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Abstract

The actual role of SARS-CoV-2 in brain damage remains controversial due to 

lack of matched controls. We aim to highlight to what extent is neuropathol-

ogy determined by SARS-CoV-2 or by pre-existing conditions. Findings of 9 

Coronavirus disease 2019 (COVID-19) cases and 6 matched non-COVID con-

trols (mean age 79 y/o) were compared. Brains were analyzed through immuno-

histochemistry to detect SARS-CoV-2, lymphocytes, astrocytes, endothelium, 

and microglia. A semi-quantitative scoring was applied to grade microglial 

activation. Thal-Braak stages and the presence of small vessel disease were de-

termined in all cases. COVID-19  cases had a relatively short clinical course 

(0–32 days; mean: 10 days), and did not undergo mechanical ventilation. Five pa-

tients with neurocognitive disorder had delirium. All COVID-19 cases showed 

non-SARS-CoV-2-specific changes including hypoxic-agonal alterations, and 

a variable degree of neurodegeneration and/or pre-existent SVD. The neuro-

inflammatory picture was dominated by ameboid CD68 positive microglia, 

while only scant lymphocytic presence and very few traces of SARS-CoV-2 were 

detected. Microglial activation in the brainstem was significantly greater in 

COVID-19 cases (p = 0.046). Instead, microglial hyperactivation in the frontal 

cortex and hippocampus was clearly associated to AD pathology (p = 0.001), 

regardless of the SARS-CoV-2 infection. In COVID-19 cases complicated by 

delirium (all with neurocognitive disorders), there was a significant enhance-

ment of microglia in the hippocampus (p = 0.048). Although higher in cases 

with both Alzheimer's pathology and COVID-19, cortical neuroinflammation 

is not related to COVID-19 per se but mostly to pre-existing neurodegenera-

tion. COVID-19 brains seem to manifest a boosting of innate immunity with 

microglial reinforcement, and adaptive immunity suppression with low number 
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1  |   INTRODUCTION

SARS-CoV-2 infection continues to be a global threat, 
especially in people over the age of 65. In elderly sub-
jects affected by dementia, the Coronavirus disease 
2019 (COVID-19) mortality is increased approximately 
three-fold (1). In addition to pneumonia, the virus may 
induce an uncontrolled cytokine storm (mostly involv-
ing IL6, IL1β, TNF), causing a wide range of symp-
toms, including encephalopathy (2, 3). Mild symptoms, 
such as dizziness, lethargy, and psychomotor retarda-
tion may be part of the “sickness behaviour”, a non-
specific cytokine-induced syndrome present in several 
infectious-inflammatory states due to the activation of 
innate immunity (4, 5). On the other hand, severe man-
ifestations including confusion, agitation, delirium and 
seizures may be caused by specific underlying enceph-
alitis. When focusing on patients with dementia, delir-
ium was found to frequently develop during the clinical 
course of COVID-19, but in some cases, it represented the 
initial manifestation of the disease and heralded a worse 
prognosis (6, 7). Neurological manifestations could be 
immune-mediated or caused by direct viral invasion of 
the CNS. SARS-CoV-2 may enter the CNS through: (1) 
the trans-synaptic route, via the cranial nerves en route 
to the brainstem or via the olfactory bulbs to the basal 
frontal lobes; or (2) the endothelial-astrocytic route, by 
crossing the blood brain barrier (2, 8). Previous studies 
on SARS-CoV-1 pathology reported viral localization in 
some brain neurons, but the topographical distribution 
was not described (9). Nonetheless, there is still no clear 
evidence of SARS-CoV-2 neurotropism, and the expres-
sion of angiotensin converting enzyme-2 (ACE-2) and 
transmembrane protease serine 2 (TMPRSS2), the main 
factors allowing the virus to enter cells (10), is generally 
low in the human brain (11). Although viral RNA may be 
detected in about 50% of cases, immunohistochemical 
staining has revealed the presence of scant viral proteins 
limited to isolated neurons and endothelial cells in the 
medulla oblongata of the CNS (12, 13). Additionally, no 
correlation has been found between the severity of neu-
ropathological changes and the presence of viral protein 
or RNA in the brain (12). However, it should be consid-
ered that the presence of the virus could be influenced by 

time intervals between initial infection, death, autopsy 
and subsequent brain processing (12, 13).

Postmortem analyses of brains from clinically het-
erogeneous groups of COVID-19 patients showed a wide 
range of neuropathological changes of different severity. 
These were more pronounced in those who manifested 
serious neurological complications, mostly elderly pa-
tients (14, 15). The neuropathological alterations are 
highly influenced by the COVID-19 clinical course (e.g., 
presence of critical illness, hypoxia, sepsis). Apart from 
brain congestion, oedema and neuronal loss attributable 
to hypoxic phenomena, the neuropathological picture 
appears inconstant, showing a variety of alterations, 
mainly comprising 2 types of pathologies: (1) Vascular 
injuries, of either ischemic or haemorrhagic type, includ-
ing macroscopic and microscopic lesions caused by clot-
ting alterations, endotheliitis, or sudden blood pressure 
changes in critically ill patients (12, 13, 16–21); and (2) 
Inflammatory processes, including ADEM-like features 
and different patterns of immune-induced meningoen-
cephalitis with meningeal, perivascular, or parenchy-
mal lymphomonocytic infiltrates (12, 14, 16, 18, 20–25). 
Many authors have reported both types of pathologies, 
and nearly all papers describing inflammatory changes 
have demonstrated some degree of microglial activation, 
often associated with microglial nodules. Immune hy-
peractivation involving the innate immune system inside 
the brain (i.e., microglia) appears to be a key factor in 
the pathogenesis of neurological damage, particularly 
in the elderly or in patients with dementia. As recently 
pointed out, the exact mechanisms underpinning these 
neuropathological changes still remain unclear, and 
discovering the precise role played by SARS-CoV-2 will 
most likely have an important clinical relevance (26), 
particularly in older people whose brain pathology can 
be affected by several other concomitant conditions, in-
cluding vascular comorbidities and pre-existing neuro-
degenerative processes causing inflammation.

The objective of this study is to comprehensively de-
scribe the neuropathological alterations present in a 
series of clinically well-documented COVID-19 cases, 
comprising mostly older adults. We also aim to com-
pare the brains of COVID-19 and matched non-COVID 
cases, both with and without Alzheimer's disease (AD), 

of brain lymphocytes probably related to systemic lymphopenia. Thus, no neu-

ropathological evidence of SARS-CoV-2-specific encephalitis is detectable. 

The microglial hyperactivation in the brainstem, and in the hippocampus of 

COVID-19 patients with delirium, appears as a specific topographical phenom-

enon, and probably represents the neuropathological basis of the “COVID-19 

encephalopathic syndrome” in the elderly.
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to verify where and how SARS-CoV-2 affects the inflam-
matory response in the brains of older people, and deter-
mine whether the inflammatory changes are mainly due 
to COVID-19 or are also related to the presence of AD 
neuropathology.

2  |   M ATERI A LS A N D M ETHODS

2.1  |  Study design, setting and participants

Twelve consecutive autopsies performed between 17th 
April to 4th June 2020 were considered for this study. 
The inclusion criteria were: (1) confirmed SARS-CoV-2 
infection through pharyngeal swab; (2) continuous re-
frigeration of the cadaver at 4℃ until the time of the au-
topsy with adequate preservation of the sample material 
for histological analysis. The exclusion criteria consisted 
of a postmortem delay (PMD) longer than 13 days or in-
adequate preservation of the cadaver. In addition, 6 non-
COVID cases, provided by ABB (Abbiategrasso Brain 
Bank), were selected for comparison. They share similar 
clinico-pathological features with COVID-19 cases.

Autopsy human brain samples were provided by the 
Department of Legal Medicine and Forensic Sciences 
(Institute of Legal Medicine, University of Pavia) and 
the ABB (Golgi-Cenci Foundation, Milan). During the 
COVID-19 pandemic, autopsies have been generally dis-
couraged by government regulations due to the risk of 
further spreading the disease through the handling and 
dissection of corpses (27). Despite these restrictions, the 
present COVID-19 cases were subjected to forensic au-
topsies, ordered by the State Prosecutor in the hypothe-
sis of medical mistakes or failure to comply with hygiene 
regulations. The samples were taken in accordance with 
the Italian law regarding processing of personal data. 
The reference law is the authorization n9/2016 of the 
guarantor of privacy, then replaced by Regulation (eu) 
2016/679 of the European Parliament and of the Council. 
The ABB autopsy and sampling protocol (28) was ap-
proved by the Ethics Committee of the University of 
Pavia on October 6th, 2009 (Committee report 3/2009). 
The autopsies were performed in a room suitable for the 
examination of cadavers of people who died from infec-
tious diseases and with the use of adequate personal pro-
tective equipment.

A retrospective review of medical charts was per-
formed by two forensic medical doctors, a geriatrician 
and a neurologist in order to ascertain the clinical his-
tory. The mean COVID-19 duration was 10 days (rang-
ing from 0 to 32 days). Two neurologists with expertise 
in neuropathology, blinded to the clinical history, per-
formed the neuropathological evaluation. The patients 
were clinically defined for the presence or absence 
of comorbidities, dementia, delirium, and sepsis. The 
DSM-5 criteria were used to define the mental state and 
identify any pre-existing cognitive dysfunction, namely 

major-neurocognitive disorder (NCD) to indicate de-
mentia, and mild-NCD to designate Mild Cognitive 
Impairment (MCI) (29). confusion and inattention, ac-
companied by either disorganized thinking or altered 
level of consciousness, as indicated by the Confusion 
Assessment Method (CAM) (30). Early delirium was de-
fined as delirium occurring before the onset of COVID-19 
typical symptoms (13), whereas late delirium appeared 
during disease course. Sepsis was considered a severe 
bacterial suprainfection with at least one positive blood 
culture.

After the harvesting of COVID-19 brains, a fresh 
frontal sample was frozen for the subsequent quan-
titative Reverse Transcription-PCR (qRT-PCR) and 
droplet-digital PCR (ddPCR) analysis for the detection 
of the viral RNA, while the rest of the brain was fixed in 
formalin for 15–30 days. Successively, the cerebrum and 
cerebellum were cut to produce coronal and sagittal sec-
tions respectively, and the brainstem was divided axially. 
The resulting 10 mm slices were then processed for par-
affin inclusion. The processing of ABB cases followed a 
protocol previously described (28).

2.2  |  Quantitative PCR and Droplet Digital 
PCR analysis of SARS-CoV-2

Frozen slices were used for isolation of total RNA by 
Trizol reagent (Life Science Technologies, Monza, Italy) 
according to the manufacturer's instructions. TaqMan 
probes for SARS-CoV-2 target sequences N1 were used 
for the detection of viral RNA while RNase P (RP) was 
used as internal reference control. Primers use have 
been indicated by US Centers for Disease Control and 
Prevention [CDC 2019-Novel Coronavirus (2019-nCoV) 
Real-Time RT-PCR Diagnostic Panel]. The reaction 
mix used was composed by 5 µl of extracted RNA, 5 µl 
of Reliance One-Step RT-qPCR Supermix (BioRad, 
Richmond, CA), 1  µl of RT enzyme and 4  µl of water 
have been used for qPCR in CFX96 (BioRad, Richmond, 
CA). qPCR analysis has been considered valid in all sam-
ples in which RP gene has been detected. Positive sam-
ples were determinate by Cycle threshold (Ct) of N1 and 
N2 gene minor of 40.

Also Droplet Digital PCR (ddPCR) was used for the 
detection of SARS-CoV-2 using One-Step RT-ddPCR 
Advanced Kit for Probes (BioRad, Richmond, CA). 
5 μl of Supermix, 2 μl of Reverse transcriptase, 1 μl of 
300 mM DTT, 1 μl of Probe (1:40), 1 μl of both Forward 
and Reverse primers (1:10) and 4 μl of H2O were provided 
and 5 μl of starting RNA was added for each 20 μl reac-
tion. This reaction has been used for droplet generation 
using QX200 droplet generator (BioRad, Richmond, 
CA). After PCR of targets presented in the droplets, 
the QX200 droplet reader (BioRad, Richmond, CA) 
was used to analyze each droplet individually, count-
ing positive and negative droplets to establish absolute 
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quantification of samples (concentration) and which was 
later analyzed using QuantaSoft 1.6  software (Bio-rad, 
Richmond, CA). The multi-well threshold tool was used 
in all the wells according to results of specificity assay in 
negative samples to discriminate between positive and 
negative droplets. The software automatically reported 
the copy number of each sample.

The oligonucleotides and probes used in RT-ddPCR 
were the same used in RT-qPCR.

2.3  |  Histology and immunohistochemistry 
(IHC)

All autopsies were conducted in the same manner. A 
total of 11  samples were collected from each sujects: 2 
from the frontal lobe (1 from the anterior frontal area, 
including the rhinencephalon; and 1 from the posterior 
area, containing the gyrus cynguli and basal ganglia), 
1 each from the remaining lobes (parietal, temporal 
and occipital), and 1  sample each from the olfactory 
bulbs, hippocampus and entorhinal cortex, cerebel-
lum, midbrain, pons and medulla oblongata. Eight-μm 
thick paraffin-embedded sections from each brain areas 
were collected and stained with Hematoxylin and Eosin 
(H&E) and Luxol Fast Blue (LFB) to evaluate vascular, 
architectural, structural tissue abnormalities and myelin 
loss. To obtain a definite AD diagnosis, selected areas 
were stained for with AD neurodegenerative markers. To 
detect and grade the extent of β-amyloid deposits, 4G8 
antibody was used as indicated by Thal (31). To define 
the stage of phospho-TAU aggregates, AT8 antibody 
was used as indicated by Braak (32). Successively, the 
severity of AD neuropathology was defined according 
to Montine's scheme (low-intermediate-high AD pa-
thology) (33). To detect immunological activation and 
SARS-CoV-2 presence inside the brain, specific antibod-
ies were utilized: CD68, CD3, CD20, and SARS-CoV-2 
nucleocapsid (clone B46F) respectively for microglia, 
T&B lymphocytes, and the virus, respectively. For a com-
parison with previous works, the evaluation of lympho-
cytes was carried out through a semiquantitative system 
similar to that used by Matschke (none/4.7mm2; rare: 
0–9; moderate: 10–49; abundant >49) (12). The highest 
grading observed was then reported. None or rare lym-
phocytes were considered as a condition of normal im-
munological surveillance.

Vascular and astrocytic markers (CD34 and GFAP) 
were also tested (see Table S1).

2.4  |  Semi-quantitative analysis of 
microglial activation

A validated grading system for microglial activation in 
COVID-19 is yet to be produced. Thus, based on pre-
vious works on microglia in relation to other diseases 

(HIV infection, AD, multiple sclerosis) (34–36), we 
coined a system that examined wide areas of tissue and 
was simple and easily reproducible. Microglial activa-
tion was evaluated through anti-CD68 antibody using 
an optical analysis by two-dimensional counting tech-
nique. Five different brain regions were considered: 
midbrain, pons, medulla oblongata, hippocampus, and 
frontal lobe (divided into cortex and white matter). 
Regarding the hippocampus, frontal cortical gray mat-
ter (FCGM), and frontal white matter (FWM), three 
representative areas of 4.7  mm2 were evaluated across 
each slide: upper left corner, center, and lower right cor-
ner. For the midbrain, pons and medulla, additional two 
fields were considered: upper right and lower left, thus 
capturing all four corners of each slide plus the center 
area. A low magnification (4x) was used to explore the 
area and higher magnifications (10-20x) to judge the cell 
morphology and microglial activation status. In order 
to evaluate the extent of microglial activation, we did 
not consider only the number of microglial cells positive 
for CD68 immunoreactivity but also their amoeboid 
morphology, the presence of perivascular infiltrates and 
parenchymal clusters, namely, microglial nodules with 
3 or more cells (37). This prompted us to use a manual 
scoring technique rather than automated quantification 
of the total antigen load, which would also include non-
amoeboid microglial cells. The degree of microglial ac-
tivation was graded semi-quantitatively using a 4-point 
scale (0–3): 0 = absence of both perivascular infiltrate 
and microglial nodules and <20 amoeboid cells/reactive 
microglial cells; 1 = presence of at least one perivascu-
lar infiltrate or 1  micronodule or >20 amoeboid cells/
reactive microglial cells; 2 = presence of 2–4 microglial 
nodules; and 3 = presence of >4 microglial nodules. Two 
different neuropathologists, blind to the clinical picture 
and each other's evalutions, separately and manually 
evaluated the inflammatory lesions (amoeboid cells, 
perivascular infiltrates and nodules) in order to deter-
mine the global semi-quantitative scoring. Whenever 
discrepancies between the counts totaled by the two 
operators existed, the area in question was reassessed 
together until an agreement was reached. The scores 
obtained in each area were averaged, thus providing a 
single final value for each section, which was used for 
statistical analysis of the data.

2.5  |  Statistical analysis

COVID-19 cases (with and without dementia) were com-
pared with the control non-COVID group (also with 
and without dementia). Moreover, COVID-19 cases 
were grouped according to the presence or absence of 
delirium, and sepsis. Regarding delirium, COVID-19 
cases were also categorized based on its onset (early, 
late, and no delirium). Differences in microglial acti-
vation (i.e. microglial grading) between groups were 
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compared using Mann-Whitney U test or Kruskall-
Wallis, where appropriate. The Mood's Median Test 
was used to compare microglial activation between 
COVID-19 cases with and without delirium, and with 
and without sepsis; this choice was made because the 
variables, in addition to having a skewed distribution, 
belong to a very low number of cases. The correla-
tion between microglial activation and AD pathology 
(Braak and Thal stages) was assessed using Spearman's 
Rho correlation. p-values <0.05 were considered sig-
nificant. All statistical analyses were conducted using 
SPSS version 26.

3  |   RESU LTS

3.1  |  General and clinical data

Nine (4 females, 5 males) of the 12 COVID-19 subjects 
who underwent autopsy were included, 3 were excluded 
for excessive post-mortem delay (PMD) or inadequate 
conservation of the cadaver. Death occurred 0 to 
32 days after the onset of symptoms (mean: 10 days). 
The mean PMD in COVID-19 cases was 7 days (range: 
3–13). The mean PMD in ABB cases was 10.5  hours 
(range: 3–16).

The mean age of all 15 cases (9 COVID-19 cases 
and 6 non-COVID ABB matched controls) was 79 
(range: 29–94); their clinical features are summarized 
in Table 1. Except for one case (Cov2), all COVID-19 
and ABB subjects had several comorbidities of varying 
severity, including pulmonary diseases, hypertension, 
diabetes, obesity and cancer. None of them had severe 
heart disease. Of the 9 COVID-19 cases, 4  had a his-
tory of major-NCD (dementia), 2 of mild-NCD, and 3 
without any NCD; 5 had a clinical course complicated 
by hyperactive or hypoactive delirium (3  had delirium 
as first COVID-19  symptom, 2 during disease course; 
all had NCD, 3 major and 2 mild). All COVID-19 cases 
developed severe lymphopenia and typical symptoms 
(fever-cough-dyspnea), except for Cov2, who was as-
ymptomatic and died from haemorrhagic shock due to 
accident. Three had sepsis before death and Cov4 was 
treated in an intensive care unit; however, none under-
went orotracheal intubation. Of the 6 ABB non-COVID 
cases, 3 had a history of dementia (2 of them with previ-
ous episodes of hyperactive delirium), 1 had mild-NCD, 
and 2 did not have any NCD. These subjects died of ei-
ther of the following: heart failure, cachexia due to ter-
minal dementia, or cancer.

3.2  |  Macroscopic and microscopic findings

Neuropathological features are summarized in Table 1, 
and divided in COVID-19 and non-COVID cases strati-
fied according to the cognitive status.

3.2.1  |  COVID-19 cases (n = 9)

All COVID-19 brains did not show gross abnormali-
ties, thrombosis of the large vessels or infarcts. Brain 
atrophy and enlarged perivascular spaces were observed 
in the 4 cases with dementia. Some of the most repre-
sentative microscopic details of the COVID-19 cases are 
displayed in Figure 1. In all cases, microscopic exami-
nation showed diffuse moderate to severe brain edema 
(Figure 1A) commonly seen as unspecific hypoxic and 
agonal change. H&E staining indicated loss of neurons 
in the cerebral cortex and hippocampus, and reveals 
inflammatory infiltrates (sporadically in the meninges 
and consistently in the brain tissue) forming perivascular 
cuffing (Figure 1B) and parenchymal nodules which are 
also identified by the CD68 microglial marker, particu-
larly in the brainstem, cortex and hippocampus but also 
in basal ganglia (Figure 1C) and subependymal zone, 
(Figure 1D,E). In five out of nine cases, small vessel dis-
ease (SVD) was observed, including enlarged perivascu-
lar spaces, arteriolosclerosis, hemosiderin leakage and 
microbleeds in the cortex and basal ganglia. In addition, 
myelin loss in subcortical and deep white matter was 
detected by LFB (Figure 1F). Different degrees of AD 
pathology were noted in 6 cases, and a definite AD diag-
nosis was made in 4. The distribution of neuritic plaques 
in the cortex and hippocampus was comparable to that 
of microglial nodules. In 7 cases, rare perivascular T&B 
lymphocytes and sporadic B-lymphocytes in some in-
flammatory nodules were found (Figure 1G–I), with no 
particular differences between AD and non-AD cases. 
None of the COVID-19 cases showed clear IHC positivity 
for SARS-CoV2, except for Cov3, which exhibited very 
few SARS-CoV-2-positive cells with neuronal morphol-
ogy in the lower brainstem (Figure 1J,K). The microvas-
culature was characterized by a continuous and intense 
perivascular profile with no relevant alterations in the 
vascular endothelium. Unexpectedly, frequent foci of 
tuft-like capillary proliferation were present in the brain-
stem of 6 COVID-19 cases (Figure 1L,M; anti-CD34): in 
two cases tufts were abundant (COV1,9: tufts in at least 3 
of the 5 areas examined) while in others cases they were 
moderate (COV2,5,6: tufts in 2 areas) or rare (COV10: 
scant tufts in 1 area) (Table 1). These capillary tufts were 
observed in areas containing neuronal aggregates rather 
than fibers. GFAP immunoreactivity revealed astroglio-
sis associated with reactive astrocytes, especially in sub-
jects with dementia (Figure 1N,N′). Enhanced labelling 
around blood vessels (enhanced astrocytic endfeet) was 
a peculiar feature in some COVID-19 cases (Figure 1O).

3.2.2  |  Control non-COVID ABB cases 
(n = 6)

Non-COVID cases with dementia showed diffuse brain 
atrophy at gross examination. Moreover, both BB102 
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and BB137 cases showed brain infarcts in the territories 
of the right middle cerebral artery and left posterior cer-
ebral artery, respectively. SVD was present in 2 cases. 
Different degrees of AD pathology were noted in 4 cases, 
with a definite AD diagnosis in 3. Diffuse activation of 

microglia and microglial nodules were also observed in 
the non-COVID ABB cases affected by AD; the distri-
bution of parenchymal microglial nodules was similar 
to that of neuritic plaques. In 5 cases, rare perivascu-
lar T&B lymphocytes and sporadic parenchymal T 

F I G U R E  1   COVID-19 neuropathology. H&E reveals diffuse cortical oedema (A), inflammatory perivascular infiltrates (B), and micro 
nodules in the basal ganglia (C) and subependymal zone (D), which are also identified with CD68 marker (E). LFB shows myelin loss in the 
subcortical WM due to SVD (F). Rare foci of perivascular T-lymphocytes (G) and B-lymphocytes (H) are identified using anti-CD3 and 
anti-CD20 antibodies, respectively. B-lymphocytes are also observed within some inflammatory nodules (I). Rare SARS-Cov-2 positive cells 
are detected only in the lower brainstem of the one case (Cov3) (J, K).CD34 staining displays foci of abnormal tuft-like capillary features, 
particularly frequent in the pons (L, M). GFAP reveals mild to moderate gliosis with frequent reactive astrocytes (N, N’). GFAP enhancement 
in astrocytic end feet around blood vessels is a peculiar picture (O). Scale bars: 512 μm (F); 288 μm (A, L); 180 μm (D, E); 106 μm (B, J, O); 76 μm 
(C, I); 47 μm (H, K, M, N); 31 μm (G); 17 μm (N’)
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lymphocytes were found. The 3 AD cases showed a 
higher number of lymphocytes. This phenomenon was 
not particularly prominent apart from one case (BB138), 
wherein a moderate presence of T lymphocytes was ob-
served, especially in the hippocampus and mainly in 
perivascular zones. Normal vascular endothelium was 
identified using CD34 antibody. Although to a lesser ex-
tent in comparison with COVID-19 cases, tuft-like capil-
lariy structures were also present in the pons of 5 out of 
the 6 non-COVID cases (rare to moderate tuft-like CD34 
features; Table 1). Widespread astrogliosis was seen in 
all 3 AD cases.

3.2.3  |  Specific microglial features

Pictures of microglial activation are presented in 
Figure 2. The first row demonstrates the patterns of 
cortical and hippocampal microglial activation in sub-
jects with and without COVID-19, and with and with-
out AD. Although a mild microglial reinforcement is 
detectable in AD cases who suffered from COVID-19, 

AD cases with and without COVID-19 are quite simi-
lar. In both, microglial nodules showed a topographical 
distribution comparable to that of amyloid and neuritic 
plaques (Figure 2A–C,E–G). Instead, the picture of non-
AD/non-COVID cases is quite different with a normal 
microglial representation (Figure 2D,H). The second 
row displays the features of CD68-positive cells (acti-
vated ameboid microglia) in COVID-19 cases, forming 
perivascular infiltrates and parenchymal inflammatory 
nodules. They were particularly prominent in the olfac-
tory bulbs, frontal cortex and hippocampus (Figure 2I–
M), and even more prominent in the brainstem, where 
some macrophages engulfed neurons (neuronophagia) 
(Figure 2N–S).

3.3  |  Semi-quantitative analysis of 
microglial activation

An overview of CD68  semi-quantitative analysis re-
vealed that, in COVID-19 cases, the microglial activation 
was particularly enhanced in the brainstem, mainly in 

F I G U R E  2   Microglial activation. The first row compares the neuropathological findings present in the frontal cortex (A–D) and the 
subiculum (E–H) of 2 AD cases (one AD/COVID-19 and one AD/non-COVID) and a non-AD/non-COVID case. The AD/COVID-19 case 
shows amyloid plaques (A, E), as well as moderate to severe microglial activation and nodules (CD68+) in a topographical distribution similar 
to that of the plaques (B, F). This microglial activation does not appear different from that seen in the AD/non-COVID case (C, G), while the 
same areas in the non-AD/non-COVID case are clearly diverse, with a normal microglial representation (D, H). The second row shows different 
pictures of activated microglia (CD68+) in COVID-19 cases, including amoeboid cells, perivascular infiltrates and nodules in the olfactory bulb 
(I), frontal cortex (J, K), hippocampus (L, M), midbrain (N: red nucleus; O: detail of a nodule with neuronophagia in the upper right sector), 
pons (P: locus coeruleus Q & R: raphe nuclei), and medulla oblongata (S: DMV area). Scale bars: 315 μm (A-H, L); 137 μm (I, M, N, P, Q); 60 μm 
(J, K, R); 48 μm (O, S)
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the pons. The comparison between the whole brainstem 
(midbrain + pons + medulla) of all 9 COVID-19 and all 
6 non-COVID cases showed significantly greater micro-
glial activation in COVID-19 cases (p = 0.046). This did 
not happen at the level of the other hemispheric brain 
areas considered (frontal lobe and hippocampus) where 
the differences were modest and not significant (Table 2; 
Figure 3A,B).

Considering the frontal cortex of the 9 COVID-19 
cases, the presence of activated microglia was signifi-
cantly greater in those with AD (n  =  4) compared to 
those without AD (n = 5) (p = 0.018; Figure 4). Likewise, 
considering the frontal cortex of the 6 non-COVID 

cases, microglial scores were significantly higher in 
those with AD (n = 3) than in those without AD (n = 3) 
(p = 0.022; Figure 4). Moreover, subjects belonging to the 
non-COVID/AD group (n = 3) had a significantly higher 
microglial activation than those of the COVID-19/no 
AD group (n  =  5) (p  =  0.028; Figure 4). On the other 
hand, the comparison between the frontal cortical areas 
of AD cases with and without COVID-19 did not reveal 
any significant differences (central columns in Figure 4; 
p = 0.979).

Comparing the 5 COVID-19 cases complicated by de-
lirium (all of them had either mild- or major-NCD) and 
the 4 COVID-19 cases without delirium, a significantly 
stronger microglial activation was found in the hippo-
campus of cases with delirium (p  =  0.048; Figure 5A). 
Interestingly, cases presenting with early delirium tended 
to exhibit more severe TAU pathology, but this trend did 
not reach statistical significance (p = 0.350; Figure 5B).

No significant differences in microglial activation 
were found between COVID-19 cases with and without 
sepsis. However, there was a trend to less microglial acti-
vation in the frontal white matter in those who had sepsis 
compared to those who did not (p = 0.16; data not shown).

Considering all cases, subjects with dementia showed 
significantly greater microglial activation in the cortex 
than subjects without dementia (p = 0.001), and a strong, 
positive monotonic correlation was found between mi-
croglial activation and both Braak (rs=0.767; p = 0.001) 
and Thal stages (rs=0.760; p = 0.001) (Figure 6).

3.4  |  SARS-CoV-2 PCR

None of the COVID-19 cases showed qRT-PCR-positivity 
for SARS-CoV-2 RNA. Nonetheless, traces of viral RNA 

F I G U R E  3   The degree of microglial activation in brain areas (A) and whole brainstem (B). (A) Microglial grading in COVID-19 and 
non-COVID cases per areas. (B) Comparison of microglial grading from the whole brainstem (midbrain+pons+medulla) between COVID-19 
and non-COVID cases. Small circles represent out values, stars show far out values. FCGM, frontal cortical gray matter; FWM, frontal white 
matter; HC, hippocampus; MB, midbrain; MO, medulla oblongata

F I G U R E  4   The degree of microglial activation in the frontal 
cortex considering the COVID-19 and dementia groups. Boxplot 
showing average microglial grading in the frontal cortical gray 
matter of COVID-19 and non-COVID cases, with or without 
Alzheimer's Dementia (only significant p-values are shown). Number 
of cases: COVID-19/no dementia, n = 5; COVID-19/dementia, n = 4; 
non-COVID/dementia, n = 3; non-COVID/no dementia, n = 3
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were detected in almost all cases (7 out of 8 cases tested), 
through a very sensitive technique (ddPCR) (Table 1).

3.5  |  General autoptic findings

COVID-19 cases showed typical findings, including 
hypoxic-ischemic damage in multiple organs and diffuse 
pneumonia with lung congestion or edema, frequent 
clots inside the vessels, and alveolar damage often asso-
ciated with bacterial superinfection.

4  |   DISCUSSION

The main results of this study can be summarized in 
the following: (1) All COVID-19 cases show remarkable 
non-SARS-CoV-2-specific changes including hypoxic-
agonal alterations (without fresh infarcts), and a vari-
able degree of neurodegeneration and/or pre-existent 
SVD (Figure 1); (2) The neuroinflammatory picture 
is dominated by the stimulated innate immune system 
(ameboid CD68 positive microglia), particularly promi-
nent in the brainstem, while only scant lymphocytic 
presence and very few traces of SARS-CoV-2 have been 
detected (Figures 1 and 2); (3) Microglial activation in 

the brainstem is significantly greater in COVID-19 cases 
than in non-COVID cases (p  =  0.046; Figure 3B), and 
all COVID-19 cases without dementia show intense mi-
croglial activation particularly in the brainstem with 
a scarce cortical involvement (Table 2; Figure 4); (4) 
Microglial activation in the frontal cortex (Figure 4) and 
hippocampus is associated with NCD due to AD pathol-
ogy rather than COVID-19, although a slight microglial 
boosting occurs in the hippocampus (not statistically 
significant; Figure 2, Table 2); (5) In COVID-19 cases 
complicated by delirium (all with some degree of NCD), 
there is a significantly higher microglial activation in the 
hippocampus (p = 0.048; Figure 5).

This research study has some limitations. It was con-
ducted on a limited number of subjects, essentially elderly 
people, who happen to represent the most affected popu-
lation and were thus deliberately chosen to be the focus 
of the study. Furthermore, PMD varies greatly among 
non-COVID ABB controls and COVID-19 subjects, but 
there was no evident impact on immunohistochemical 
reactions used for this study. Another limitation of this 
study is the lack of data regarding viral RNA data from 
the brainstem. Unfortunately, for safety reasons, as soon 
as the autopsy was performed, the entire brain was fixed, 
with the exception of a sample of the fronto-basal cor-
tex (chosen for its proximity to the olfactory epithelium). 

F I G U R E  5   Microglial activation and Braak stage in COVID-19 cases with delirium. (A) Boxplot showing microglial activation in the 
hippocampus of COVID-19 cases comparing cases with and without delirium (delirium n = 5; no delirium n = 4). (B) Boxplot showing 
association between the degree of tau pathology and delirium onset in COVID-19 cases. Early delirium n = 3, Late delirium n = 2, no delirium 
n = 4

F I G U R E  6   Microglial activation and Alzheimer's disease pathology. Scatter plot showing correlation between microglial activation and 
amyloid-β burden (A) and tau pathology (B). FGM, frontal cortical gray matter; HC, hippocampus
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Thus, the available material from the brainstem was 
formalin-fixed and paraffin-embedded from the begin-
ning, rendering RNA extraction really problematic. We 
were able to isolate some viral RNA from the paraffin-
embedded pons and run qPCR and ddPCR, but the re-
sults were not reliable due to the low quality of RNAs. 
The strength of the study is the availability of a detailed 
clinical history for each case, and the comparison be-
tween COVID-19 and matched non-COVID controls, 
to estimate to what extent does the virus or any other 
pre-existing or concomitant disease contribute to the ob-
served alterations, a question raised by some authors (12, 
19, 26).

Fresh vascular lesions are described by other authors, 
mostly in patients with a history of atrial fibrillation, 
heart failure or mechanical ventilation (12, 18, 20). In 
contrast, our COVID-19 cases do not show acute vascu-
lar lesions, probably, due to their clinical characteristics. 
Indeed, they had no pre-existing severe heart disease, 
nor were they subjected to mechanical ventilation during 
their relatively short clinical course. This fact may sug-
gest that acute vascular changes are not directly associ-
ated with COVID-19 but mainly a consequence of heart 
complications, prolonged lung failure, and mechanical 
ventilation. In our series, as in Solomon's series (24), dif-
fuse brain congestion, cortical edema, neuronal loss, and 
microvascular changes including microbleeds appear 
clearly attributable to non-specific hypoxic phenomena 
or to pre-existing SVD.

In all COVID-19 subjects we studied, the monocyte-
microglia component clearly prevails over the lym-
phocyte component and there is no evidence of the 
activation of specific lymphocyte clones within the CNS. 
This picture is quite different from that of autoimmune 
or viral encephalitis in which frequent viral inclusions 
are detectable in the brain tissue and/or many lympho-
cytes are present (37, 38). To compare lymphocytic pat-
tern, we have searched for lymphocytes in the 6 control 
non-COVID cases and found an overall low number of 
them. Nonetheless, the 3 non-COVID/AD cases present 
a slight increase in the number of T lymphocytes, a phe-
nomenon that becomes particularly relevant in the BB138 
case, which shows a moderate perivascular lymphocytic 
infiltrate in the hippocampus. These data are consis-
tent with the findings of Zotova and Togo who reported 
a possible increase in T lymphocytes in AD, especially 
in the hippocampus (39, 40). In their COVID-19 series, 
Matschke et al. reported a variable presence of T lym-
phocytes (from absent to mild or moderate) predom-
inantly in the perivascular brainstem zones. Overall, 
the authors detected T lymphocytes more frequently 
than us, but it should be considered that only 5 of the 43 
cases reported by Matschke had NCD (less than 12% of 
cases) (12), while our COVID-19 series includes mainly 
elderly with NCD. Our observation of a lower number 
of lymphocytes in AD patients with COVID-19  seems 
to confirm Rakic's work describing a diminution of T 

lymphocytes (brain immunosuppression) in cases suf-
fering from both advanced AD and severe systemic 
infection (41). Furthermore, our COVID-19 cases had 
marked lymphopenia, which in turn may have contrib-
uted to the reduced number of lymphocytes we have ob-
served in the brain. Zotova and Togo did not find any 
correlation between the activation of innate immunity 
(microglia) and the presence of lymphocytes, and these 
two phenomena appear partially independent (39, 40). 
Precisely, COVID-19  might induce dissociation of in-
nate (microglia) from adaptive (lymphocytes) immunity. 
Indeed, apart from single peculiar cases showing specific 
and severe para-infectious autoimmune pictures, such 
as hemorrhagic or disseminated encephalomyelitis (23, 
42), non-specific innate immunity activation (namely 
microglial activation) seems to be prevalent in the great 
majority of SARS-CoV-2-induced brain alterations (12, 
14, 16, 18, 21, 22). This phenomenon may be particularly 
pronounced in elderly patients who tend to have a worse 
prognosis due to immunological senescence (reduced 
adaptive immunity with decreased specific immune re-
sponses) and “inflammaging” (excessive inflammatory 
activation in aging) (43–45). At the same time, the elderly 
are prone to greater neurological injury, due to both cere-
brovascular comorbidities and the presence of degener-
ative alterations recruiting inflammation and “priming” 
microglia. The role of inflammatory processes in the 
pathogenesis of dementias is well known. Specifically in 
AD, microglia and activated astrocytes are relevant for 
the disease pathogenesis and its histopathology (46–49). 
Nonetheless, microglial cells are extremely dynamic and 
their topographical distribution and activation states 
are complex and dependent on multiple factors. This 
explains the different microglial patterns observed in 
different immunological situations. Frequently, an in-
crease in microglial activity occurs concurrently with 
neurodegeneration, while in other situations a decrease 
is observed (40, 41).

Hence, the main question this study poses is: where and 
how does SARS-CoV-2 affect inflammatory response in 
the brain of older people with and without AD? A first 
consideration is that COVID-19 induces significant mi-
croglial activation in the brainstem, regardless of cogni-
tive status and age; in fact, it is also present in the Cov2 
case (the only young subject in this series). Therefore, the 
microglial activation in brainstem seems to be a specific 
COVID-19 effect (p = 0.046; Figure 3B). The particular 
intensity of microglial activation in such anatomical re-
gion is also confirmed by neuronophagia features, as 
observed by us (Figure 2O) and by other authors (16, 
21). Our study combined with others authors’ study de-
scribing an important involvement of the brainstem (12, 
14, 16, 21), provide evidence that the trans-synaptic route 
through the cranial nerves may be the preferred point of 
entry of virions or viral antigens to the CNS. These viral 
particles then probably activate a response with a prev-
alent topographical distribution in this anatomic area. 
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This interpretation is confirmed by the clear antigenic 
positivity for SARS-CoV-2 found by Matschke and col-
leagues in the lower cranial nerves. The clinical impact 
of these phenomena cannot be ascertained; however, it 
is possible that this inflammatory damage contributed 
to the lethargy, the neurovegetative alterations and the 
central component of respiratory failure manifested by 
some patients, as signs of brainstem dysfunction. On 
the other hand, the comparison between AD cases with 
and without COVID-19 demonstrates relevant cortical 
microglial activation and microglial nodules in AD, re-
gardless of the SARS-CoV-2 infection. The occurrence 
of COVID-19 in AD cases appears to add only a slight 
boosting of the already present cortical microglial acti-
vation (Figures 2 and 4).

Nevertheless, microglial enhancement in the hippo-
campus appears to be clinically relevant in COVID-19 
patients affected by NCD. Particularly, the hippocampi 
of cases Cov1,3,9 who all suffered from hyperactive delir-
ium show higher inflammatory changes, and COVID-19 
cases with delirium have a significantly higher microg-
lial activation in the hippocampus than COVID-19 cases 
without delirium (p = 0.048; Figure 5A). Moreover, the 
severity of TAU pathology seems to show a correlation 
trend with the precocity of delirium onset (Figure 5B). 
Such a correlation may be of some interest, even if it does 
not reach statistical significance due to the low number 
of cases. These data are consistent with Zotova's and 
Torvell's findings showing a positive correlation between 
microglial activation and TAU pathology in AD (40, 50). 
Also, our data confirm and reinforce what was reported 
in a previous interesting study describing the inflam-
matory brain changes of 9 elderly patients who died in 
close temporal association with an episode of delirium 
(51), just like our COVID-19 cases. Probably for these 
reasons, COVID-19 patients with NCD are more prone 
to the “COVID-19 encephalopathic syndrome” with 
unfavorable clinical and prognostic consequences (6, 
20, 52). Through a tragic “natural experiment”, SARS-
CoV-2 is helping shed some light on the neuropathology 
underlying behavioral symptoms and delirium, as signs 
of limbic system dysfunction, which seem to be related 
to both degenerative load and microglial boosting in the 
hippocampus.

Regarding the role of sepsis, in our COVID-19 cases 
there are no significant differences in microglial acti-
vation in relation to the absence or presence of severe 
bacterial superinfection. Nevertheless, it is interesting to 
note that our septic COVID-19 cases show a clear trend 
towards less microglial activation in the white matter. 
Although not statistically significant, again due to the 
low number of cases (p = 0.16; Table 2), this trend is line 
with Rakic observation of microglial rarefaction in the 
white matter of advanced AD cases affected by severe 
bacterial infection (41). Even if the neuropathology of 
“COVID-19 encephalopathic syndrome” resembles 
that of “septic encephalopathy”, which is also related 

to similar neurological manifestations including behav-
ioral changes and delirium (22, 53, 54), we observed some 
important qualitative differences between the neuropa-
thology described in septic patients (22, 53) and the one 
observed in our COVID-19 cases. Indeed, microglial ac-
tivation in sepsis is much more disseminated and intense 
in the white matter with scant nodules (53). Instead, our 
cases showed several microglial nodules in the cortex 
and in the lower brainstem, and less in the white matter. 
It is intriguing to hypothesize that this topography may 
have a specific reason. It might be caused by the degen-
erative burden in the cortex and by the presence of viral 
antigens in the lower brainstem, where traces of viral 
immunoreactivity was found by us and others (12, 13). 
From this standpoint, we chose to include in the study a 
young SARS-CoV-2 positive individual, with no known 
symptoms, who died in a tragic fatality upon returning 
from work (Cov2 case). His neuropathology shows mi-
croglial activation with a peculiar topography (moder-
ate in the frontal WM and severe in the lower brainstem; 
Figure 2Q; Table 2). It is probable that, due to the ab-
sence of coexisting neurodegenerative lesions, neuroin-
flammation is not present in the brain cortex of this case, 
demonstrating that microglial reaction is case-specific 
and related to the personal clinical history.

As noted by Kantonen and other authors, the mi-
crovascular changes are caused by virus-triggered en-
dotheliitis, hypoxia or pre-existing SVD (18–21). We do 
not observe a clear picture of endotheliitis. However, 
a number of our COVID-19 cases (Cov1, 8, 9, 10) show 
perivascular gliosis with a very peculiar astrocytic end-
feet enhancement, mainly at the capillary level, suggest-
ing an inflammatory reinforcement of the blood-brain 
barrier (Figure 1O; GFAP). Moreover, in several of our 
cases (Cov1, 2, 5, 6, 9, 10 as well as BB118, 71, 137, 138, 
210), we caught another peculiar feature of the capillary 
endothelium attributable to focal chaotic proliferation 
leading to the formation of ramified tuft-like structures. 
This alteration appears much more evident in the pons 
of COVID-19 cases (Figure 1L,M; CD34 reaction) but, to 
a lesser extent, it is also common in non-COVID cases. 
To the best of our knowledge, there are no similar de-
scriptions for SARS-CoV-2 infection, mostly because 
CD34  staining for endothelium was not considered in 
previous studies. Instead, a very similar endothelial pic-
ture was observed in a case of encephalitis caused by the 
human BK polyomavirus (55), occasionally in AD brains 
(56), as observed by us, and in brain specimens from the 
temporal lobe of patients who previously underwent sur-
gery for epilepsy (57). This CD34 picture has been de-
scribed as “vascular buds” or “CD34-positive clusters”, 
and, currently, we report it as “CD34-tufts”. At the mo-
ment, the nature of these CD34-tufts is uncertain, but we 
can say they do not seem to possess any neoplastic prolif-
erative characteristics nor are they associated with isch-
emic type lesions. In fact, examining the same sections 
with HE, no particular alteration of the tissue is noted. It 
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is not clear whether CD34 tufts can be considered a form 
of endotheliitis, but their topographical association with 
activated microglia is evident. Therefore, CD34 tufts 
constitute a histological phenomenon associated with 
inflammation, and it is not surprising to find them abun-
dantly in association with COVID-19, where they consti-
tute a typical, although not specific, manifestation.

In line with the findings of other authors, our study 
confirms that the neuropathological alterations strictly 
attributable to the SARS-CoV-2 infection are overall 
modest, inflammatory in nature and prevalent in the 
brainstem (12, 14, 16, 21), where very rare viral inclu-
sions were detected (Figure 1J,K). Although traces of 
viral antigens and viral RNA (possibly blood-borne) 
have certainly been identified within the CNS by sev-
eral authors (12, 13, 24) and also by us, such a few viral 
traces and scant lymphocytes argue against the presence 
of encephalitis and active viral replication within the 
CNS, and they do not suggest a neurotropism of SARS-
CoV-2. The hallmarks of COVID-19 brains, compared 
to matched non-COVID brains, as they emerge from 
this series of elderly subjects (many of them with AD 
pathology), can be summarized as follows, in 3 points: 
(1) Generally, in the brain tissue, microglial reinforce-
ment is observed with a low number of lymphocytes 
– suppression of adaptative immunity; (2) The brain-
stem is the area specifically most affected by microg-
lial hyperactivation in all cases – specific topographical 
phenomenon; (3) COVID-19 patients with NCD and de-
lirium are characterized by microglial boosting in the 
hippocampus – microglial activation associated with 
TAU-pathology. The last two points probably represent 
the neuropathological basis of the “COVID-19 encepha-
lopathic syndrome” in the elderly. This study essentially 
refers to patients of senile age, therefore, the generaliz-
ability of the results can only be referred to elderly sub-
jects and should be interpreted with caution because of 
the small number of cases. The data would require con-
firmation from more extensive series. Nevertheless, the 
analysis carried out on these cases presents considerable 
points of interest for the interpretation of the interac-
tions between neurodegenerative diseases, systemic 
inflammation and behavioral disorders, even beyond 
the SARS-CoV-2 infection. A better understanding of 
the pathogenesis of behavioral alterations in neuro-
cognitive disorders may have practical repercussions on 
therapeutic approaches for delirium. If delirium occurs 
in a context of systemic inflammation with microglial 
activation, it could greatly benefit from drugs capable 
of inhibiting microglia, such as simple corticosteroids. 
In this perspective, COVID-19 can represent a useful 
“natural experiment” of severe systemic inflammation, 
from which much can be learned.
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FIGURE S1 Pons of COV9 case is shown by H&E (A and 
C) and CD34 immunostaining (B and D). CD34 tufts 
are clearly evident both in 4x (B) and 10x magnification 
(D) particularly around neurons. In the same area H&E 
staining at 4x (A) shows a normal cytoarchitecture. The 
higher magnification image (10x C) confirms normal tis-
sue without any cytological alteration
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