displacement of the elemental composi-
tion (elementome) (13) of organisms, com-
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munities, and entire ecosystems owing to
imbalances of the anthropogenic biospheric
inputs of C and N relative to P and other
elements in recent decades and is likely to
exacerbate in the coming decades.

The time has come for national and inter-
national environmental agencies and policy-
makers to recognize the risks of unbalanced
N/P ratios and other parallel imbalances in
elemental stoichiometry to the biosphere
and humanity. The international environ-
mental agencies and policy-makers should
address the problem through a coordinated
international policy. Observations, experi-
mentation, theory, and modeling at different
temporal and spatial scales are warranted to
evaluate, predict, and provide possible so-
lutions to these anthropogenic nutritional
imbalances and their effects on nature and
humans. Among these possible solutions,
increasing the efficiency of use and cycling
of N and P—for example, through precision
agriculture to avoid misuse of fertilizers,
methods to increase plant accessibility to
P sources, use of innovative management
techniques and biotechnologies to improve
nutrient-use efficiency, stimuli and subsi-
dies for recycling P through legislative regu-
lations and instruments at the national or
regional administrative level, or reduction
of livestock production—has been suggested
as the most effective approach to prevent
imbalanced N/P ratios for food production
and reduce environmental problems that
involve N and P. This research will deter-
mine whether these nutritional imbalances
should be added to the planetary boundar-
ies instead of only considering N and P sepa-
rately (14).
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VIEWPOINT: COVID-19

Nervous system

consequences
of COVID-19

Neurological symptoms
highlight the need to
understand pathophysiologic
mechanisms

By Serena Spudich? and Avindra Nath?

Ithough severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2)
is considered a respiratory patho-
gen, myriad neurologic complica-
tions—including confusion, stroke,
and neuromuscular disorders—mani-
fest during acute COVID-19. Furthermore,
maladies such as impaired concentra-
tion, headache, sensory disturbances, de-
pression, and even psychosis may persist
for months after infection, as part of a
constellation of symptoms now called
Long Covid. Even young people with
mild initial disease can develop acute
COVID-19 and Long Covid neuropsychi-
atric syndromes. The pathophysiological
mechanisms are not well understood, al-
though evidence primarily implicates im-
mune dysfunction, including nonspecific
neuroinflammation and antineural au-
toimmune dysregulation. It is uncertain
whether unforeseen neurological conse-
quences may develop years after initial
infection. With millions of individuals af-
fected, nervous system complications pose
public health challenges for rehabilitation
and recovery and for disruptions in the
workforce due to loss of functional capac-
ity. There is an urgent need to understand
the pathophysiology of these disorders and
develop disease-modifying therapies.
Initial reports of neurologic syndromes
accompanying COVID-19 described changes
in level of consciousness or cognitive dys-
function, weakness, and headache in hospi-
talized patients that might be attributable
to any severe acute illness with respiratory
and metabolic disturbances. Subsequently,
reports of strokes and acute inflammation
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or demyelination of the central or periph-
eral nervous system highlighted specific
cerebrovascular and neural tissue involve-
ment. As the number of cases increased
globally, it was recognized that SARS-CoV-2
not only induces respiratory symptoms but
also can affect multiple organ systems, in-
cluding the kidneys, gastrointestinal tract,
heart, and brain.

Clinical neurological and psychiatric syn-
dromes in patients with acute COVID-19
have been delineated by surveillance stud-
ies of hospitalized patients. A UK-wide
study of hospitalized patients identified the
most common neurologic conditions as an-
osmia (loss of smell), stroke, delirium, brain
inflammation, encephalopathy, primary
psychiatric syndromes, and peripheral
nerve syndromes (I). Varied timing of on-
set suggests that these conditions have di-
verse pathophysiological mechanisms. For
example, cerebrovascular complica-
tions co-occur with or even predate
the onset of respiratory symptoms,
whereas central inflammatory and
peripheral nerve conditions mani-
fest on average 2 weeks later, sug-
gesting that they may result from
peri- or postinfectious processes (2).

Despite early speculation that
SARS-CoV-2 may enter the cen-
tral nervous system (CNS) via migration
through the nasal cavity and the olfactory
pathway or trafficking across the blood-
brain barrier, analysis of cerebrospinal
fluid (CSF) from living patients with neu-
ropsychiatric manifestations has almost
uniformly failed to detect viral RNA by
reverse transcription polymerase chain re-
action. Instead, the preponderance of evi-
dence from CSF and brain tissue suggests
that immune activation and inflamma-
tion within the CNS is the primary driver
of neurologic disease in acute COVID-19.
Indeed, histopathological studies of brain
tissue from patients who died with acute
COVID-19 reveal only limited detection of
SARS-CoV-2 nucleic acid or viral protein in
the brain (3, 4), consistent with findings in
CSF from live patients. Direct examination
of autopsy brain tissue has caveats—those
who died with acute COVID-19 had severe
disease that may not be representative of
the majority of those infected with SARS-
CoV-2. Many had systemic or metabolic
derangements prior to death that may con-
tribute to pathology in a nonspecific way.
However, when infrequently detected, in-
fected cells in human brain lack surround-
ing clusters of inflammatory cells, suggest-
ing that SARS-CoV-2 presence in the CNS
does not incite classic viral encephalitis.

Examination of CSF samples from living
patients reveals neuroinflammation and
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aberrant neuroimmune responses during
acute COVID-19. CSF shows up-regulation
in the expression of interferon-regulated
genes in dendritic cells, along with acti-
vated T cells and natural killer (NK) cells.
This is accompanied with an increase in
interleukin-1 (IL-1) and IL-12, which is not
seen in blood plasma (5). Additionally,
CSF-specific clonal expansion of T cells
and antibodies that recognize epitopes of
SARS-CoV-2 spike protein that cross-react
with neural antigens suggest compartmen-
talization of the immune response (5, 6),
although the possibility of a persistent
infection with restricted viral replication
cannot be entirely excluded. During this
acute phase, other markers of monocyte
activation and neuronal injury can also be
detected in CSF (7). In the following sub-
acute phase, patients with severe mani-
festations show diminished interferon re-

“Many people who experience neurologic

symptoms that linger after acute

COVID-19 are less than 50 years old and were
healthy and active prior to infection.”

sponses and markers of T cell exhaustion
in CSF (8).

Autopsy studies of patients with acute
COVID-19 show infiltration of macro-
phages, CD8* T lymphocytes in perivas-
cular regions, and widespread microglial
activation throughout the brain (3). Single-
cell analysis of brain tissue has also con-
firmed CD8* T lymphocyte infiltration and
microglial activation without evidence of
SARS-CoV-2 RNA detection in cells of the
brain parenchyma (9). The robust, gener-
alized, and SARS-CoV-2-specific immune
responses observed in the CNS are puz-
zling in the absence of readily detectable
virus and may suggest transient infection
of the brain very early in infection or low
concentrations of viral antigen in the CNS.
Systemic activation of immune cells may
additionally lead to up-regulated expres-
sion of cell surface markers that facilitate
amplified trafficking into the nervous sys-
tem, even in the absence of targeted CNS
antigens (see the figure).

Does widespread vascular dysfunction
contribute to nervous system complica-
tions of COVID-19? Acute COVID-19 is
associated with heightened risk of stroke
compared with influenza illness of similar
severity, even after correcting for stroke
risk factors (10). Overt cerebrovascular
events during acute COVID-19 often occur
in those with vulnerabilities to vascular

disease (such as advanced age and cardiac
disease). Increases in blood markers of vas-
cular inflammation as well as thrombosis
and infarction in other tissues can also
be found in patients with COVID-19 and
stroke, suggesting that endothelial inflam-
mation and coagulopathy contribute to
these events (11). Indeed, system-wide vas-
cular dysfunction can characterize severe
acute COVID-19 and has the potential to
contribute to manifestations of organ sys-
tem failure and systemic inflammation in
those most severely ill (12). It is plausible
that subtle forms of generalized vascular
dysfunction, including thrombotic micro-
angiopathy (microscopic blood clots) in
the brain, may lead to neurological symp-
toms even in the absence of clinically ap-
parent stroke. Additionally, high-field
magnetic resonance examination of brain
tissue demonstrates microvascular dam-
age in structures plausibly related
to neurologic manifestations of
COVID-19, consistent with endo-
thelial activation and widespread
vascular injury observed in other
organs (4).

Since early in the COVID-19 pan-
demic, patients have described lin-
gering syndromes following acute
infection, now called Long Covid.
These syndromes often include predomi-
nant neurologic and psychiatric symptoms,
such as difficulty with memory, concentra-
tion, and ability to accomplish everyday
tasks, frequent headaches, alterations in
skin sensation, autonomic dysfunction, in-
tractable fatigue, and in severe cases, delu-
sions and paranoia. Many people who ex-
perience neurologic symptoms that linger
after acute COVID-19 are less than 50 years
old and were healthy and active prior to
infection. Notably, the majority were never
hospitalized during their acute COVID-19
illness, reflecting mild initial disease. Many
of the symptoms experienced by individu-
als with Long Covid are similar to those of
myalgic encephalomyelitis/chronic fatigue
syndrome (ME/CFS), which is also con-
sidered to be a postinfectious syndrome
caused by a variety of infectious agents.
Because the pathophysiology of ME/CFS is
poorly understood and there are no effec-
tive disease-modifying therapies available,
it is likely that the study of Long Covid may
benefit ME/CFS patients as well. There is
also overlap in symptoms of post-Lyme
disease, suggesting that there may be com-
mon host susceptibility factors that under-
lie these illnesses.

The heterogeneity of symptoms affecting
individuals with Long Covid and the dif-
ficulties in ascertaining which symptoms
may be a consequence of SARS-CoV-2 in-
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fection versus aggravation of preexisting
or coincidental conditions pose enormous
challenges for mechanistic understanding
and approaches to treatment. Few stud-
ies have systematically categorized or ex-
amined the natural history of Long Covid
symptoms, let alone studied their biology.
Of 3762 respondents in an online study
of people with persistent symptoms after
documented or suspected COVID-19, many
had ongoing symptoms up to 7 months
after initial infection, including promi-
nent neuropsychiatric syndromes (13).
Serial imaging routinely captured in the
UK Biobank cohort has revealed focal ar-
eas of brain atrophy in individuals after
documented COVID-19 compared with
a parallel group without COVID-19, sug-
gesting a potential biomarker for brain
effects of SARS-CoV-2 (14). Studies of posi-
tron emission tomography (PET) imaging

also show decreased metabolic activity in
the brain in people with Long Covid (15).
However, the pathophysiology leading to
these symptoms and cerebral changes is
unknown. Potential etiologies are mainly
extrapolated from current understanding
of nervous system pathogenesis during
acute COVID-19. These include residual
immune activation or persistent autoim-
mune disturbance, ongoing endothelial ac-
tivation or vascular dysfunction, or residua
of injury accrued during acute disease.
Systematic neurologic studies of carefully
phenotyped individuals with neurological
Long Covid symptoms are essential. These
patients often also experience stigma, em-
ployment difficulties, and mental health
challenges. Thus, diagnostic certainty and
therapeutic interventions are needed to
address this major public health concern.
The full extent of the long-term neuro-

Putative neuropathogenic effects of SARS-CoV-2

Infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) can lead to neuropsychiatric
effects during acute COVID-19, including confusion, stroke, and neuromuscular disorders. These may arise
from neuroinflammation, coagulopathy, neuronal injury, and possibly viral infection in the central nervous
system. Causes of Long Covid symptoms affecting the nervous system may result from the emergence and

persistence of these mechanisms.

Generalized neuroinflammation
with trafficking of immune cells,
cytokines, and antibodies into the
brain and activation of microglia

Neuroinflammation is
exacerbated by antibody
production, including
antibodies to SARS-CoV-2
and autoantibodies.

Undetermined host factors for
susceptibility (genetic, preexisting
comorbidities, immune status)
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Limited presence of
SARS-CoV-2 spike
protein or viral
particles in neurons
and other brain cells

Blood vessels may be damaged by
endothelial cell activation and coagulo-
pathy, leading to vascular dysfunction,

including microbleeds or stroke.

Mechanisms leading
to neuronal injury
are unknown.

logical complications of COVID-19 has not
been realized. Observations of neuroin-
flammation and neuronal injury in acute
COVID-19 have raised the possibility that
infection may accelerate or trigger future
development of neurodegenerative dis-
eases such as Alzheimer’s or Parkinson’s
diseases. No information is yet available
regarding neurodevelopmental trajectories
in children, who usually experience mild
COVID-19 and manifest few neurologic
or psychiatric symptoms during or after
acute illness. Those who experience the
rare multisystem-inflammatory syndrome
in children (MIS-C) may be at particular
risk for neurological sequelae owing to
widespread endothelial activation, often
involving the brain.

What are the host factors that account
for the wide variability in clinical mani-
festations such that some patients develop
acute neurologic illness, and others de-
velop persistent postinfectious complica-
tions? It will be critical to characterize
the pattern(s) of immune dysregulation
in Long Covid patients. Is it possible that
persistent immune dysregulation under-
lies ongoing symptoms? If so, this may be
driven by host antigens with autoimmune
responses, or a persistent viral infection
with restricted viral replication in tissue
reservoirs. Whether antiviral or immune-
targeted interventions early in the disease
course or prophylactic vaccination against
COVID-19 will alter the trajectory of neu-
rologic complications of COVID-19 is also
unknown. Investigations that include lon-
gitudinal studies with neurological and
psychiatric assessments and rigorous host-
pathogen studies of systemic and nervous
system interactions have the potential to
answer these questions. Ultimately, inter-
ventional trials based on these discoveries
are needed to determine approaches to
curtail or reverse nervous system effects
of COVID-19 that are experienced by huge
numbers of people globally.

REFERENCES AND NOTES

1. A.Varatharajetal.,Lancet Psychiatry 7,875 (2020).
2. A.L.RossRusselletal., Brain Commun. 3, fcabl68
(2021).
3. J.Matschkeetal.,Lancet Neurol.19,919 (2020).
4. M.H.Leeetal.,N.Engl.J. Med.384,481 (2021).
5. E.Songetal.,Cell Rep. Med. 2,100288 (2021).
6. C.Frankeetal.,Brain Behav.Immun. 93,415 (2021).
7. A.Edénetal., Neurology 96,6294 (2021).
8. M.Hemingetal.,Immunity 54,164 (2021).
9. J.F.Fullardetal.,Genome Med.13,118 (2021).
10. A.E.Merkleretal., JAMA Neurol. 77,1366 (2020).
11. L.S.McAlpineetal., Stroke 52,6233 (2021).
12. L.A.Teuwenetal.,Nat. Rev.Immunol. 20,389 (2020).
13. H.E.Davisetal., EClinicalMedicine 38,101019 (2021).
14. G.Douaudet al.,medRxiv10.1101/2021.06.11.21258690
(2021).
15, J.A.Hospetal.,Brain144,1263 (2021).

10.1126/science.abm2052

21 JANUARY 2022 « VOL 375 ISSUE 6578 269

2202 ‘Tz Arenuer uo BI0°80US 105" MMM,/:SANY WO | PpEo lUMOQ



-
Science
Nervous system consequences of COVID-19

Serena SpudichAvindra Nath

Science, 375 (6578), « DOI: 10.1126/science.abm2052

View the article online

https://lwww.science.org/doi/10.1126/science.abm2052
Permissions

https://lwww.science.org/help/reprints-and-permissions

Use of think article is subject to the Terms of service

Science (ISSN 1095-9203) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW,
Washington, DC 20005. The title Science is a registered trademark of AAAS.

Copyright © 2022 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works

2202 ‘Tz Arenuer uo BI0°80US 105" MMM,/:SANY WO | PpEo lUMOQ


https://www.science.org/about/terms-service

	ONL_sci0121p0267e
	ONL_sci0121p0268e
	ONL_sci0121p0269e

