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Abstract

Here, we review a collection of recent manuscripts and research trends on the neuropathology of neurodegen-
eration that are considered by the author to be among the potentially most impactful. To the greatest extent
possible, we chose to focus on histopathological studies that are most relevant to experimental and diagnostic
neuropathology. While there has been an abundance of important recent discoveries and developments in neu-
rodegenerative disease research, there was a deliberate effort here to provide balance to prevent disease cate-
gories and experimental approaches from overshadowing the others. The result is a diverse series of outstanding
studies, together showing the landscape of progress across neurodegenerative disorders. One is a stereological
study examining dystrophic microglia in aging. We highlight the first large genetic study of primary age-related
tauopathy, showing convergence and divergence from classical Alzheimer’s disease. There were further ad-
vances in the neuropathological criteria and staging of chronic traumatic encephalopathy. Links suggesting a
causal role for TMEM106B in TDP-43 proteinopathy emerged. Attempts to subtype Alzheimer’s disease on the
molecular level were made. Evidence for a role for the VEGF family in cognitive impairment was advanced. Com-
parison of gene expression profiles from myeloid cells in peripheral blood and brain tissues from Parkinson’s
disease patients revealed pathways that may lead to new mechanistic insights and biomarkers. A large autopsy
series identified an increased frequency of central nervous system developmental malformations in Huntington'’s
disease. A robust and reliable system for assessing Lewy body pathology was proposed. Finally, we continue to
be plagued by the COVID-19 pandemic, with lingering concerns of a long-term link with neurodegeneration.
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1. Neurodegeneration-specific altera-
tions in microglial morphology

As the data from genetic, cellular and animal
studies accumulates, the importance of microglial
and neuroimmune function continues to grow. Mi-
croglia take on a number of different morphologies,
including ramified, hypertrophic and dystrophic,
that are demonstrable using various histopathologi-
cal techniques. The importance of the dystrophic
morphology is currently unclear and has been impli-
cated in disease and age-related cellular senes-
cence. Unfortunately, there has been a dearth of rig-
orous histopathological human studies looking at
them across the aging spectrum. Critically, our un-
derstanding of dystrophic microglia has been hin-
dered by a lack of well-designed and implemented
guantitative studies of these various microglial mor-
phological patterns across the human lifespan andin
disease.

Shahhidehpour et al. performed a stereological
study, published in the Neurobiology of Aging, spe-
cifically investigating these microglial morphologies
in human post-mortem brain tissues across the
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lifespan (Shahidehpour et al., 2021). The authors set
out to test the hypothesis that age causes microglial
dystrophy. Abnormalities in microglial function may
be a strong contributor to age-related neurodegen-
erative disease, with cellular senescence being a
critical hallmark of aging. The strength of the study
was the rigorous stereological counts of microglial
morphologies including hypertrophic and dystrophic
types alongside total, across a collection of brains
ranging in age in years from teenage to nineties (Fig-
ure 1). Surprisingly, while an age-associated increase
in the total number of dystrophic microglia was
found, this was not significant when compared to
the total number of microglia which also increased
with age. In contrast, the total number of dystrophic
microglia was greater in subjects with a number of
neurodegenerative diseases, including Alzheimer's
disease, dementia with Lewy bodies, and limbic pre-
dominant age-related TDP-43 encephalopathy. The
authors also provided evidence for a role of altered
iron homeostasis in these dystrophic microglia using
ferritin light chain as a marker of intracellular iron
indicating a possible mechanism. This result pin-
points microglia dystrophy as a critical disease-asso-
ciated signature in neurodegeneration.
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Figure 1. Examples of ramified (A, B), hypertrophic (C, D) and dystrophic microglia (E, F) reproduced with permission from Shahidehpour

et al. (Shahidehpour et al., 2021).
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2. Pathogenetic study in PART clarifies
genetic overlap with AD and identifies
JADE1

In 2014, a group of neuropathologists, led by
the author of this article, defined criteria for a new
category of neurodegenerative change, termed pri-
mary age-related tauopathy (PART) (Crary et al.,
2014). Subsequently, there have been many clinical
and neuropathological studies that have explored
the contours and implications of this designation,
both challenging and supporting its scientific validity
as an independent age-associated neurodegenera-
tive category. While the terminology has been
broadly adopted, PART remains controversial and
poorly understood. One of the biggest gaps in
knowledge is the extent to which PART represents a
distinct pathological process or shares mechanistic
underpinnings with AD and perhaps the other
tauopathies.

This was addressed with the first genome-wide
association study (GWAS) in primary age-related
tauopathy published online in November 2021 in
Acta Neuropathologica (Farrell et al., 2022). Given
that PART is a ubiquitous neuropathological feature
in essentially all aged human brains, Farrell et al.
conducted a case-only quantitative trait analysis us-
ing Braak neurofibrillary stage as an endopheno-
type. While this was a relatively small GWAS
(n=647), it was noted that most similar studies rely
on clinical phenotypes, which are noisy relative to
autopsy-derived endophenotypes, such as the Braak
neurofibrillary tangle (NFT) stage used in this study.
Looking at candidate genes implicated in Alz-
heimer’s disease and tauopathies revealed some as-
sociations, inducing with the MAPT H1 haplotype
and other candidate loci, including SLC24A4,
MS4A6A, HS3S5T1 and EIF2AK3. As with previous
studies, there was no association between PART and
the most important and common risk allele for spo-
radic Alzheimer’s disease, APOE. The study also
identified a novel locus on chromosome 4 that met
genome-wide significance. Given that the locus con-
tains a number of genes, the investigators used a
computational approach, including examination of a
single-cell tangle-containing RNA-seq dataset, to
nominate gene for apoptosis and differentiation in
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epithelia 1 (JADE1) as the best candidate in the lo-
cus. The JADE1 protein has some interesting neuro-
pathological features, co-localizing by immunohisto-
chemistry with NFT in all tauopathies except Pick
disease, the prototype tauopathy with three micro-
tubule-binding domain repeats (3R). This was intri-
guing given that JADE1 protein biochemically inter-
acts with only tau isoforms that contain 4 microtu-
bule-binding domain repeats (4R). Finally, the JADE1
homolog in Drosophila, rhinoceros (rno), was shown
to be a potent regulator of cell death in the fly eye
and brain. Together, these findings suggest that
JADE1 might be a component of a pathway that
shared by many tauopathies.

3. Neuropathological criteria for
chronic traumatic encephalopathy:
consensus update

As awareness and scientific interest in chronic
traumatic encephalopathy (CTE) continues to ex-
pand, the neuropathological criteria continue to be
a focus area. Concussions are extremely common,
especially in military populations and contact sports
athletes, and the long-term neurological sequelae
remain under-investigated. Previously, the NIH con-
vened a consensus panel of neuropathologists to es-
tablish preliminary consensus criteria for the neuro-
pathological diagnosis of CTE (McKee et al., 2016).
This landmark study has been highly influential, but
guestions persisted. For example, it was unclear as
to what is the minimum requirement for a CTE diag-
nosis. Further, it was important to know whether
CTE could be reliably differentiated from age-related
tauopathies like primary age-related tauopathy
(PART) and aging-related tau astrogliopathy (AR-
TAG). Further, a four-tiered staging system has been
proposed but has not been independently validated
(McKee et al., 2013).

To address this, the NIH convened a second
consensus panel meeting with eight neuropa-
thologists expert in neurodegenerative tauopathies
(Bieniek et al., 2021). The panel blindly reviewed 27
cases (17 CTE and 10 other tauopathies), applying
the 2016 CTE criteria. First, there was substantial
agreement in the diagnosis across raters which vali-
dated the robustness of the approach. Next, the
panel turned to staging and developed a simplified
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and practical tool for the assessment of the CTE
stage (Figure 2). The tool involves assessment of the
11 brain regions proposed by the first consensus
meeting with a minimum threshold as a single path-
ognomonic lesion (with or without glial tangles). A
point system was devised encompassing the numer-
ous features of CTE with a cutoff of five, dichotomiz-
ing “low” and “high” CTE neuropathologic change.
This simplified system had excellent correlation with
the CTE stage as previously described (McKee et al.,
2013). Numerous challenges and controversies in
the field remain, but this represents a milestone in
establishing rigor and reproducibility in CTE autopsy
studies and provides a foundation for further ad-
vances in the field.

Pathognomonic CTE Lesion:
p-tau aggregates in neurons, with or without thorn-shaped astrocytes, at the
depth of a cortical sulcus around a small blood vessel, deep in the parenchyma,
and not restricted to the subpial and superficial region of the sulcus.

Present Absent
Diagnostic of CTE e Suggestive features
(select all that apply):
% [ Clinical concern
Neuronal p-tau pathology [J Tau pathology at sulcal depth
(select all that apply): NOS
[J NFT in gyral side adjacent to [ Superficial cortical NFT
CTE lesion without amyloid-B
[J NFT in gyral crest adjacent to
CTE lesion * hone 21
[ NFT in superficial cortical Not Diagnostic
laminae (layer I1) of CTE
[C] NFT in CA4 of hippocampus
(with dendritic swellings) Y
[J NFT in CA2 of hippocampus Recommend resampling of 4-8
NFT in entorhinal cortex bilateral cortical sulci including
O dorsolateral frontal, orbital frontal,
[J NFTinamygdala superior middle temporal &
[J NFTin thalamus inferior temporal gyri
[J NFT in mammillary body *
[ NFT in cerebellar dentate CTE Lesion?
1on’
nucieus Present i
<5 25
Absent
A
Low CTE High CTE Not Diagnostic of CTE

Figure 2. Flowchart for diagnosis of CTE reproduced with per-
mission from Bieniek et al. (Bieniek et al., 2021)

4. A causal role for TMEM2106B in TDP-
43 pathology

Inclusions containing the TAR DNA-binding pro-
tein 43 (TDP-43) are the hallmark neuropathological
feature of a number of neurodegenerative diseases
with divergent neuroanatomical vulnerability and
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symptomatology including amyotrophic lateral scle-
rosis (ALS), frontotemporal lobar degeneration
(FTLD-TDP), and limbic age-related TDP-43 enceph-
alopathy (LATE). The underlying reasons for these di-
vergent pathoanatomical signatures are unclear and
numerous factors likely contribute. While mutations
in the TDP-43 gene are only rarely associated with
TDP-43 proteinopathy, genetic variation in other
genes including TMEM106B and C9orf72 are much
more frequent in this context.

To explore this, Mao et al. performed a rigor-
ous pathoanatomical study published in Acta Neuro-
pathologica examining the influence of genetic vari-
ation in TMEM106B and C9orf72 on the burden and
distribution of TDP-43 proteinopathy in 899 brains
from the University of Pennsylvania Center for Neu-
rodegenerative Disease Research (CNDR) brain
bank, including cases with ALS, FTLD-TDP, Alz-
heimer’s disease and Lewy body disease (Mao et al.,
2021). TMEM1068B risk alleles for FTLD-TDP were
demonstrated to modify TDP-43 burden in ALS (but
curiously not in FTLD-TDP). C9orf72 expansion was
associated with TDP-43 burden in both ALS and
FTLD-TDP. The interaction between TDP-43 and
TMEM106B was confirmed in a cellular model.
These data are intriguing because they suggest a
causal role for TMEM106B in some forms of TDP-43
pathology (Figure 3).

5. Defining molecular subtypes for
Alzheimer’s disease

According to a widely held dogma, Alzheimer’s
disease arises secondarily from amyloid-beta tox-
icity that in turn leads to neurofibrillary degenera-
tion and cell death. However, there is increasing ev-
idence that AD is more heterogeneous than recog-
nized, manifesting not only in the AD mimics such as
limbic age-related TDP-43 encephalopathy and
comorbid dementias such as Lewy body disease and
cerebrovascular disease) but also within the group
of subjects that meet the neuropathological criteria
for AD. Neuropathological subtypes of AD have been
proposed (Janocko et al., 2012; Murray et al., 2011)
and gene expression studies in AD have been previ-
ously performed, but defining a molecularly defined
subtype has never been attempted.
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Figure 3. Schematic showing the effects of TMEM106B on TDP-43 proteinopathy reproduced with permission from Mao et al. (Mao et

al., 2021).

Armed with a large RNA-seq dataset of over
1543 transcriptomes derived from four brain regions
from two independent brain bank series, Neff et al.
set out to define molecular subtypes of AD (Neff et
al., 2021). To accomplish this, they leveraged a novel
clustering method which uncovered five stable sub-
types in three classes: A, B1/2 and C1/2 (Figure 4).
One of these subtypes termed class C (“typical”)
which represented about one third of all cases, dis-
played expression changes similar to those previ-
ously reported in Alzheimer’s disease (Blalock et al.,
2011) with increased immune response and de-
creased synaptic signaling. The class C cases also
showed strong up-regulation of pathways involving
amyloid-beta clearance, fiber formation and scaven-
ger receptor activity. In contrast, expression
changes in class A (“atypical”) were generally oppo-
site to class C (Blalock) changes. Class B (“intermedi-
ate”) did not show changes in either direction. Tau-
related pathways were strongly upregulated in both
A and B1/2 subtypes. Certain pathway changes were
subtype-specific illustrated by the up-regulation of
protein degradation-related genes (e.g., ubiquitina-
tion) in class A or the up-regulation of organic acid-
related genes in class B. Of note, the different clas-
ses were associated with distinct clinical and neuro-
pathological phenotypes. Class C1 for instance
showed a more frequent association with increased

amyloid plaque burden than the tau-related class A
and also had an increased APOE €4 allele frequency
whereas class A displayed increased MAPT pathway
activation and decreased NFT association, thus po-
tentially representing a resilient subtype. Many
questions remain, especially how these subtypes
align with previously proposed AD subtypes. Never-
theless, this study provides evidence that AD is likely
not a single entity and paves the way towards addi-
tional studies addressing this critical barrier.

6. Cerebrovascular disease: VEGF gene
family expression in cognitive aging
and Alzheimer’s neuropathology

Vascular endothelial growth factor (VEGF) is an
angiogenic factor induced by hypoxia that plays an
important role in angiogenesis. The VEGF gene fam-
ily has several members which interact with a com-
plex set of receptors and co-receptors which trigger
(Figure 5) various signaling pathways highly relevant
to neurodegeneration such as neurogenesis, neuro-
protection, apoptosis, cell proliferation, and inflam-
mation. Likewise, previous studies have linked VEGF
signalling to various neurodegenerative and cere-
brovascular diseases.
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Figure 4. Molecular subtypes of Alzheimer’s disease defined by gene expression changes. Changes in the mean expression of gene path-
ways are indicated for AD subtypes A, B1, B2, C1 and C2 in comparison to normal control samples. Data from a previous study MSigDB
are indicated on the right. Changes in gene expression are grouped by major areas of biological activity. Reproduced with permission from

Neff et al. (Neff et al., 2021)

A focused study published in Molecular Psychi-
atry by Mahoney et al. found intriguing direct evi-
dence that changes in VEGF signaling are closely as-
sociated with the development of AD neuropathol-
ogy and the progression of cognitive impairment
(Mahoney et al., 2021). The authors leveraged the
Religious Orders Study (ROS) and the Rush Memory
and Aging Project (MAP), using global composited
cognitive scores from 17 neuropsychological tests
and autopsy measurements of amyloid plaque and
tau burden from a total of 531 subjects with normal
cognition, mild cognitive impairment (MCI) and AD-
type dementia. The authors found that expression in
the frontal cortex of four key components of VEGF
signaling, VEGFB, FLT4, FLT1 and PGF, were associ-
ated with accelerated cognitive decline. All four of
these genes were also associated with increased tau
and amyloid burden. Additional work is required to
elucidate exactly how VEGF signaling relates to AD
neuropathology and cerebrovascular disease. This
study, which requires additional confirmation and

replication with molecular studies and cellular/ani-
mal modeling, spotlights the potential importance
of VEGF in dementia.

NRP1

NRP2

Figure 5. lllustration of the VEGF family of growth factors and
their receptors. Asterisks indicate genes that are differentially
expressed between AD and controls. Reproduced with permis-
sion from Mahoney et al. (Mahoney et al., 2021)
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7. Monocytes and microglia in Parkin-
son’s disease

Evidence is accumulating that the immune sys-
tem plays a critical role in Parkinson’s disease (PD).
Investigating the pathogenic events occuring in crit-
ical immune cells especially in the PD brain remains
of great interest. Myeloid cells and microglia have
been understudied. Genetic studies have identified
a large number of risk loci that alter the expression
of nearby genes in easily accessible peripheral mon-
ocytes and there is enrichment of gene sets ex-
pressed in microglia. There are many functions of
myeloid cells, including clearing of debris and main-
taining brain homeostasis, that are highly relevant
to PD pathogenesis. Further, alpha-synuclein can
promote microglial release of neurotoxic factors po-
tentially leading to death of dopaminergic neurons.
Intriguingly, the possibility that alpha-synuclein pa-
thology might be initiated in the enteric nervous sys-
tem further highlights the potential importance of
peripheral myeloid cells to influence pathogenesis.
How myeloid cells are involved in PD is unclear and
the extent to which specific immune cell types, in
the periphery or in the central nervous system, par-
ticipate remains a critical knowledge gap.

In a paper published in Nature Aging by Na-
varro et al., an international team of researchers
conducted a study looking at monocytes in periph-
eral blood as well as monocytes and microglia in
post mortem brains from PD patients (Navarro et al.,
2021). The authors sorted CD14+ peripheral mono-
cytes and microglia from the blood and brains and
performed a large-scale unbiased single cell tran-
scriptomic study. The strength of this study are the
direct comparisons between gene expression in the
peripheral blood with the brain as most studies in PD
have focused on dopaminergic neurons, fibroblasts,
or whole blood. They identified genes and co-ex-
pression networks dysregulated in PD myeloid cells.
They identified genes that are involved in mitochon-
drial and proteasomal function that are highly ex-
pressed in a proinflammatory intermediate subpop-
ulation. They identified 17 variants that influence
MRNA expression and PD risk. This enabled the au-
thors to show that there are actually opposite mito-
chondrial transcriptomic profiles between microglia
and macrophages (down regulated) versus periph-
eral monocytes (upregulated). These results provide
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further support for a prominent role for immune
dysfunction in the pathogenesis of PD.

8. Neurodevelopmental alterations in
Huntington’s disease

Huntington’s disease (HD) is the prototype hy-
perkinetic movement disorder caused by polyQ re-
peat expansion in the huntingtin gene (HTT). While
the neuropathology of HD has been extensively
studied, accumulating evidence from cellular, ani-
mal and human studies pointed to the existence of
neurodevelopmental abnormalities in HD. Of note,
Barnat et al. have reported defects in neuronal mi-
gration in the brains of mutant HTT-fetuses and
linked them to alterations in the interkinetic nuclear
migration of progenitor cells (Barnat et al, Science
2020). Neuropathological evidence in adult human
HD has however been lacking.

In a paper published in Acta Neuropathologica,
Hickman et al. provided the first neuropathological
evidence that malformations are present in adult
human HD (Hickman et al., 2021) through system-
atic evaluation of two large brain collections: a dis-
covery cohort from the New York Brain Bank (NYBB)
at Columbia University and a validation cohort from
the Harvard Brain Tissue Resource Center (HBTRC),
total n=3918. Of 130 HD brains examined from the
NYBB, eight (6.2%) had at least one malformation
compared to 12 (0.75%) in the 1600 non-HD brains.
Periventricular nodular heterotopias (PNH) were the
most frequent malformation (Figure 6), confirming
abnormalities in neuronal migration in HD. Intri-
guingly, the neurons in the PNH contained p62-pos-
itive aggregates indicative of ongoing proteinopa-
thy. Other cerebral malformations included
hamartomas, cerebellar nodular heterotopias, and
one multinodular vacuolating tumor of the cerebel-
lum (MVNT). The frequency of HD-associated cere-
bral malformations was also significantly increased
in the HBTRC cohort but at a lower frequency than
in the NYBB cohort, which was likely explained by
differences in sampling and assessment protocols.
The asymmetric nature of the cerebral malfor-
mations in HD suggested that they were secondary
to somatic mutation. Their higher frequency in
women may be related to sexual dimorphism. The
possibility that HD brains contain additional devel-
opmental or neurodevelopmental abnormalities
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Figure 6. A periventricular nodular heterotopia (PNH) in a 41-year-old woman with HD. Gross (a) and low power (LH&E stain) images (b)
of a subependymal heterotopia containing non-dysmorphic neurons (c) that are immunopositive for HTT and p62 (d, arrows). Reproduced

with permission from Hickman et al. (Hickman et al., 2021).

merits further investigation. Nevertheless, this
study provides concrete evidence that developmen-
tal abnormalities occur in human brains with HD and
provide the foundation for a new avenue into stud-
ying HTT-related mechanisms.

9. Criteria for Lewy body pathology:
approaching consensus

The spectrum of Lewy body disease (LBD) pa-
thology includes Parkinson’s disease (PD), dementia
with Lewy bodies (DLB) and PD with mild cognitive
impairment or dementia. Currently, a neuropatho-
logical diagnosis of Lewy body disease can be ren-
dered using any of four different proposed systems
(Adler et al., 2019; Braak et al., 2003; Leverenz et al.,
2008; McKeith et al., 2005). All use semi-quantita-
tive assessment of the neuroanatomical distribution
of Lewy pathology in neurites and cell bodies, but
each has specific strengths and weaknesses. Each
system suffers from issues related to interrater reli-
ability and/or the inability to classify certain cases
with Lewy pathology (LP), for example cases with ol-
factory bulb-only or amygdala-only disease. This
stems from the heterogenous pathoanatomical dis-
tribution of LP.

In 2021, new neuropathological consensus cri-
teria that aim to address the limitations of these sys-
tems, termed the LP consensus criteria (LPC), were
developed and published in Acta Neuropathologica
in order to improve interrater reliability and to une-
quivocally classify all possible cases with LP (Attems

et al., 2021). To improve inter-rater reliability, the
authors implemented a dichotomized scoring sys-
tem, with LP scored as either present or absent. The
diagnostic categories were: olfactory-only, amyg-
dala-predominant, brainstem, limbic, and neocorti-
cal LP. The 16 raters from 13 centers applied the LPC
and each of the four existing systems to 34 cases
with LP from the Newcastle Brain Tissue Resource
and the University of Pennsylvania Brain Bank. Inter-
rater reliability was good for the LPC, being compa-
rable to the McKeith and Leverenz system (Krippen-
dorff’s alpha = 0.6), and considerably better than for
Braak and Adler (Beach). The LPC system was as ap-
plicable as the Beach system and able to unequivo-
cally classify essentially all cases, which was not the
case for the Leverenz, McKeith and Braak systems
which failed in 10%, 25% and nearly 30% of cases re-
spectively. Given the reliability and applicability of
the LPC system, we expect that it will be adopted
broadly in the post-mortem evaluation of cases with
Lewy body pathology.

10. Long-COVID intersecting with neu-
rodegeneration

During the COVID-19 pandemic, a number of
neuropathological studies addressed the changes in
the human brain from patients succumbing to acute
SARS-CoV-2 infection. Microthrombi and strokes
were among the most common findings together
with indirect inflammatory and autoimmune
changes but encephalitis was rare. After the peak of
the pandemic, roughly one third of patients
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emerged with a clinical syndrom often termed post-
acute sequelae of SARS-CoV-2 infection (PASC) and
commonly referred to as “Long-COVID”. Cardiac and
pulmonary symptoms are prominent in PASC but
there are also many alarming non-specific neurolog-
ical and psychiatric symptoms including fatigue, cog-
nitive complaints (“brain fog”), sensorimotor de-
fects, headaches, insomnia, depression, and post-
traumatic stress disorder (Taquet et al.,, 2021). A
meta analysis confirmed decreased cognitive func-
tion seven months following COVID-19 infection
(Crivelli et al., 2022).

PASC has drawn attention in the field of neuro-
degeneration given the possibility that infection
with the virus may trigger a long-term neurodegen-
erative process (Lennon, 2020). The mechanisms
whereby PASC may be linked to neurodegeneration
remained however elusive. Many investigators have
raised the questions as to whether SARS-CoV-2 can
cause neurodegeneration through its neurotropism
or otherwise (Krey et al., 2021). Some investigators
have proposed that SARS-CoV-2 enters the brain and
may activate an AD-like program (Shen et al., 2022).
The ACE2 COVID-19 receptor was indeed shown to
be upregulated in the hippocampal formation of AD
patients (Zhao et al., 2021), which may explain why
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