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Abstract

This paper reviews ten highly impactful studies published in the previous year selected by the author from the
neurodegenerative neuropathology literature. As in previous years, the focus is to highlight human tissue-based
experimentation most relevant to neuropathologists. A concerted effort was made to balance the selected stud-
ies across disease categories, approaches, and methodologies to capture the breadth of the research landscape.
Studies include an integrated proteomic and transcriptomic study of Alzheimer disease (AD) and new consensus
diagnostic neuropathological criteria for progressive supranuclear palsy. A number of studies looking at TAR DNA-
binding protein 43 (TDP-43) are highlighted. One examined interaction between AD and limbic age-related TDP-
43 encephalopathy (LATE) and yet another demonstrated how TDP-43 represses cryptic exon inclusion in
UNC13A, suggesting a novel pathogenic mechanism. Most surprisingly, three cryogenic electron microscopy
(cryo-EM) studies showed that TMEM106B filaments form the core of TDP-43-positive inclusions. Cryo-EM re-
vealed a prion protein amyloid structure from aggregates in Gerstmann-Straussler-Scheinker disease. There was
an elegant functional genomic study cataloging microglial gene expression in the human brain. A study shed light
on how APOE influences chronic traumatic encephalopathy. A pathoanatomical study tested the dual hit hypoth-
esis of Lewy body progression throughout the nervous system. And finally, deep learning continues to show its
promise with application of a weakly supervised multiple instance learning paradigm to assess aging post-mor-
tem brains.

Keywords: Neurodegeneration, Neuropathology, Aging, Alzheimer disease, Tauopathy, a-synucleinopathy, TDP-43 proteinopathy,
Traumatic brain injury
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1. An integrated proteomic and
transcriptomic analysis of Alzheimer
disease reveals unique pathways
beyond mRNA

Powerful transcriptomic approaches are in-
creasingly being applied to post-mortem Alzheimer
disease (AD) tissues and other diseases. Historically,
methods included hybridization-based microarrays
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and bulk RNA-sequencing, but increasingly single
cell RNA profiling and spatial transcriptomics are be-
coming routine. Proteins, owing to their increased
complexity, are more challenging to assess, but are
ostensibly more proximate to the relevant altera-
tions that drive neurodegeneration. A study by John-
son et al. entitled “Large-scale deep multi-layer anal-
ysis of Alzheimer's disease brain reveals strong pro-
teomic disease-related changes not observed at the
RNA level” analyzed proteomes of more than 1,000
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Figure 1. Tandem mass tag mass spectrometry (TMT-MS) derived Alzheimer disease protein network contains modules that are not
present in transcriptomic analysis. a. Experimental overview. b. Modules that had a Zsummary Score greater than or equal to 1.96 (or q =
0.05, blue dotted line) were considered to be preserved. Unique modules included MAPK signaling and the matrisome (reproduced from

Johnson et al., 2022 under the creative commons license).
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brain tissues with a goal of trying to better under-
stand the biological processes disrupted in AD (John-
son et al., 2022). The investigators deployed tandem
mass tag mass spectrometry (TMT-MS), an approach
used to quantitatively analyze and compare protein
expression levels that uses isobaric tagging to ena-
ble multiplexed quantification of peptides and pro-
teins. TMT-MS offers several advantages, including
high multiplexing capacity, accurate and reproduci-
ble quantification, and the ability to analyze com-
plex proteomes. Using this methodology, the re-
search team identified new AD-related protein co-
expression modules that were highly preserved
across cohorts and brain regions. Remarkably,
nearly half of the protein co-expression modules
were not observed in mRNA networks. Two notable
AD-associated modules that were unique to the pro-
teomic network were related to mitogen-activated
protein kinase (MAPK) signaling and the matrisome
(Figure 1). The matrisome refers to the collection of
extracellular matrix (ECM) proteins and associated
factors and is a complex network of proteins and
other molecules that provide structural support and
regulate various cellular processes. The MAPK/me-
tabolism module was associated with the rate of
cognitive decline whereas the matrisome module
was influenced by the APOE €4 allele. These results
indicate that pathways that are unique to the prote-
ome could lead to therapeutic targets and bi-
omarkers.

2. Revision of the neuropathological
criteria for progressive supranuclear

palsy

The National Institute of Neurological Disor-
ders and Stroke previously advanced neuropatho-
logic criteria for progressive supranuclear palsy
(PSP), which have been the standard for nearly 30
years. However, the complex evaluation process and
dependence on non-uniform staining methods lim-
ited the utility of the criteria. Since then, advance-
ments in immunohistochemistry and the availability
of specific antibodies targeting pathological tau pro-
teins, especially phosphorylation-dependent
epitopes, have improved the recognition of key PSP
neuropathological features, especially tufted astro-
cytes. Further, new diagnostic entities have
emerged, including chronic traumatic encephalopa-
thy (CTE), aging-related tau astrogliopathy (ARTAG)
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and globular glial tauopathy GGT, which required
better delineation from PSP. To update the neuro-
pathologic criteria for PSP, an international team of
neuropathologists, supported by the Rainwater
Charitable Foundation / Tau Consortium proposed
criteria that incorporate recent advancements in
tauopathies and are easier to apply in non-special-
ized clinical settings (Roemer et al., 2022). The goal
was to develop criteria with high sensitivity, specific-
ity, and inter-rater agreement, even for atypical var-
iants of PSP, while being independent of clinical in-
formation and suitable for non-specialized neuropa-
thology services. The investigators evaluated digital
slides from 10 brain regions stained with hematoxy-
lin and eosin and phosphorylated tau (AT8) immuno-
histochemistry for 15 typical and atypical PSP cases
and 10 other tauopathies. Blinded to clinical and
neuropathological information, 14 expert neuropa-
thologists provided a categorical diagnosis (PSP or
not-PSP) based on provisional criteria requiring neu-
rofibrillary tangles or pretangles in two of three re-
gions and tufted astrocytes in one of two regions.
The provisional criteria had high sensitivity (0.97)
and specificity (0.91), as well as almost perfect inter-
rater reliability for diagnosing PSP and differentiat-
ing it from other tauopathies. The Rainwater Chari-
table Foundation criteria for the neuropathologic di-
agnosis of PSP feature a simplified diagnostic algo-
rithm based on phosphorylated tau immunohisto-
chemistry and incorporate tufted astrocytes as an
essential diagnostic feature (Figure 2).

3. Limbic-predominant age-related
TDP-43 encephalopathy and Alz-
heimer disease: the impact of
coexistence on cognition

Limbic-predominant age-related TDP-43 en-
cephalopathy neuropathologic change (LATE-NC)
and Alzheimer disease neuropathologic change
(ADNC) are both implicated in cognitive impairment
among older individuals. However, the frequency of
LATE-NC across the entire range of ADNC remains
uncertain. To address this gap in knowledge, Nelson
et al. performed a comprehensive analysis from 13
high-quality longitudinal studies, encompassing a
total of 6,196 participants from diverse countries
(Nelson et al., 2022). Among individuals with docu-
mented cognitive status prior to death, 43.0% were
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Figure 2. Rainwater neuropathological criteria for progressive supranuclear palsy. a. The minimum requirements are demonstration of
neurofibrillary tangles in two any of three classically involved regions (e.g., the subthalamic nucleus, globus pallidus, and substantia nigra)
alongside tufted astrocytes in the putamen or peri-Rolandic cortex. b. Examples of neurofibrillary tangles and tufted astrocytes on phos-
pho-tau (AT8 antisera) immunohistochemical staining (reproduced with permission from Roemer et al., 2022 under the creative commons

license).

found to be cognitively normal, 14.9% had mild cog-
nitive impairment, and 42.4% had dementia, con-
sistent with epidemiological data for this age range.
In cases with available CERAD neuritic amyloid
plaque score data, 39.4% were confirmed to have
LATE-NC at any stage based on autopsy findings. No-
tably, among brains with "frequent" neuritic amy-
loid plaques, 54.9% exhibited concurrent LATE-NC,
while 27.0% of brains lacking detectable neuritic am-
yloid plaques displayed LATE-NC. Remarkably, LATE-
NC was present in nearly 40% of participants and of-
ten coexisted with ADNC. Detailed neurocognitive
assessments conducted proximate to death across
10 cohorts demonstrated a tendency for worse cog-
nition in individuals with LATE-NC across the entire
range of ADNC severity. None of the participants re-
ceived a clinical diagnosis of definite frontotemporal
dementia or a pathological diagnosis of frontotem-
poral lobar degeneration with TDP-43 inclusions.
These findings provide valuable insights into the
prevalence and interplay between LATE-NC and
ADNC, highlighting their impact on cognitive func-
tion in the aging population.

4. TDP-43 represses cryptic exon
inclusion in UNC13A

Most amyotrophic lateral sclerosis (ALS) and a
subset of frontotemporal lobar degeneration cases

display TAR DNA-binding protein 43 (TDP-43) pa-
thology. This is neuropathologically reflected by
translocation of phosphorylated forms of the pro-
tein from the nucleus to the cytoplasm, a phenome-
non that is readily visible on immunohistochemical
stains. The significance and functional implications
of this translocation are not clear, but may result in
loss of TDP-43 function in the nucleus. TDP-43 is an
RNA-binding protein with numerous roles, including
repression of the inclusion of cryptic exons during
splicing of heterogeneous RNA while in the nucleus.
Previous studies have highlighted several genes, in-
cluding POLDIP3 and STMN2 that exhibit aberrant
splicing following TDP-43 depletion. In a paper by
Ma et al., investigators sought to identify additional
genes that exhibit cryptic splicing changes that are
regulated by TDP-43 (Ma et al., 2022). Using post-
mortem brain tissues from patients with Frontotem-
poral lobar degeneration (FTLD) and ALS, the au-
thors used fluorescence-activated cell sorting to iso-
late nuclei with nuclear TDP-43 protein expression
from nuclei lacking TDP-43 and performed RNA-seq.
They found 66 genes with altered splicing using this
analysis, including UNC13A, which had previously
been identified in genome wide association studies
with unclear mechanisms of increased risk. Specifi-
cally, they found a cryptic exon that is retained in
cells with TDP-43 pathology that could be detected
with exon splice site specific probes (Figure 4). Fur-
ther cellular and histological validation supported
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Figure 3. Frequency of limbic-predominant age-related TDP-43 encephalopathy neuropathologic change (LATE-NC) across the entire
range of Alzheimer disease neuropathologic change (ADNC). In participants with minimal ADNC, ~25% have LATE-NC, suggesting ADNC-
independent mechanisms. LATE-NC is associated with more severe primary age-related tauopathy pathology, indicating potential synergy.
In subjects with severe ADNC, approximately 50% of participants had LATE-NC that may be driven by genetic factors (e.g., APOE genotype)

or other factors.

these findings. It is known from studies in C. elegans
and other systems that UNC13A encodes for a syn-
aptic multidomain protein that participates in vesi-
cle priming prior to fusion. These findings provide a
direct mechanistic link between loss of TDP-43 func-
tion and a strong genetic risk factor for ALS-FTD.

5. A surprising turn in frontotemporal
dementia

FTLD is the third most common neurodegener-
ative disorder after Alzheimer’s and Parkinson’s dis-
ease, with one major FTLD subtype characterized by
pathological neuronal inclusions with TDP-43 immu-
noreactivity. Determining the atomic structure of
these inclusions is a high research priority given the
expected utility for facilitating biomarker and thera-
peutic discovery. Using cryogenic electron micros-
copy (cryo-EM), three independent groups ad-
dressed this gap in knowledge with all making an
astonishing discovery: the extracted amyloid fibrils
were composed of fragments of transmembrane
protein 106B (TMEM106B), a lysosomal membrane
protein previously implicated as a genetic risk factor
for FTLD-TDP (Chang et al., 2022; Jiang et al., 2022;
Schweighauser et al., 2022). While details among
the studies differ, in essence the inclusions consist
of a normally intraluminal 135-residue fragment of

TMEM106B that is likely shed before assuming this
abnormal configuration. The aggregates, which are
derived from the C-terminus, were likely missed in
previous studies because most antisera target the N-
terminus of the molecule. These findings raise a
flood of new questions about TMEM106B and ab-
normal lysosomal activity in neurodegeneration.

6. The cryo-EM structure of prion
protein amyloid

There are a number of dominantly inherited
prion protein (PrP) amyloidoses, including Gerst-
mann-Straussler-Scheinker disease (GSS), PrP cere-
bral amyloid angiopathy, and prion amyloidosis with
variable phenotypes. All are caused by mutations in
the prion protein gene (PRNP). GSS is notable in that
typical extracellular deposits made of PrP amyloid
(APrP) are associated with abnormal intraneuronal
tau inclusions that are identical to those observed in
classical AD, which raises fundamental questions as
to how amyloid-beta causes tau pathology and
whether there are shared pathogenic mechanisms.
Understanding the atomic structure of the APrP has
the potential to shed light on how extracellular am-
yloid deposition in general might trigger tau pathol-
ogy independently and facilitate the development of
positron emission tomography (PET) tracers as well

freeneuropathology.org


https://doi.org/10.17879/freeneuropathology-2023-4899

Free Neuropathology 4:13 (2023) John F. Crary

doi: https://doi.org/10.17879/freeneuropathology-2023-4899 page 6 of 12
a y4
5 e Exon20 | CE Exon 21 cee 3
UNC13A e20/CE probe

b
e20/CE DAPI TDP-43 DAPI Merge

>
FTD-MND 1

»
»

FTD-MND 2

-
»

FTD-MND 3

-»
Control 1

Figure 4. UNC13A cryptic splicing is associated with loss of nuclear TDP-43 in patients with FTD and motor neuron disease. a. BaseScope
probe design b. in situ hybridization using the UNC13A e20/CE probe, combined with immunofluorescence for TDP-43 and NeuN illustrat-
ing the presence of UNC13A CE (arrowheads) in neurons showing depletion of nuclear TDP-43. Scale bar, 10 um. (Reproduced from Ma
et al., 2022 under the creative commons license).
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Figure 5. TMEM106B cryo-EM doublet fibril. (Reproduced with permission from Chang et al., 2022 under the creative commons license).

as therapeutic interventions for prion diseases. This
is possible with cryo-EM. In a study entitled “Cryo-
EM structures of prion protein filaments from Gerst-
mann-Straussler-Scheinker disease”, investigators
studied brain fibrils isolated from two patients with
the PRNP F198S mutation (Hallinan et al., 2022). One
patient was homozygous (VV) and the other homo-
zygous (VM) at codon 129, which is known to influ-
ence disease onset and progression, allowed them
to compare this important clinically relevant differ-
ence. Looking at the first VV homozygous patient,
they found that the APrP was polymorphic, with
mainly two, three or four intertwined protofila-
ments (Figure 6). The structures better delineated
the location of the V residue at codon 129, which is
buried deep in the amyloid core, protected from sol-
vent exchange and tightly packed, suggesting that
substitution with a methionine would affect fibril
formation. These new structural data human brain
APrP filaments have the potential to open new ave-
nues for diagnosis and treatment of prion disease.

7. APOE's role in chronic traumatic
encephalopathy

Chronic traumatic encephalopathy (CTE) re-
sults from mild yet repetitive traumatic brain injury
that is often sustained during contact sports or in
other contexts. While the association between this
exogenous risk factor and resultant tauopathy and
neurodegeneration is well established, not all partic-
ipants in contact sports develop CTE. This suggests
that other factors, perhaps genetic, might play a
moderating role. One gene that has been implicated
is APOE, which encodes the most abundant choles-
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terol transporter in the brain that is also the strong-
est genetic risk factor for sporadic AD. Previous stud-
ies have suggested that the APOEe4 allele may con-
fer risk for a poor outcome following TBI, but the risk
for CTE remains unclear. In a study by Atherton et
al., investigators performed the largest study to date
investigating the potential association between
APOE and CTE (Atherton et al., 2022). The study was
a cross sectional association analysis of 364 brain
donors with repetitive head impacts exposure (i.e.,
contact sports or military service), with 294 positive
and 70 negative for CTE. In addition to disease sta-
tus, the investigators were able to explore a series
of diseases relevant endophenotypes, including
guantitative and semiquantitative tau pathology
burden assessments. They found an association be-
tween tau pathology burden across multiple cortical
regions and the amygdala as well as CTE stage
among brain donors over 65 years of age at death.
The presence of a APOEe4 was equivalent to 7 years
of playing football. This association remained even
after accounting for amyloid plaque status. These
findings provide the strongest evidence to date that
APOEE€4 is arisk factor for CTE.

8. Unraveling genetic influences on
microglia in neurodegeneration

Understanding the contribution of microglia to
the pathogenesis of degenerative brain disorders
continues to increase in relevance. Microglia medi-
ate numerous essential functions such as inflamma-
tion, injury repair, maintenance of brain networks,
and neurodevelopment. They exhibit dynamic char-
acteristics and can have distinct phenotypes
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Figure 6. Analysis of the M/V 129 residue region of prion protein amyloid (APrP). a,b. Atomic models from patient 1 and 2. The 129 V
residue (green) is tightly packed. c, d. This leaves little space for the larger methionine residue (reproduced with permission under the

creative commons license from Hallinan et al., 2022).

and functions depending on environmental signals,
brain regions, age, and disease pathologies. Previ-
ous studies have documented changes in microglial
density, morphology, and gene expression in post-
mortem brain tissue from individuals with neurolog-
ical and psychiatric disorders, suggesting their in-
volvement in numerous disease processes. Recent
genetic evidence has also strongly implicated myel-
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oid cells, including microglia. To better understand
the potential causal role of microglia and perhaps
identify therapeutic targets, it is crucial to deter-
mine the genes influenced by disease-associated ge-
netic variants. However, this is challenging due to
the complex regulatory mechanisms involved, espe-
cially when considering variants located outside pro-
tein-coding regions. Integrating genetic and
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Figure 7. Single-hit hypothesis of “prion-like” propagation in Lewy body disease. a. In the “brain-first/olfactory bulb-first” subset, pa-
thology arises in the olfactory bulb or amygdala and rapidly spreads to forebrain structures ipsilaterally and later bilaterally. b. In the
“body-first” subset, pathology spreads to the medulla bilaterally and progresses superiorly. (Reproduced with permission under the cre-
ative common license from Broghammer et al., 2022).
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transcriptomic analyses can help identify quantita-
tive trait loci (QTLs) and elucidate gene-gene variant
relationships. Although recent efforts have detected
expression QTLs (eQTLs) in microglia and their over-
lap with AD loci, larger sample sizes are needed. In a
study conducted by Lopes et al., a team of research-
ers performed transcriptome analysis on 255 pri-
mary human microglial isolates obtained from mul-
tiple brain regions of 100 individuals obtained fresh
at autopsy (Lopes et al., 2022). They investigated
factors contributing to microglial heterogeneity,
such as brain region and aging. Through mapping of
expression and splicing quantitative trait loci, the
study revealed that numerous susceptibility loci for
neurological diseases are mediated by gene expres-
sion or splicing in microglia. Notably, the researchers
identified candidate causal variants within micro-
glia-specific enhancers, including associations be-
tween microglial expression of USP6NL and AD, as
well as P2RY12 and Parkinson’s disease. Overall, this
study provides a comprehensive catalog of genetic
effects on the microglial transcriptome and presents
potential functional variants relevant to neurologi-
cal and psychiatric disorders.

9. A postmortem study examines the
dual-hit hypothesis of Parkinson's
disease

Pathoanatomically mapping the initiation and
progression of Lewy body pathology through the
brain is a critical aspect of our understanding of neu-
rodegeneration. One hypothesis, first suggested by
Braak and colleagues, is that there is a dual-hit, with
simultaneous involvement of the olfactory bulb and
dorsal motor nucleus of the vagus that underlies hy-
posmia and autonomic symptoms, respectively.
Early studies had mandatory inclusion of Lewy pa-
thology in the dorsal motor nucleus as an inclusion
criterion, potentially biasing against cases with Lewy
bodies in the olfactory bulb alone. Nevertheless, this
hypothesis is debated and yet has spawned many
clinical studies aimed at understanding potential in-
itiating factors. Little work has been done to test the
hypothesis in the neuropathological setting. In a
study by Borghammer et al., investigators re-ana-
lyzed two large human post-mortem autopsy da-
tasets that included mild Lewy body disease cases
(Borghammer et al., 2022). They found that cases
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with alpha-synuclein immunopositivity in the pe-
ripheral autonomic nervous system and lower brain-
stem infrequently displayed pathology in the olfac-
tory bulb (Figure 7). Conversely, cases with mild
amygdala-predominant Lewy body pathology essen-
tially always showed olfactory bulb pathology. To-
gether, these findings suggest that the initiation of
Lewy body pathology starts either in the olfactory
bulb or enteric nervous system but rarely simultane-
ously. There are a number of important caveats:
These cases with mild Lewy pathology were in a pro-
dromal phase but might alternatively have not pro-
gressed. Nevertheless, these findings are an im-
portant contribution to our understanding of prion-
like spreading of Lewy neuropathology and may lead
to better diagnostics and advance our mechanistic
understanding.

10. Deep learning continues to reshape
histological assessments

Numerous studies continue to apply deep
learning to digital whole slide images of histological
sections of human brain tissue. This approach has
been fueled by the more widespread availability of
whole slide image scanners. Combined with both
next generation deep learning image analysis mod-
els and powerful graphical processing units, there is
fertile ground for innovation. A convolutional neural
network (CNN) is a variety of model that is fine
tuned for processing image data. CNNs have been
applied to the detection of amyloid plaques, neuro-
fibrillary tangles, and other features for example.
These models work in a supervised fashion, requir-
ing large numbers of annotated images for training.
This is highly burdensome and acquiring this ground
truth for model training represents a major barrier.
In a study by McKenzie et al. (led by the author of
this review), investigators applied a multiple in-
stance learning model to a collection of whole slide
images from aged individuals in a manuscript enti-
tled “Interpretable deep learning of myelin histo-
pathology in age-related cognitive impairment”
(McKenzie et al., 2022). This model uses slide level
labels, rather than annotations on patches or pixel
level segmentation of individual cells (Figure 8). The
investigators found that the Al was capable of pre-
dicting cognitive impairment based on a Luxol-fast
blue counterstained hematoxylin & eosin-stained
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Figure 8. Multiple instance learning pipeline for whole slide image analysis. a. The whole slide image dataset was derived from aged
human brain donors. b. Whole slide images are segmented into tiles and processed through a multiple instance learning pipeline.
c. attention values are used to map salient features. (Reproduced with permission under the creative commons license from McKenzie et

al., 2022).

section alone with an accuracy of 0.65. It should be
noted that this is better than chance and this is a
task not currently possible by a human observer.
Further analysis of the Al model found highly in-
formative attention tiles, image patches of the
whole slide image that contain the most salient as-
pects of the slide, were concentrated within white
matter regions, not gray matter that contains well
recognized structures including amyloid plaques and
tangles that contribute to age-related impairment.
This study paves the way towards more advanced
models for analyzing relevant histological features
of neurodegeneration in human autopsy brain tis-
sues.
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