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Chapter 1. SARS-CoV-2 and the nervous
system: review on pathogenesis of nervous
system SARS-CoV-2 damage
)UDQFHVFD%DL5REHUWD5RYLWR*LXOLD0DUFKHWWL
$QWRQHOODG·$UPLQLR0RQIRUWH

7KH VHYHUH DFXWH UHVSLUDWRU\ V\QGURPH FRURQDYLUXV 6$56&R9  LV D
QHZO\ HPHUJHG HQYHORSHG YLUXV SRVLWLYHVHQVH VLQJOHVWUDQGHG 51$ RI  WKH
Coronaviridae family, belonging to the genus of all highly pathogenic coronaviruses, i.e., Betacoronavirus1$IWHU6$56&R9DQGWKH0LGGOH(DVWHUQUHVSLUDWRU\V\QGURPHFRURQDYLUXV 0(56&R9 6$56&R9LVWKHWKLUGFRURQDYLUXVWRKDYHFDXVHGDODUJHRXWEUHDNLQKXPDQV6$56&R9HPHUJHGLQ6RXWK
China in 200220(56&R9LQ6DXGL$UDELLQ3DQG6$56&R9LQWKH
Hubei province of China in 2019 most likely due to species barrier spillover,
making the One Health approach a worldwide priority.
6$56&R9JHQRPHLVPRUHFORVHO\UHODWHGWRWKHJHQRPHRI 6$56&R9
WKDQ WR 0(56&R9  DQG  LGHQWLW\ UHVSHFWLYHO\  2YHUDOO 6$56
&R9DSSHDUVWREHOHVVOHWKDOWKDQ6$56&R9DQG0(56&R9EXWLVPRUH
KLJKO\WUDQVPLVVLEOH7KHPDLQFHOOXODUWDUJHWRI 6$56&R9LVWKHDQJLRWHQVLQFRQYHUWLQJHQ]\PH $&( DFHOOVXUIDFHFDUER[\SHSWLGDVHWKDWLVSDUW
RI WKHUHQLQDQJLRWHQVLQV\VWHP 5$6 76$56&R9KDVDVWURQJDIÀQLW\IRU
ACE27,87ZRWKLUGVRI WKH6$56&R9JHQRPHHQFRGHVIRUQRQVWUXFWXUDO
SURWHLQVQHFHVVDU\IRUWKHUHSOLFDVHFRPSOH[ZKHUHDVWKHUHPDLQLQJJHQRPH
encodes for accessory and structural proteins4,5,9; the latter include spike (S),
envelope (E), membrane (M), and nucleocapsid (N) proteins. The S protein is
FRPSRVHGRI WZRGRPDLQVRQHFRQWDLQLQJWKHUHFHSWRUELQGLQJGRPDLQ 5%' 
and the other the membrane fusion domain, i.e., S1 and S2, respectively. The
5%'RI WKH6SURWHLQPHGLDWHVYLUDOHQWU\E\ELQGLQJWRWKHKXPDQ$&(7KH
binding is followed by proteolytic activation between S1/S2 at the plasma memEUDQHE\WKHWUDQVPHPEUDQHSURWHDVHVHULQH 703566 RUDWWKHHQGRVRPDO
membrane by cathepsin L10. The genome is then released in the cytosol where it
LVWUDQVODWHGLQYLUDOSURWHLQVWKDWIRUPWKH51$GHSHQGHQW51$SRO\PHUDVH
7KHJHQRPLFDQGVXEJHQRPLF51$VDUHUHSOLFDWHGZLWKWKHODWWHUWUDQVODWHG
in accessory and structural proteins used for virion assembly. Finally, the viral
51$JHQRPHVDUHLQFRUSRUDWHGLQWRWKHYLULRQVZKLFKDUHUHOHDVHGIURPWKH
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plasma membrane9,11,12$&(LVH[SUHVVHGE\WKHUHVSLUDWRU\WUDFWDQGDIWHU
having entered the host via epithelial cells, the vascular endothelial cells and
PDFURSKDJHVPD\EHWKHÀUVWWDUJHWV13-15.
6$56&R9LVWKHHWLRORJLFDJHQWRI FRURQDYLUXVGLVHDVH &RYLG 
ZKLFK LV FKDUDFWHUL]HG E\ VHYHUH ¶ÁX·OLNH V\PSWRPV WKDW FDQ SURJUHVV WR
OLIHWKUHDWHQLQJ V\VWHPLF LQÁDPPDWLRQ DQG PXOWLRUJDQ G\VIXQFWLRQ. Severe
&29,'LVREVHUYHGLQDERXWRI SDWLHQWVLQIHFWHGZLWK6$56&R9
and the factors that dictate whether or not a patient develops the severe form
are not yet known, although older age is one of the main known risk factors
associated with severity together with obesity, cardiovascular diseases and male
JHQGHU2QHRI WKHKDOOPDUNVRI &29,'VHYHULW\LVWKH¶F\WRNLQHVWRUP·17-19,
LHDQXQFRQWUROOHGLQFUHDVHLQSURLQÁDPPDWRU\PHGLDWRUVIROORZLQJLQQDWH
immune activation. The increased cytokine and chemokine concentration
IXUWKHUDPSOLÀHVWKHWLVVXHGDPDJHE\PHDQVRI HQGRWKHOLDOG\VIXQFWLRQDQG
YDVRGLODWDWLRQHYHQWXDOO\FUHDWLQJDK\SR[LFHQYLURQPHQWDQGRUJDQIDLOXUH20.
&OLQLFDODJJUDYDWLRQRFFXUVDSSUR[LPDWHO\RQHZHHNDIWHUWKHRQVHWRI V\PStoms17,21,22, which roughly corresponds to the temporal bridging of the innate
and adaptive immune response. Once the disease becomes systemic, the disease
will involve other organs and systems.

SARS-CoV-2 and the nervous system: pathogenetic aspects
Central nervous system and peripheral nervous system manifestations in
COVID-19 disease
Central nervous system (CNS) and peripheral nervous system (PNS) involvePHQWZHUHGHVFULEHGIROORZLQJ6$56DQG0(56HYHQLI WKHVHLQYROYHGRQO\
a small proportion of cases: in fact, the prevalence of CNS and PNS compliFDWLRQV UDQJHG IURP  IRU 6$56 WR  IRU 0(56 DQG IURP 
IRU 6$56 WR  IRU 0(56 UHVSHFWLYHO\23. As the COVID-19 pandemic
progressed, neurological manifestations increased. These included neurological
symptoms that are present at the time of COVID-19 diagnosis in a considerable
number of patients, and neurological complications that could appear later.
The neurological manifestations in COVID-19 disease have been categorized in three groups: (i) CNS involvement, characterized by dizziness, headache, impaired consciousness, acute cerebrovascular disease and epilepsy; (ii)
PNS involvement, including anosmia, hypogeusia, visual impairment and neuralgia; and (iii) skeletal muscle impairment27. Neurological symptoms, such as
loss of the sense of smell and taste, headache, fatigue, nausea and vomiting,
dizziness, are reported in more than one-third of COVID-19 patients17,28; but
more severe manifestations, as well as encephalopathy, stroke, Guillain-Barré
syndrome, acute hemorrhagic necrotizing encephalitis, and acute disseminated
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encephalomyelitis seem to be less common23,29. However, the prevalence of
neurological manifestations associated with COVID-19 varies widely among
the different studies, ranging from 7% to over 84%27,30.
Given the high prevalence of COVID-19 disease worldwide, and the
QRQVSHFLÀFLW\RI QHXURORJLFDOV\PSWRPVDVVRFLDWHGZLWK6$56&R9LQIHFtion, that are, in fact, described also in the course of other viral infections,
H[SHUWVDGYLVHFDXWLRQLQDWWULEXWLQJDQ\VSHFLÀFFDXVDOOLQNVEHWZHHQ6$56
CoV-2 and neurological symptoms27. The pathogenesis of CNS infection by
6$56&R9 DQG WKH QHXURORJLFDO FRPSOLFDWLRQV DUH VWLOO SRRUO\ XQGHUVWRRG
and more pathogenetic studies are needed to shed light on this topic.
ACE2 receptors are expressed in different brain regions
$&( UHFHSWRUV DUH ZLGHO\ H[SUHVVHG LQ KXPDQ RUJDQV LQFOXGLQJ LQ PXOWLSOH &16 VWUXFWXUHV VXFK DV EUDLQVWHP FRUWH[ VWULDWXP DQG K\SRWKDODPXV
and in several cell types, such as neurons and glia; recently, ACE2 has also
been found in the human cerebral vasculature in postmortem brain samples
DQGDSSHDUVWREHXSUHJXODWHGLQEUDLQWLVVXHVE\R[LGDWLYHVWUHVVDSRSWRVLVDQG
QHXURLQÁDPPDWLRQWKDWFKDUDFWHUL]HVHYHUDOQHXURORJLFDOGLVHDVHVRUK\SHUWHQsion31,32. ACE2 in brain was also found in the neurons of the subfornical organ,
ZKHUHWKHYLUXVFRXOGPRUHHDVLO\ÀQGDPHDQVRI HQWHULQJWKH&16WKDQNVWR
the lack of a blood brain barrier (BBB)7. Additional receptors may play a role in
6$56&R9LQYDVLRQRI WKHEUDLQ&' RUEDVLJLQ%6* DQG1HXURSLOLQ
153 WRZKLFKWKHVSLNHSURWHLQLVFDSDEOHRI ELQGLQJ5HFHQWO\DIXULQOLNH
FOHDYDJH VLWH RQ WKH VSLNH SURWHLQ RI  6$56&R9 ZDV GHPRQVWUDWHG WR EH
VSHFLÀFIRUWKLVYLUXVWKHDVVRFLDWLRQEHWZHHQWKHIXULQOLNHFOHDYDJHVLWHDQG
its protease in host has been demonstrated to be critical for the neurotropism
of the CoronaviridaeIDPLO\DQGWKXVWKHSUHVHQFHRI WKLVVLWHFRXOGH[SODLQWKH
DELOLW\RI 6$56&R9WRLQYDGHWKH&1633.
Possible mechanisms of neurotropism and neurovirulence of SARS-CoV-2
1HXURORJLFDO PDQLIHVWDWLRQV FRXOG EH FDXVHG E\ 6$56&R9 WKURXJK D
direct or indirect mechanism. The possible mechanisms of neurological imSDLUPHQW WKDW KDYH EHHQ LGHQWLÀHG VR IDU DUH L  D GLUHFW HIIHFW RI  WKH YLUXV
entry into the CNS; (ii) para-infectious or post-infectious immune-mediated
disease; (iii) a secondary involvement of the CNS following the systemic effects
RI &29,'VXFKDVV\VWHPLFLQÁDPPDWRU\UHVSRQVHV\QGURPHVHSVLVDQG
multiorgan failure23,247KHGLIIHUHQWPHFKDQLVPVDUHQRWPXWXDOO\H[FOXVLYHDQG
PLJKWFRH[LVW6LPLODUO\1HXUR&29,'KDVDOVREHHQGHVFULEHGDVDSURFHVVLQ
three phases: (i) neuroinvasion; (ii) CNS clearance; and (iii) immune response.
,QWKHÀUVWSKDVHWKHYLUXVUHDFKHVWKH&16WKURXJKWKHV\VWHPLFFLUFXODWLRQ
and/or through the trans-cribriform route along the olfactory nerve; it seems
that the viral load in the CSF gradually increases until the second phase. In the
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second phase, the interaction between the subunit S1 of the spike protein and
the ACE2 receptor allows viral entry into the neuronal cells with subsequent
neuronal damage; early after the infection, neuronal damage leads to the onset
of anosmia and/or dysgeusia, while later the involvement of the nucleus of
the solitary tract may cause severe respiratory impairment. During the second
SKDVHWKHYLUDOORDGVWDUWVWRGHFUHDVHXQWLO6$56&R9LQGLUHFWO\DIIHFWVWKH
CNS. In the third and last phases, the viral infection causes immune-mediated CNS impairment. The virus could stimulate the production of antibodies
against glial cells, as a para- or post-infective mechanism, similar to that observed after other viral infections. In this phase, the respiratory symptoms may
EHFRPHHYHQPRUHVHYHUHOHDGLQJWRQHXURWR[LFK\SR[LDDQGEUDLQGDPDJH34.

CNS impairment as a consequence of a direct viral effect
'LIIHUHQWH[SHULPHQWDOPRGHOVZHUHXVHGWRVWXG\WKHSUHVHQFHDQGWKHFRQVHTXHQFHVRI 6$56&R9LQWKH&16QHXUDOFHOOOLQHVDQLPDOPRGHOVDQGEUDLQ
organoids 3XEOLVKHG VWXGLHV KDYH VKRZQ WKDW 6$56&R9 FDQ LQIHFW DQG
replicate in induced pluripotent stem cell (iPSCs)-derived human neural progenitor cells (hNPCs) and in neurospheres or brain organoids produced from these
cells25,32$QLPDOH[SHULPHQWVKDYHSURYLGHGLQIRUPDWLRQDVWRWKHQHXURLQYDVLYH
SRWHQWLDORI 6$56&R9WKHSUHVHQFHRI WKHYLUXVZDVIRXQGLQQHXURQVRI GLIferent brain areas, and this was later compared with the pulmonary involvement.
Interestingly, not all infected animals showed neurological symptoms or signs of
CNS infection24 7KH QHXURWURSLVP DQG QHXURYLUXOHQFH RI  6$56&R9 KDYH
DOVREHHQGHPRQVWUDWHGE\WKHÀQGLQJRI YLUDODFLGQXFOHLFLQWKHFHUHEURVSLQDO
ÁXLG &6) DQGLQEUDLQWLVVXHVDPSOHV, even if with a low frequency.
'HWHFWLRQRI 6$56&R9LQFHUHEURVSLQDOÁXLG
Neurotropism is a common characteristic of human coronaviruses (HCoVs)
DQGVHYHUDOVWXGLHVKDYHGHPRQVWUDWHGWKDW6$56&R9LVDEOHWRLQYDGHWKH
CNS33,377KHGHWHFWLRQRI WKHYLUDO51$LQWKHFHUHEURVSLQDOÁXLG &6) E\
5HDO7LPH5HYHUVH7UDQVFULSWLRQ3&5 573&5 KDVEHHQGHVFULEHGE\GLIIHUHQWDXWKRUV LQ VRPHFDVHVRI HQFHSKDORSDWK\ZLWKD SUHYDOHQFHRI  38-43.
+RZHYHU LQ WKH PDMRULW\ RI  SDWLHQWV GLDJQRVHG ZLWK HQFHSKDORSDWK\ 6$56
&R951$ZDVQRWGHWHFWHGLQWKH&6)41,42,44,45$SRVVLEOHH[SODQDWLRQIRUWKLV
could be that the virus is cell-bound and spreads from cell to cell and does not
transit freely in the CSF. Alternatively, the viral concentrations in the CSF could
EHEHORZWKHOHYHORI GHWHFWLRQRI WKHWHVWRUWKH3&5UHDFWLRQLVLQKLELWHGE\
the presence of hemoglobin products for the breakdown of erythrocytes. The
detection rate is also highly dependent on the type of neurological disease and
the time of sample collection41. Finally, the absence of the virus in the CSF
GHVSLWHLQÁDPPDWLRQ FRQÀUPHGE\KLJKOHYHOVRI &6)ZKLWHEORRGFHOOVDQG
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protein levels described in some patients with encephalitis) suggests that the
HQFHSKDOLWLV FRXOG EH WKH UHVXOW RI  V\VWHPLF LPPXQHPHGLDWHG LQÁDPPDWLRQ
DQGLVQRWGULYHQRQO\E\DGLUHFWQHXURLQYDVLRQRI 6$56&R9.
7KHGHWHFWLRQUDWHRI 6$56&R951$LQWKH&6)ZDVJHQHUDOO\KLJKHULQ
patients diagnosed with encephalitis and much lower in patients with encephalopathy, cerebrovascular accidents or Guillain-Barré syndrome. Interestingly, patients
ZLWKRXWQHXURORJLFDOPDQLIHVWDWLRQVZHUHDOOQHJDWLYHIRU&6)6$56&R951$41.
0RUHRYHUDOPRVWKDOI WKHSDWLHQWVZLWKDQHJDWLYHWHVWIRU6$56&R9LQWKH&6)
VKRZHGWKHSUHVHQFHLQWKH&6)RI DQWLERGLHVVSHFLÀFIRU6$56&R9DQGDFcording to available data, 23.3% of tested patients present intrathecal antibody synthesis41 that could suggest the invasion of the virus into the CNS47.
Detection of SARS-CoV-2 in brain tissue samples
3RVWPRUWHPH[DPLQDWLRQLVWKHGHÀQLWLYHPHDQVRI DVVHVVLQJYLUDOQHXURLQYDsion, in addition to that of the CSF, and previous studies have investigated the
GHWHFWLRQRI 6$56&R9LQSRVWPRUWHPKXPDQEUDLQVDPSOHVEXWVRIDUZLWK
contrasting results. Some authors, in fact, reported the detection of the virus in
EUDLQDXWRSVLHV HYHQWKRXJKWKHYLUDOORDGZDVORZ E\3&5DQGTXDQWLWDWLYH
3&5 T3&5 RURI YLUDOQXFOHRFDSVLGDQGRUVSLNHSURWHLQVE\LPPXQRKLVWRchemistry. Conversely, in other studies, the virus was not detected in brain
cells. Thus, the hypothesis that the virus is intrinsically neuroinvasive and is able to
FUHDWHDSHUVLVWHQWLQIHFWLRQLQWKH&16UHTXLUHVFODULÀFDWLRQ27,49,506$56&R9
was detected in different cell types as well as frontal lobe neurons, glial cells, enGRWKHOLDOFHOOVSHULF\WHVRI EUDLQFDSLOODULHVDQGYDJXVQHUYHÀEHUV45,51-53, and viral
proteins were found in a smaller proportion of patients in different brain regions,
as well as brainstem, cerebellum, cerebrum and the olfactory system41. The highHVWGHWHFWLRQUDWHRI 6$56&R951$ZDVIRXQGLQEUDLQVWHPDVZHOODVWKH
PRVWVHYHUHPLFURJOLRVLVDQGO\PSKRF\WLFLQÀOWUDWLRQVXJJHVWLQJWKDWWKHEUDLQVWHPFRXOGEHDPDMRUWDUJHWRI 6$56&R9LQWKH&1641.
7KHPRVWFRPPRQÀQGLQJVLQWKH&16RI SDWLHQWVZKRGLHGIURP&29,'
DUHK\SR[LFLQMXU\DQGYDVFXODUDFFLGHQWV41 and microglial activation was found
in the compromised brain areas in more than half the patients. The detection
UDWHRI 6$56&R9ZDVKLJKHULQUHJLRQVZLWKPLFURJOLRVLVDQGO\PSKRF\WLF
LQÀOWUDWLRQWKDQLQDUHDVZLWKK\SR[LFLQMXU\DQGYDVFXODULPSDLUPHQW41.
Routes of neuroinvasion
Coronaviruses may reach the CNS through any of three different pathZD\V L KHPDWRJHQRXVGLVVHPLQDWLRQ LL WKH´7URMDQKRUVHµPHFKDQLVPDQG
(iii) neuronal retrograde propagation27,28,54,55,QWKHÀUVWFDVHDIWHUDSKDVHRI 
viremia, the virus can cross the BBB and enter the CNS.



Neurology of COVID-19
Figure 1.1: Possible SARS-CoV-2 entry to the central nervous system (CNS)
via blood circulation

3DVVDJHRI 6$56&R9IURPWKHXSSHUUHVSLUDWRU\WUDFWDQGWKHDOYHRODUHSLWKHOLDO
cells to the blood circulation; crossing of the Blood Brain Barrier (BBB) and invaVLRQRI WKH&165HSURGXFHGIURP25 with permission.

The passage of the virus to the blood circulation may follow the infection
RI W\SH,,DOYHRODUHSLWKHOLDOFHOOVZKLFKKLJKO\H[SUHVV$&(DQGWKHHSLWKHOLDO
FHOOVRI WKHJDVWURLQWHVWLQDOWUDFWZKLFKDOVRH[SUHVV$&(UHFHSWRUVDQGFDQEH
LQIHFWHGE\6$56&R953. The most plausible scenario is that of access through
WKHUHVSLUDWRU\WUDFWWKHGDPDJHWROXQJEORRGYHVVHOVIROORZLQJ6$56&R9
infection, including endothelial necrosis and capillary injury, has been demonstrated in postmortem analyses, and suggests that the virus can translocate from
the lungs to the pulmonary microcirculation and then spread to other organs.
7KH´7URMDQKRUVHµPHFKDQLVPLVWKHSURFHVVE\ZKLFKWKHYLUXVLQIHFWVO\PSKRcytes and monocytes, and the latter, activated by the infection, can disseminate and
cross the BBB; infected macrophages have been described in COVID-19, suggestLQJWKDWODWHQW6$56&R9LQIHFWLRQFDQHVWDEOLVKLQLPPXQHFHOOV. Finally, the
WUDQVV\QDSWLFGLVVHPLQDWLRQFDQEHUHWURJUDGHRUDQWHJUDGHDQGXVHDQH[RF\WRVLV
HQGRF\WRVLVPHFKDQLVPRUWKHUDSLGD[RQDOWUDQVSRUWLWFRXOGEHIDFLOLWDWHGE\SURteins called dinein and kinesin, both possible targets of the virus57,58.
The virus can either infect endothelial cells of the BBB or epithelial cells of
WKHEORRG&6)EDUULHULQWKHFKRURLGSOH[XVWRHQWHUWKH&16
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Figure 1.2: Passage of SARS-CoV-2 through the Blood Brain Barrier triggering
DQHXURLQÁDPPDWLRQSURFHVV
a))

b))

6$56&R9LQIHFWLRQRI PLFURJOLDDQGQHXURQVWULJJHUVDQLQÁDPPDWRU\FDVFDGH
ZLWKUHOHDVHRI SURLQÁDPPDWRU\F\WRNLQHVDQGFKHPRNLQHVLQWKH&HQWUDO1HUYRXV
6\VWHP &16 E 7KHVHSURLQÁDPPDWRU\F\WRNLQHVDQGFKHPRNLQHVLQWXUQUHGXFH
the integrity of the Blood Brain Barrier (BBB) and allow the entry of other viruses
DQGPHGLDWRUVRI LQÁDPPDWLRQLQWRWKH&167KLVQHXURLQÁDPPDWLRQSURFHVVHYHQWXDOO\FDXVHVQHXURWR[LFLW\DQGQHXURQDOGHDWK 5HSURGXFHGIURP with permission.
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During transcellular migration, the virus invades host endothelial cells to
cross the BBB, while during paracellular migration, the virus invades the tight
junctions formed by the endothelial cells59$&(DQG153KDYHEHHQIRXQG
in human brain microvascular endothelial cells (BMVECs) and may allow viral
HQWU\WRWKH&16WKHH[DPLQDWLRQRI SRVWPRUWHPEUDLQVDPSOHVE\WUDQVPLVsion electron microscopy has found the presence of viral-like proteins inside
BMVECs in the frontal lobe45 +XPDQ FKRURLG SOH[XV H[SUHVVHV $&( DQG
thanks to its greater permeability compared to BBB, it could provide a second
entry route to the CNS; on the other hand, the low viral load in the blood
makes this an unlikely means of entry to the CSN25.
BBB is negatively affected by viral infections, not only thanks to the productive or non-productive infection of endothelial cells, but also by the host
LPPXQH UHVSRQVH WKDW VWLPXODWH WKH UHOHDVH RI  SURLQÁDPPDWRU\ F\WRNLQHV
FKHPRNLQHVDQGFHOODGKHVLRQPROHFXOHVÀQDOO\OHDGLQJWRFKDQJHVLQWKHVWUXFtural and functional integrity of the BBB317KHLQÁDPPDWRU\PHGLDWRUVFRXOG
break down the BBB by reducing the integrity of the tight junction proteins.
In turn, BBB dysfunction creates a vicious circle, allowing the passage of other
free viral particles and infected immune cells to the CNS.
The increase in BBB permeability has been described in COVID-19 patients
with neurological symptoms DQG UHFHQWO\ D SRVVLEOH GLUHFW UROH IRU 6$56
CoV-2 in modifying BBB properties has been reported. In a BBB-on-a-chip
in vitroPRGHORI WKHKXPDQ%%%WKHVXEXQLWV66DQG5%'RI WKHVSLNH
SURWHLQDUHDEOHWRSURPRWHDORVVRI EDUULHULQWHJULW\WULJJHULQJDSURLQÁDPPDWRU\UHVSRQVHRQEUDLQHQGRWKHOLDOFHOOVWKDWLQFOXGHVXSUHJXODWLRQRI 0DWUL[
Metalloproteinases (MMP), cell adhesion molecules (ICAM-1 and VCAM-1),
OHXNRF\WH FKHPRWD[LV IDFWRUV &;&/ DQG 5$17(6  DQG F\WRNLQHV ,/`
DQG,/ DQGPD\ÀQDOO\FRQWULEXWHWRDGHVWDELOL]DWLRQRI %%%IXQFWLRQ31.
2QHQWU\LQWRWKH&166$56&R9PD\FDXVHDFWLYHLQIHFWLRQRI UHVLGHQW
FHOOVWKDQNVWRWKHSUHVHQFHRI LWVUHFHSWRUVVXFKDV$&(153DQG%6* 45.
Furthermore, the virus or infected lymphocytes could stimulate the production
RI SURLQÁDPPDWRU\F\WRNLQHVVXFKDV71)ơDQG,/DQGFKHPRNLQHVVXFK
as CCL5, CXCL10 and CXCL11, that can induce chemoattraction of other activated T cells in the CNS. Activated astrocytes can, in turn, produce chemokines
and participate in the recruitment of leukocytes. This process, for which the
YLUDOLQIHFWLRQLVWKHÀUVWWULJJHUÀQDOO\FDXVHVQHXURLQÁDPPDWLRQDQGQHXURWR[LFLW\GDPDJLQJROLJRGHQGURF\WHVDQGQHXURQV.
7KHSUHVHQFHRI 6$56&R9LQWKHEUDLQZDVQRWDOZD\VDVVRFLDWHGZLWK
WKHVHYHULW\RI QHXURLQÁDPPDWLRQDQGLPPXQHDFWLYDWLRQSUREDEO\XQGHUOLQing the fact that the virus can hide in neurons and elude the surveillance of the
immune system, or that the immune response is not effectively activated in the
LQIHFWHGDUHDVXQOHVVWKHQHXURQVWKDWZHUHLQIHFWHGÀUVWKDYHEHHQVLJQLÀFDQWO\
impaired41.
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As regards peripheral nerve dissemination, coronaviruses are known to invade
peripheral nerve terminals and spread retrogradely across nerve synapses, reaching the CNS. Several viruses may spread to the peripheral nerves by binding to
VSHFLÀF UHFHSWRUV RQ WKH D[RQV RU GHQGULWHV RI  WKH QHXURQV. Once the neurons are infected, the viruses reside in endosomal vesicles, resulting from the
cytomembrane during viral entry, and use dinein to transport the vesicles along
the microtubule to the centrosome beside the nucleus. Gradually, the viral capsid
disassembles, according to the change in pH in the endosomal vesicle, and the
viral nucleic acids are then released to the cytoplasm, allowing viral replication.
Finally, viral nucleic acids and viral proteins are transported to synaptic membrane
IRUIXUWKHUDVVHPEO\DQGWUDQVPLVVLRQWRWKHQH[WQHXURQDQGWRWKH&167.
5HFHQWO\DUDSLGDFFXPXODWLRQRI 6$56&R9LQWKHEUDLQZDVUHSRUWHGDIWHU
intranasal injection using a new humanized ACE knock-in-mouse model. The
most likely way of entering the CNS following intranasal infection is through the
olfactory receptor neurons, also known as olfactory sensory neurons27,29.
Figure 1.3: Possible SARS-CoV-2 entry to the central nervous system (CNS)
via the olfactory nerve

6$56&R9 HQWU\ WKURXJK WKH ROIDFWRU\ QHUYH 6$56&R9 FDQ LQIHFW WKH ROIDFWRU\HSLWKHOLXPWKDQNVWRWKH$&(UHFHSWRUH[SUHVVHGE\WKHKRUL]RQWDOEDVDO
cells. Horizontal basal cells can mature in infected olfactory neurons that are connected with neurons in the olfactory bulb; these neurons allow the viral spread
to other areas in the CNS. Furthermore, the infected olfactory epithelial cells can
UHOHDVHWKHYLUXVDWWKHFULEULIRUPSODWH5HSURGXFHGIURP25 with permission.
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The virus can pass the neuroepithelium of the olfactory mucosa and reach
the olfactory bulb, the olfactory nerve, and, from there, eventually spread to
the hippocampus or other brain structures27,32. The ability to enter the olfactory
EXOE ZDV UHSRUWHG IRU 6$56 DQG DQRWKHU FRURQDYLUXV 2& XVLQJ PXULQH
models of human coronavirus infection, and several studies have recently proSRVHGWKLVSURFHVVLQWKHFRQWH[WRI 6$56&R9. Figure 1.3 shows
WKH SURSRVHG PHFKDQLVP IRU 6$56&R9 HQWU\ LQWR WKH &16 WKURXJK WKH
olfactory receptor neurons25*LYHQWKDW6$56&R9VSUHDGVWKURXJKWKHUHVpiratory tracts, the olfactory nerve may serve as a major retrograde route for
the spread of the virus to the CNS)XUWKHUPRUHWKHSUR[LPLW\RI WKHFULEULform plate to the infected nasal epithelium, possible traumas due to sneezing,
DQGWKHGHWHFWLRQRI WKHKLJKHVW6$56&R9YLUDOORDGLQQDVDOVZDEVFRPSDUHGWREURQFKRDOYHRODUODYDJHRUSKDU\QJHDOVZDEVDOOVHHPWRFRQÀUPWKH
different means of entry into the CNS through this route25,32.
6$56&R9 FRXOG LQIHFW WKH ROIDFWRU\ QHXURQV WKDQNV WR LWV ELQGLQJ WR
153DQG%6*,QIDFWERWKWKHVHSURWHLQVDUHH[SUHVVHGLQWKHROIDFWRU\EXOE
DWKLJKHUOHYHOVWKDQ$&(RU703566153LVDOVRH[SUHVVHGLQWKHROIDFtory epithelium,QFRQWUDVWLQDQRWKHUPRGHOWKHÀUVWWDUJHWRI WKHYLUXV
FRXOGEHWKHVXVWHQWDFXODUFHOOV 686V WKDQNVWRWKHLUH[SUHVVLRQRI $&(DQG
703566WKHLQIHFWLRQRI WKHVHFHOOVWULJJHUVDFDVFDGHRI HYHQWVOHDGLQJWR
anosmia and eventually allows access of the virus to the CNS.
The possible entry through olfactory receptor neurons has also been hySRWKHVL]HGDIWHUWKHGHWHFWLRQRI 6$56&R951$DQGYLUDOSURWHLQVZLWK
DVVRFLDWHGPLFURJOLRVLVDQGRUO\PSKRF\WLFLQÀOWUDWLRQVLQWKHROIDFWRU\PXcosa of most of the autopsies that have been carried out41. In animal models,
LPPXQRVWDLQLQJIRU6$56&R9UHYHDOHGH[WHQVLYHVWDLQLQJLQVHFRQGDU\DQG
tertiary brain regions connected with the olfactory bulb, and the possibility of
invasion of the brain in a retrograde manner along gustatory and trigeminal
pathways at the early stage of infection was shown24.
Other potential routes of brain infection through nerve dissemination could
be possible, as well as via vagus, trigeminal and nasopharyngeal nerves; in
IDFW$&(DQG153DUHH[SUHVVHGLQWKHYDJXVQHUYHLQDQLPDOPRGHOVDQG
WULJHPLQDO DQG QDVRSKDU\QJHDO QHUYHV DUH HDVLO\ H[SRVHG WR 6$56&R925,53.
6$56&R9IUDJPHQWVKDYHEHHQIRXQGLQDSDWLHQW·VFRQMXQFWLYDZKHUHWKH
sensory nerve endings of the trigeminal nerve are found. In addition, local
peripheral nerves of the gastrointestinal tract may play a role in the retrograde
SHQHWUDWLRQRI 6$56&R9WRWKH&1653.
However, additional data on humans are needed to understand if these
mechanisms are likely to produce CNS infection25.

1. SARS-CoV-2 and the nervous system

11

Indirect CNS damage in the course of SARS-CoV-2 inIHFWLRQQRQVSHFLÀFFRPSOLFDWLRQVRI V\VWHPLFGLVHDVH
7KH&16FRXOGDOVREHGDPDJHGE\K\SHULQÁDPPDWLRQV\QGURPHDQGWKH
´F\WRNLQHVWRUPµWKDWLVWULJJHUHGRXWVLGHWKHEUDLQE\6$56&R9RUE\WKH
VHYHUHHIIHFWVRI V\VWHPLFGLVRUGHUVVXFKDVVHSVLVK\SHUS\UH[LDK\SR[LDK\percoagulability and critical illness with multiorgan failure25,32,74,75.
7KHH[FHVVLYHOHYHOVRI SURLQÁDPPDWRU\F\WRNLQHVDQGFKHPRNLQHVLQWKH
systemic circulation, caused by a maladaptive innate immunity, may increase
WKH SHUPHDELOLW\ RI  WKH %%% WKH SDVVLYH ÁRZ RI  F\WRNLQHVFKHPRNLQHV WR
the CNS, together with infected immune cells, could damage the brain.
)XUWKHUPRUH,/,/DQG71)_ are all upregulated in the brain of infected
animal models and are produced in the human CNS following brain injuries37.
,Q IDFW VHSVLV DQG WKH VXEVHTXHQW LQÁDPPDWRU\ ´F\WRNLQH VWRUPµ KDV EHHQ
implicated in cases of an altered state of consciousness37. Increased levels of
SURLQÁDPPDWRU\F\WRNLQHVLQWKH&16FRXOGDOVRSHUVLVWIRUDOHQJWK\SHULRG
RI WLPHOHDGLQJWRDSRVWLQIHFWLRXVSURLQÁDPPDWRU\VWDWHWKDWPD\FRQWULEXWH
WRSRVVLEOHORQJWHUPQHXURLQÁDPPDWLRQ.
Metabolic imbalances, including disorders of blood calcium, sodium and glucose, and renal and/or liver dysfunction, may have secondary negative effects
on CSN function.
Systemic factors could also be responsible for the increased risk of cerebroYDVFXODUGLVHDVHLQ&29,'SDWLHQWV7KH6$56&R9ELQGLQJWRWKH$&(
receptor on endothelial cells may result in increased blood pressure. Arterial
hypertension can also complicate severe or critical COVID-19 as consequence
of the viral infection or kidney damage, and can result in ischemic or cerebral bleeding74. Together with an increase in blood pressure, thrombocytopenia
and thrombus formation due to hypercoagulability in the brain or in peripheral
YHLQV FRXOG ÀQDOO\ OHDG WR VWURNH ,QGHHG WKH PDUNHG V\VWHPLFLQÁDPPDWLRQ
and hypercoagulability that characterize severely affected patients are associated with increased risk of thrombotic events and stroke. Cases of myocarditis
DVVRFLDWHGZLWK6$56&R9KDYHDOVREHHQGHVFULEHGDQGFDQOHDGWRLVFKHPic stroke through heart failure, with a reduction in the cerebral blood supply,
or supra- and ventricular arrhythmias causing intra-ventricular thrombus forPDWLRQ)LQDOO\V\VWHPLFDQG&16LQÁDPPDWRU\YDVFXOLWLVKDYHEHHQUHSRUWHG
from autopsies of COVID-19 patients.
Severe COVID-19 with acute respiratory failure, severe acute respiratory disWUHVVV\QGURPH $5'6 RUHYHQFDUGLDFDUUHVWFDQEHDVVRFLDWHGZLWKFHUHEUDO
K\SR[LD32,74+\SR[LDPD\FDXVHLQGLUHFWQHXURQDOGDPDJH. There is, however,
VRPHHYLGHQFHWKDWWKHSRVVLEOHK\SR[LFLQMXU\LVQRWDQXQGHUOLQLQJPHFKDQLVP
RI &16LPSDLUPHQWLQ&29,',QIDFWK\SR[LDFDXVHVVSHFLÀFIHDWXUHVRQ
cerebral imaging: (i) the localization of lesions in grey matter; (ii) the edema, loss
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of grey/white matter differentiation, reversal sign, white cerebellum sign, linear
K\SHUGHQVLW\RXWOLQLQJWKHFRUWH[DQGSVHXGRVXEDUDFKQRLGEOHHGLQJRQD&7
VFDQRU LLL F\WRWR[LFHGHPDZLWKLQWKHÀUVWKRXUVZLWK7K\SHULQWHQVLW\
of the lesions, subsequent pseudo-normalization of the lesions after 1 week
and T1-hyperintensity after 1-2 weeks suggesting cortical laminar necrosis on
05,. The evolution of these lesions has not been described in COVID-19
patients. Moreover, most patients are intubated and on mechanical ventilation
EHIRUHWKH\GHYHORSFHUHEUDOK\SR[LD74.
,WKDVEHHQK\SRWKHVL]HGWKDWWKHJXWEUDLQD[LVFRXOGDOVREHUHVSRQVLEOH
IRUWKH&16LPSDLUPHQWGXULQJWKHFOLQLFDOFRXUVHRI 6$56&R9LQIHFWLRQ
KRZHYHU WKH DFWXDO LPSDFW RI  6$56&R9 RQ JXW PLFURELRWD KDV \HWWR EH
established. The possible relationships between gut and brain could be due to
a direct viral invasion of the CNS through systemic circulation or the vagal
nerve after entry from the gut, or the disruption of the homeostasis of mucosal
immunity and gut microbiota with repercussions on the CNS. In fact, a gut
dysbiosis induced by the virus could make the CNS even more susceptible to
KDUPIXODJHQWVLQFOXGLQJSDWKRJHQVDQG6$56&R9LWVHOI77.
One last mechanism of possible CNS damage is the effect of empiric treatments for COVID-19; rhabdomyolisis was sometimes described after treatment
ZLWKDQWLYLUDOVVXFKDVUHPGHVLYLUDQGORSLQDYLUULWRQDYLUZKLOHWR[LFP\RSDWK\
can be caused by chloroquine or some antibiotics74. Finally, a myasthenic syndrome was reported after treatment with chloroquine. However, we must consider that most of these therapies are no longer recommended in the guidelines
IRU&29,'WUHDWPHQWDQGWKLVPHFKDQLVPFRXOGH[SODLQRQO\DVPDOOSDUW
of the neurological complications associated with COVID-1978,79. A possible
alteration of the adaptive cellular immune response to viruses could be caused
E\WKHXVHRI VWHURLGVHYHQLI WKHLUUROHLQVZLWFKLQJRII WKHLQÁDPPDWRU\UHsponse seems to be more important than any possible negative effects.

Indirect CNS damage during SARS-CoV-2 infection: para-infectious and post-infectious immune-mediated disease
6$56&R9 FRXOG FDXVH LQGLUHFW GDPDJH WR WKH &16 EHFDXVH RI  DQ LQIHFWLRQWULJJHUHGH[FHVVLYHDQGGHWULPHQWDOLPPXQHDFWLYDWLRQ47. Autoimmune
responses to the virus have also been proposed as para- or post-infectious
PHFKDQLVPRI &16GDPDJHDQGFRXOGH[SODLQVRPHQHXURORJLFDOPDQLIHVWDtions, such as Guillain-Barré syndrome, acute necrotizing encephalopathy, and
acute disseminated encephalomyelitis, that have been described in COVID-19
patients.
$VUHJDUGVLPPXQHPHGLDWHGSURFHVV6$56&R9LQIHFWLRQPD\EHDVVRFLDWHGZLWKDSURFHVVRI QHXURLQÁDPPDWLRQVLPLODUWRWKDWGHVFULEHGLQRWKHU
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YLUDOLQIHFWLRQVDQGLQQHXURORJLFDOGLVHDVHVVXFKDV$O]KHLPHU·VDQG3DUNLQVRQ·V
GLVHDVH6$56&R9FRXOGHVFDSHIURPWKHLPPXQHV\VWHPDQGVSUHDGWRDOO
CNS tissue, causing increased viral replication or over-reactive innate immune
responses7KHDFWLYDWLRQRI JOLDOFHOOVE\6$56&R9FRXOGUHVXOWLQIXUWKHU
production of cytokines/chemokines that ultimately damage neurons.
7KH QHXURLQÁDPPDWLRQ FRXOG DOVR EH DVVRFLDWHG ZLWK FHOOXODU VHQHVFHQFH
and a state of cell proliferative arrest, as an adaptive response to the viral infection, eventually resulting in neurodegenerative processes. The possibility that
neurodegenerative diseases could follow the viral infection in certain patients
as long-term consequences is still under investigation32,58. The possible causes
FRXOGEHWKHHVWDEOLVKPHQWRI DODWHQWUHVHUYRLURI 6$56&R9LQWKH&16
DQG ORQJWHUP QHXURLQÁDPPDWLRQ. Following latent viral infection, vascuODUHQGRWKHOLXPG\VIXQFWLRQDQGR[LGDWLYHVWUHVVFRXOGSHUVLVWDQGERWKWKHVH
processes have been well described as determinants of neurodegeneration.
Immune-mediated demyelinating diseases have been described for other
FRURQDYLUXVHVIROORZLQJWKHYLUXVLQGXFHGLQÁDPPDWLRQDQGDFWLYDWLRQRI JOLal cells; the same mechanism could lead do demyelinating diseases also after
6$56&R9LQIHFWLRQ.

Brain regions affected by SARS-CoV-2 infection
%UDLQVWHPFRXOGEHRQHRI WKHPDMRUDUHDVDIIHFWHGE\6$56&R9LQIHFtion in the CNS; one hypothesis is that the infection of respiratory centers in
the medulla oblongata and the pons could contribute partially to the respiratory
breakdown of COVID-19 patients. The spread via synapse-connected route
into the brainstem cardiorespiratory centers of the medulla oblongata has been
GHPRQVWUDWHGIRURWKHUFRURQDYLUXVHVDQGLVWKXVOLNHO\DOVRIRU6$56&R98.
Grey matter could be directly impacted by the infection as demonstrated by
edema and partial neuronal degeneration observed in autopsies. Finally, demyelinating lesions have been described in the white matter and the spine8.

1HXURSDWKRORJLFDOÀQGLQJVRI &29,'SDWLHQWV
+LVWRORJLFDOÀQGLQJVGHVFULEHGLQ&29,'SDWLHQWVDUHKHWHURJHQHRXV81.
7KHPRVWIUHTXHQWDUH L PLFURJOLDODFWLYDWLRQPRVWO\FRQÀQHGWRWKHEUDLQVWHPWKHFHUHEHOOXPWKHIURQWDOOREHDQGPHQLQJHV LL O\PSKRLGLQÁDPPDWLRQLQFOXGLQJSHULYDVFXODUO\PSKRF\WRVLVSDUHQFK\PDOO\PSKRF\WLFLQÀOWUDWLRQ
DQGOHSWRPHQLQJHDOO\PSKRF\WLFLQÁDPPDWLRQZLWKDSUHYDOHQFHRI LQÀOWUDWLRQ
RI &'F\WRWR[LF7O\PSKRF\WHV LLL K\SR[LFLVFKHPLFFKDQJHV LY YDULDEOH
degrees of astrogliosis in all brain regions; (v) myelin loss; (vi) acute/subacute
brain infarcts; and (vii) primary hemorrhage and microthrombi48,81,82.
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Conclusions
6$56&R9PD\EHQHXURWURSLFDQGLWKDVEHHQGHPRQVWUDWHGWKDWLWFDQ
UHDFKWKH&167KHH[DFWPHFKDQLVPVRI QHXURSDWKRJHQHVLVRI 6$56&R9
infection are still unknown and are likely to be multifactorial. It is likely that
the virus could harm the CNS both directly, entering the CNS and triggering a
SURFHVVRI QHXURLQÁDPPDWLRQDQGLQGLUHFWO\WKDQNVWRV\VWHPLFLQÁDPPDWLRQ
and immune-mediated processes. Viral entry to the CNS is under investigation:
VLPLODUWRRWKHUYLUXVHVDQGFRURQDYLUXVHV6$56&R9FRXOGHQWHUWKH&16
through the systemic circulation crossing the BBB, through the infection of
LPPXQHFHOOVVXFKDVO\PSKRF\WHVDQGPRQRF\WHV WKH´7URMDQKRUVHµPHFKDnism) or through a neuronal retrograde dissemination, via olfactory mucosa or
gastrointestinal tract. Future studies will promote a better understanding of the
UHDOQHXURYLUXOHQFHRI 6$56&R9

Take-home message
– 6$56&R9 LQIHFWLRQ FDQ LQYROYH WKH &HQWUDO 1HUYRXV 6\VWHP &16 
causing neurological symptoms at the time of the diagnosis or neurologLFDOFRPSOLFDWLRQVWKDWFRXOGDSSHDUODWHUGHÀQHGDV´1HXUR&29,'µ
– 6$56&R9FRXOGGHWHUPLQHQHXURORJLFDOLPSDLUPHQWGLUHFWO\LQYDGLQJ
the CNS or indirectly by para/post-infectious immune-mediated disease
or by a secondary involvement of the CNS in the course of systemic
COVID-19 disease.
– The virus reaches the CNS through the blood circulation crossing the
Blood Brain Barrier (BBB) and/or through the olfactory nerve. The
H[DFW PHFKDQLVPV RI  YLUDO HQWU\ LQWR WKH &16 DUH VWLOO QRW FRPSOHWHO\
understood.
– 6$56&R9 FDQ LQIHFW WKH PLFURJOLD DQG QHXURQDO FHOOV DQG WKH YLUDO
SUHVHQFHLQWKH&16WULJJHUVDQLQÁDPPDWRU\FDVFDGHSURLQÁDPPDWRU\
cytokines and chemokines increase the permeability of the BBB, allowing the arrival of new viral particles, as well as immune system cells and
LQÁDPPDWRU\PHGLDWRUVLQWKH&16$SURFHVVRI QHXURLQÁDPPDWLRQLV
WKHQHVWDEOLVKHGZKLFKXOWLPDWHO\FDXVHVQHXURWR[LFLW\
– 7KH ORQJWHUP FRQVHTXHQFHV RI  ´1HXUR&29,'µ DQG WKH SRVVLELOLty of establishing a latent viral reservoir in the CNS or developing neurodegenerative diseases following the acute viral infection is still under
investigation.
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