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Cortical and subcortical pathological burden
and neuronal loss in an autopsy series of
FTLD-TDP-type G

Allegra Kawles,* Yasushi Nishihira,? Alex Feldman,»? Nathan Gill,* Grace Minogue,*
Rachel Keszycki,'* ®Christina Coventry,’ Callen Spencer,* Jaclyn Lilek,2
Kaouther Ajroud,”? Giovanni Coppola,” ®Rosa Rademakers,” Emily Rogalski,
Sandra Weintraub,* Hui Zhang,*° Margaret E. Flanagan,”? Eileen H. Bigio, "
M.-Marsel Mesulam,” Changiz Geula,"® Qinwen Mao"? and Tamar Gefen?

The TDP-43 type C pathological form of frontotemporal lobar degeneration is characterized by the presence of
immunoreactive TDP-43 short and long dystrophic neurites, neuronal cytoplasmic inclusions, neuronal loss and
gliosis and the absence of neuronal intranuclear inclusions. Frontotemporal lobar degeneration-TDP-type C cases
are commonly associated with the semantic variant of primary progressive aphasia or behavioural variant fronto-
temporal dementia. Here, we provide detailed characterization of regional distributions of pathological TDP-43 and
neuronal loss and gliosis in cortical and subcortical regions in 10 TDP-type C cases and investigate the relationship
between inclusions and neuronal loss and gliosis. Specimens were obtained from the first 10 TDP-type C cases
accessioned from the Northwestern Alzheimer’s Disease Research Center (semantic variant of primary progressive
aphasia, n=7; behavioural variant frontotemporal dementia, n =3). A total of 42 cortical (majority bilateral) and
subcortical regions were immunostained with a phosphorylated TDP-43 antibody and/or stained with haematoxy-
lin-eosin. Regions were evaluated for atrophy, and for long dystrophic neurites, short dystrophic neurites, neuron-
al cytoplasmic inclusions, and neuronal loss and gliosis using a semiquantitative 5-point scale. We calculated a
‘neuron-to-inclusion’ score (TDP-type C mean score — neuronal loss and gliosis mean score) for each region per
case to assess the relationship between TDP-type C inclusions and neuronal loss and gliosis. Primary progressive
aphasia cases demonstrated leftward asymmetry of cortical atrophy consistent with the aphasic phenotype. We
also observed abundant inclusions and neurodegeneration in both cortical and subcortical regions, with certain
subcortical regions emerging as particularly vulnerable to dystrophic neurites (e.g. amygdala, caudate and puta-
men). Interestingly, linear mixed models showed that regions with lowest TDP-type C pathology had high neuron-
al dropout, and conversely, regions with abundant pathology displayed relatively preserved neuronal densities
(P < 0.05). This inverse relationship between the extent of TDP-positive inclusions and neuronal loss may reflect a
process whereby inclusions disappear as their associated neurons are lost. Together, these findings offer insight
into the putative substrates of neurodegeneration in unique dementia syndromes.

1 Mesulam Center for Cognitive Neurology and Alzheimer’s Disease, Northwestern University Feinberg School of

Medicine, Chicago, IL 60611, USA

Department of Pathology, Northwestern University Feinberg School of Medicine, Chicago, IL 60611, USA

3 Department of Psychiatry and Behavioral Sciences, Northwestern University Feinberg School of Medicine, Chicago,
IL 60611, USA

N

Received June 07, 2021. Revised August 11, 2021. Accepted August 29, 2021. Advance access publication December 17, 2021
© The Author(s) (2021). Published by Oxford University Press on behalf of the Guarantors of Brain. All rights reserved.
For permissions, please email: journals.permissions@oup.com


https://orcid.org/0000-0003-3153-5350
https://orcid.org/0000-0003-3596-1998
https://orcid.org/0000-0002-4049-0863
https://orcid.org/0000-0003-2605-5205
https://orcid.org/0000-0001-6825-5649

1070 | BRAIN 2022: 145; 1069-1078

A. Kawles et al.

4 Department of Psychiatry and Semel Institute for Neuroscience and Human Behavior, David Geffen School of
Medicine, University of California Los Angeles, Los Angeles, CA 90095, USA

0o NOoOYwun

60611, USA

Correspondence to: Tamar Gefen, PhD

Department of Neuroscience, Mayo Clinic, Jacksonville, FL. 32224, USA

Department of Preventive Medicine, Northwestern University Feinberg School of Medicine, Chicago, IL 60611, USA
Department of Neurology, Northwestern University Feinberg School of Medicine, Chicago, IL 60611, USA
Department of Cell and Developmental Biology, Northwestern University Feinberg School of Medicine, Chicago, IL

Mesulam Center for Cognitive Neurology and Alzheimer’s Disease
Northwestern University Feinberg School of Medicine, 300 E. Superior Street

Tarry Building, 8th Floor, Chicago, IL 60611, USA
E-mail: tamar.gefen@northwestern.edu
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bvFTD = behavioural variant frontotemporal dementia; DNs = dystrophic neurites; FTLD =
frontotemporal lobar degeneration; NCI = neuronal cytoplasmic inclusions; NL/G = neuronal loss and gliosis;

PPA = primary progressive aphasia

Introduction

Neurodegenerative diseases that cause dementia syndromes se-
lectively ‘target’ anatomic regions responsible for cognition or be-
haviour. This selectivity leads to focal brain atrophy and to
progressive clinical syndromes (i.e. dementias). In frontotemporal
lobar degeneration (FTLD), there is progressive degeneration of the
frontal and temporal cortices, which is almost exclusively associ-
ated with non-amnestic dementia clinical syndromes that affect
personality, behaviour and/or language.’ FTLD gives rise to a num-
ber of clinical dementia presentations. These include primary pro-
gressive aphasia (PPA), a dementia syndrome characterized by
selective language disruption, such as word-finding difficulties and
impaired single word comprehension, and behavioural variant
frontotemporal dementia (bvFTD), characterized by abnormalities
in comportment, such as disinhibition, apathy and executive func-
tioning.® The one common denominator of nearly all cases of PPA
is the leftward asymmetry of the atrophy in language-related
regions that fits with the salience of the aphasic phenotype.*® In
bvFTD, bifrontal or right-sided atrophy has been similarly consid-
ered a core biological feature of the syndrome.””

In the past, FTLD cases without tau accumulation were desig-
nated FTLD-U because the only abnormal protein precipitate
detected was ubiquitin.’® We now know that the vast majority of
these cases contain abnormal precipitates of a phosphorylated and
truncated form of TDP-43, designated FTLD-TDP.**! Inclusions con-
taining hyperphosphorylated transactive response DNA-binding
protein 43 (TDP-43) are typically associated with frontotemporal de-
mentia (FTD) and amyotrophic lateral sclerosis, and more recently
have been found but in a much more restricted limbic distribution
in pathologically confirmed autopsies with Alzheimer’s dis-
ease.>'?>'® Characteristic hallmarks of TDP-43 include neuronal
intranuclear inclusions (NII), neuronal cytoplasmic inclusions (NCI),
or dystrophic neurites (DNs). FTLD-TDP presents with mislocalization
of TDP-43 from the nucleus to the cytoplasm,’ an important step in
TDP-43 aggregation and potential toxicity. FTLD-TDP is classified into
five distinct subtypes based on the presence, predominance, and dis-
tribution of NIIs, NCIs, and DNs in neocortical areas: A, B, C, D and
E'? Based on the Mackenzie et al.’® harmonized classification
scheme, FTLD-TDP-type A is classified by moderate to numerous

NCIs and short DNs in the upper cortical layers, and type B by pre-
dominance of NCIs in all cortical layers. Moderate NIIs are only
observed in type D and occasionally type B.">'® FTLD-TDP-type C
(TDP-type C) is more easily distinguished from types A and B by
abundance of long DN in the superficial neocortex with rare NCIs."”
The significance of long DNs in particular remains unclear and intri-
guing, posited to be remnants of damaged axons or dendrites.

TDP-type C is commonly associated with severe anterior tem-
poral atrophy, invariably resulting in poor word comprehension as
the principal feature in the semantic variant of the PPA syndrome
(PPA-S). Previous autopsy data show that nearly 90% of TDP-type C
cases present with an antemortem clinical diagnosis of PPA-S,
with the remaining 10% demonstrating a bvFTD syndrome in
life."**® This clinicopathological correspondence provides an un-
paralleled model for studying selective vulnerability and putative
correlates of neurodegeneration in clinical dementia syndromes.
The goal of this study was to (i) characterize the distribution of
TDP-type C pathological inclusions, with a focus on long DNs, in
cases with PPA-S and bvFTD at a cortical and subcortical level; and
(ii) identify the relationships between markers of pathological bur-
den and patterns of neurodegeneration [neuronal loss and gliosis
(NL/G)]. Through a granular focus on TDP-type C, our findings pro-
vide broader insights into the putative correlates of neurodegener-
ation in unique clinical dementia syndromes.

Materials and methods

Ten FTLD-TDP-type C cases were consecutively accessioned from
the brain holdings of the NIA-funded Alzheimer’s Disease
Research Center at the Mesulam Center for Cognitive Neurology
and Alzheimer’s Disease at Northwestern University’s Feinberg
School of Medicine. All cases with a clinical diagnosis of PPA were
co-enrolled in the PPA programme at the Mesulam Center for
Cognitive Neurology and Alzheimer’s Disease. Written informed
consent was obtained from all participants who committed to
brain donation. Of the 10 cases, three were male and seven were
female. All were right-handed. Age at death ranged from 55 to 82
(mean =68.9years) and age of onset ranged from 50 to 69
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Table 1 Case characteristics
Case Age of Ageat  Disease Gender PMI (h) Brain Clinical MND ApoE Comorbid pathological
death onset  duration weight (g) diagnosis diagnoses
(years) (years) (years)

1 74 62 12 M 26 1125 PPA No 3,3 ADNC A3, B1, C3; moder-
ate vascular disease

2 82 69 13 F 31 1250 PPA No UNK ADNC A1, BO, C2

3 71 55 15 F 19 910 PPA No 3,3 None

4 55 45 10 M 18 1430 PPA No 3,3 Pigment spheroid degen-
eration, basal ganglia
and substantia nigra

5 65 52 13 F 5 810% bvFTD No 2,3 None

6 71 63 8 F 28 970 bvFTD Yes 3,4 Severe vascular disease

7 73 60 13 M 6 1370 PPA No 3,3 ADNC A1, BO, CO; moder-
ate vascular disease

8 61 50 11 F UNK 840 PPA No 3,3 ADNC A1, B0, CO; hippo-
campal sclerosis

9 73 53 20 F 12 904 PPA No 3,3 ADNC A1, B1, CO; UMN
degeneration

10 64 50 14 F 12 900 bvFTD No 3,3 ADNC, A1, BO, CO; PLS-like
pathology

ADNC = Alzheimer’s disease neuropathological change; F = female; M = male; MND = motor neuron disease; PMI = post-mortem interval; UNK = unknown.

Fixed brain weight.

Table 2 Gross atrophy in 10 FTLD-TDP-type C cases

Case Hippocampus Frontal Temporal Parietal Occipital Caudate Brainstem Cerebellum
1 0 B ++ B +++ L ++, R+ 0 0 0 0
2 B +++ (L > R) L++ R+ L++ R+ L+ RO 0 L +++, R+ 0 0
3 A +++,P ++ B++ (L >R) L +++, R ++ B++(L>R) 0 L +++, R+ 0 0
4 B+ B ++ L +++, R ++ B ++ 0 0 0 0
5 B+ B +++ B +++ B +++ B+ +++ MB +++ 0
6 B+ B +++ B +++ B++ B+ +++ + 0
7 0 B++(L>R) B +++ (L > R) B ++ 0 0 0 0
8 L +++ R ++ L +++, R ++ L +++ R++ L ++ R+ B+ ++ 0 0
9 B ++ B+++(R>1L) B+++(R>1L) B++ B+ 0 0 0
10 B+ B +++ B +++ (L > R) B ++ B+ ++ + 0

With the exception of one case (Case 9), all PPA cases showed asymmetric atrophy of cortex consistent with the aphasic phenotype. Cases diagnosed with bvFTD (Cases 5, 6
and 10) showed relatively symmetric patterns of cortical atrophy at gross examination. Semiquantitative grading: 0 absent; + mild, ++ moderate; +++ severe/numerous.

A = anterior; P = posterior; L = left; R = right; B = bilateral; MB = midbrain.

(mean = 55.9years). Disease duration ranged from 8 to 20years. The
mean post-mortem interval was 17.44h, and the mean brain weight
was 1050.9 g. Seven of 10 cases carried a clinical diagnosis of PPA
and three cases carried a clinical diagnosis of bvFTD. One case (Case
6) had additional evidence of motor neuron disease. The apolipopro-
tein E (ApoE) €3,3 genotype was present in seven of nine cases with
ApoE available. No cases had a family history of dementia or a
known genetic mutation associated with FTLD-TDP. The diagnosis
of PPA was based on the criteria of Mesulam'® and required a clinical
history of progressive language impairment unaccompanied by con-
sequential decline in other cognitive domains within the initial
stages of the disease.”>?" All seven PPA cases displayed the seman-
tic-variant subtype. A diagnosis of bvFTD was based on the 2011
work of the International Behavioural Variant FTD Consortium,
which generated a set of sensitive and specific clinical diagnostic cri-
teria.® See Table 1 for demographic and participant information.

Following autopsy, the cerebral hemispheres were separated in
the midsagittal plane, cut into 3- to 4-cm coronal slabs, fixed in

10% formalin for 2 weeks or 4% paraformaldehyde for 36h, taken
through sucrose gradients (10%-40%) for cryoprotection and stored
in 40% sucrose at 4°C. Gross examination after autopsy showed
generally severe atrophy in frontotemporal regions with hemi-
spheric differences noted particularly in PPA cases (see below,
Table 2). The pathological diagnosis of FTLD and specification of
its variants was rendered by neuropathologists (E.B. and Q.M.)
using the published consensus criteria of the Consortium for
FTLD.' Blocks containing regions of interest were embedded in
paraffin and sections were cut to a thickness of 5 um for immuno-
histochemical analysis using an antibody against human phos-
phorylated TDP-43 (pSer409/410, Cosmo Bio; polyclonal) as
described previously,? to visualize TDP-43-positive pathology. NL/
G was assessed using haematoxylin and eosin stained sections. A
total of 42 unique cortical and subcortical regions were analysed.
Regions used for analysis are listed in Supplementary Table 1.

The extent of TDP-type C pathology and NL/G were assessed using
a semiquantitative 5-point scale of 0 to 4. TDP-positive inclusions
were scored as follows: O, absent; 1, rare (i.e. one inclusion in
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Figure 1 Cortical atrophy and TDP-43 immunoreactive pathology in FTLD-
TDP-type C cases. Cortical atrophy of FTLD-TDP-type C is distinct in its se-
lective and severe targeting of the temporal poles (arrows), seen in Case 3,
a 71-year-old female with a 15-year duration of the semantic form of pri-
mary progressive aphasia (PPA-S), more severe on the left (A). Distribution
of TDP-43-positive inclusions varied according to inclusion morphology
and type (NCIs, short DNs, long DNs), suggesting that certain neuronal pop-
ulations may be differentially vulnerable in TDP-type C. TDP-43-positive
NCIs were severe in the dentate granular cells of hippocampus (B) and in
the striatum (C), and mild in the middle frontal cortex (D). Short DNs were
severe in the superior temporal cortex (E) and amygdala (F), and mild in the
striatum (G). Long DNs were severe in the superior temporal cortex (H) and
mild in the red nucleus (I). (B and H) Case 8; (C) Case 7; (D, E and I) Case 10;
(F) Case 1; (G) Case 6. Scale bar = 50 pm in I, and also applies to B-H.

TDP-type C Inclusions (NCls, Short DNs, & Long DNs)

A. Kawles et al.

several 200 x fields); 2, mild (maximum of one inclusion per 200 x
field); 3, moderate (maximum of two to three inclusions per 200 x
field); and 4, severe (more than three inclusions in most 200 x
field); see Bigio et al.?® for examples of cortical NL/G at varying
degrees. TDP-type C pathology included NCIs, short DNs and long
DNs. Consistent with prior reports,'*'® NlIs were virtually absent
and therefore not included in our analysis in the majority of cases.
TDP-43 positive lesions were assessed in both the superficial and
deep cortical layers, corresponding to lamina II and IV-VI, respect-
ively. In rare cases where additional sections were required, as-
sessment was carried out by neuropathologists Q.M. and A.F. We
calculated a ‘neuron-to-inclusion’ score for each region per case to
assess the relationship between the extent of TDP-type C path-
ology versus NL/G; the ‘neuron-to-inclusion’ score was calculated
by subtracting the mean NL/G score from the mean TDP-type C
score for each TDP-type C pathological specie (NCIs, short DNs and
long DNs). Two subgroups of regions were chosen to further exam-
ine this relationship: the ‘high neuronal dropout’ subgroup
included three regions with the lowest neuron-to-inclusion score,
indicative of greater NL/G than inclusion density (amygdala, tem-
poral poles, transentorhinal and entorhinal cortices) and the ‘low
neuronal dropout’ subgroup included three regions with the high-
est neuron-to-inclusion score, indicative of lower NL/G when com-
pared with density of inclusions (right and left inferior frontal gyri,
occipital cortex and somatosensory cortex).?*

Statistical analysis

Spearman correlation was used to examine the relationship
between TDP-type C pathology and NL/G across all cortical and
subcortical regions and between the high and low neuron-to-in-
clusion subgroups. Differences in neuron-to-inclusion score be-
tween the high and low neuronal dropout regions were assessed
with two different methods, each performed separately for the
three different pathology types: (i) For each region comprising the
high and low groups, the median neuron-to-inclusion score across
all subjects was computed. Normality was determined with the
Shapiro-Wilk test and a t-test was then used to compare whether
medians differed between the high and low neuronal dropout
groups; and (ii) A linear mixed-effects model with neuron-to-inclu-
sion score as the response, high or low group as a binary covariate
and a random intercept for subject was fit. The coefficient of group
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Figure 2 Heat maps of TDP-type C inclusions (NCIs, short DNs, and long DNs) and neuronal loss and gliosis in 10 cases. Each colour block indicates
the severity of the disease burden according to the semiquantitative rating scale; 0 = absent, 1 =rare, 2 =mild, 3 =moderate, and 4 = severe; grey
shading indicates that the region was not available for pathological inspection. Heat maps were arranged by the highest to lowest average score
across all 10 cases for each inclusion type or NL/G. At the group level, we observed an overall positive correlation (Spearman) across all regions be-
tween NL/G and NCIs (r = 0.654, P < 0.0001), short DNs (r = 0.662, P < 0.0001) and long DNs (r = 0.537, P < 0.001).
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Figure 3 Mean cortical distribution (lateral view) and mean subcortical/cortical distribution (coronal view) of long DNs and NL/G in TDP-type C.
Cortical and subcortical distribution maps depict the relationship between TDP-type C long dystrophic neurites (long DNs) and neuronal loss and
gliosis at the group level (n = 10). Semiquantitative ratings for (A and B) long DNs and (C and D) NL/G in cortical regions were averaged across all 10
cases. Scale bar on the bottom shows the colour associated with mean scores. Through the anatomic depiction of long DN and NL/G distribution, we
found areas that showed an inverse relationship between long DNs and NL/G that was not appreciated through standard heat maps. These areas
included the right and left temporal poles, the entorhinal and transentorhinal cortices and the amygdala, which are three regions that are first
affected in FTLD-TDP-type C disease progression. (A and C) CBL = cerebellum,; IFG = inferior frontal gyrus; IPL = inferior parietal lobule; LH = left hemi-
sphere; MFG = middle frontal gyrus; OCC = occipital; RH = right hemisphere; STG = superior temporal gyrus; TP = temporal pole. (B and D) cd = cau-
date; cg=cingulate gyrus; cls =claustrum; dg=dentate gyrus; erc =entorhinal cortex; gp =globus pallidus; ic=internal capsule; ins =insula;
itg = inferior temporal gyrus; LH = left hemisphere; mc = motor cortex; mtg = middle temporal gyrus; pon = pons; pre-sub = pre-subiculum; pt = puta-
men; RH = hemisphere; r = red nucleus; sc = somatosensory cortex; sn = substantia nigra; stg = superior temporal gyrus; stn = subthalamic nucleus;
sub = subiculum; th = thalamus; trs erc = transentorhinal cortex. *Refer to Fig. 2 to view NL/G and long DN distribution within the amygdala. Created
with BioRender.com.

was used to determine if the neuron-to-inclusion score differed in at least one cortical region and one case showed slight right-

between the high and low groups. Significance level was set at
P < 0.05 (two-sided).

Data availability

The data that support the findings of this study are available from
the corresponding author, upon reasonable request.

Results
Gross patterns of atrophy in FTLD-TDP-type C cases

Regions including frontal, temporal, parietal and occipital cortices,
hippocampus, caudate, brainstem and cerebellum were examined
grossly for atrophy and patterns of hemispheric asymmetry. Of
the seven PPA cases, six showed clear leftward gross asymmetry

ward asymmetry in frontotemporal regions. All three bvFTD cases
showed bilateral symmetry in frontotemporal cortical regions;
Case 10 showed slight predilection towards leftward asymmetry in
temporal regions. Atrophy patterns appreciated at gross examin-
ation are detailed in Table 2.

Anatomic characterization of FTLD-TDP-type C
inclusions and neuronal loss/gliosis in cortical and
subcortical regions at the group level

TDP-type C pathology distributions differed according to inclusion
morphology and type (Fig. 1). Semiquantitative scoring data were
consolidated to form heat maps of long DN, short DN, NCI and NL/
G distribution (Fig. 2). Pathological inclusions were generally most
abundant in frontal and temporal cortical regions, including the
temporal poles and insula, and subcortical regions including
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A Relationship Between NCIs and NL/G in TDP-C Type C
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Figure 4 Relationship between TDP-type C inclusions and NL/G at the individual case level. Neuron-to-inclusion scores were calculated for (A) NCIs,
(B) short DNs and (C) long DNs in the selected regions in the high and low neuronal dropout groups, and scores from all 10 cases were plotted. When
scores were available from homotypic regions in both hemispheres, such as inferior frontal gyrus (IFG) and temporal poles, scores were averaged for
the individual inclusion and NL/G in the right and left hemispheres and used in the analysis and are thus notated as bilateral temporal poles and bi-
lateral IFG. Entorhinal and transentorhinal cortices also had similar neuron-to-inclusion scores and were therefore also averaged, notated as Trans/
ERC. Neuron-to-inclusion scores differed significantly between high and low neuronal dropout regions at an individual level across NCIs (P < 0.0001),
short DNs (P < 0.0001) and long DNs (P < 0.0001).
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TDP-type C Inclusions and High vs Low Neuronal

Dropout at Group Level

Inclusions > NL/G
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Figure 5 Relationship between TDP-type C long DNs, short DNs and NCI in high versus low neuronal dropout at the group level. Neuron-to-inclusion
scores were averaged across all 10 cases for long DNs, short DNs and NCIs in the regions designated as part of the high neuronal dropout group and
low neuronal dropout group. We found that the median neuron-to-inclusion scores differed significantly (P < 0.05) between these two groups.

caudate, putamen, amygdala and claustrum. Bilateral temporal
poles, insula and transentorhinal and entorhinal cortices showed
highest levels of NL/G among cortical regions, and the amygdala
and caudate were the most affected subcortical regions. We
observed a leftward asymmetry in the cortical regions in both
TDP-type C pathology and NL/G, particularly in PPA cases.
Interestingly, the thalamus, subthalamus and globus pallidus were
either only mildly affected or entirely spared from pathological
burden; NL/G followed the same pattern, except for the globus pal-
lidus, which showed mild to moderate loss. The majority of brain-
stem regions and nuclei were spared from NL/G and TDP-type C
inclusions, with a number of exceptions. The red nucleus of the
tegmentum showed moderate short and long DN distribution. The
substantia nigra showed mild NCIs and short DNs and mild NL/G,
and the periaqueductal grey showed mild short DN distribution.
The locus coeruleus showed mild NL/G only. These subcortical
findings were consistent across PPA and bvFTD cases, further
highlighting that the differences in pathological burden between
clinical phenotype appear primarily in cortical regions.

At the group level (n = 10), we observed an overall positive cor-
relation across all regions between NL/G and NCIs (r=0.654,
P < 0.0001), short DNs (r = 0.662, P < 0.0001) and long DNs (r = 0.537,
P < 0.001), suggesting that, in general, pathological inclusions ac-
company neuronal loss and gliosis. We noticed regional differen-
ces between the densities of NCIs and DNs; for example, while the
granule cell layer of the dentate gyrus was selectively vulnerable
to NCIs, it was relatively devoid of DNs (Fig. 2). At the neuronal
level, granule cells were relatively intact despite harbouring NCIs;
this was not the case in regions containing DNs, in which neurons
were lost.

Anatomic heat maps were derived from data displayed in Fig. 2
to visualize regional distributions and relationships between NL/G
and long DNs (Fig. 3). First, we were able to appreciate a distinct
leftward asymmetric pattern of long DNs and NL/G in cortical
regions. At the group level, a positive relationship between long
DNs and NL/G was generally appreciated (Fig. 3), whereby higher
pathological burden was accompanied by greater NL/G. However,
we were struck by what appeared to be areas that did not follow
this trend. Right and left temporal poles, areas shown to undergo
atrophy in the initial course of disease propagation,” showed

severe neuronal loss, but only mild-to-moderate long DN inclusion
burden. The same inverse trend was observed in the amygdala
and transentorhinal cortex, areas also involved early in disease
course. By contrast, at the group level, distribution heat maps
showed that long DNs were most abundant in the middle frontal,
left superior temporal and inferior parietal gyri, and inferior frontal
gyri bilaterally, but showed mild-to-moderate NL/G. We concluded
that areas at the highest and lowest ratings of NL/G display a re-
verse pattern of inclusion density (Supplementary Table 2).

We used the neuron-to-inclusion score to investigate the complex
association between the extent of TDP-type C pathology versus
NL/G. We identified the three regions with the highest levels of
neurodegeneration (i.e. high neuronal loss and gliosis): amygdala,
right and left temporal poles and transentorhinal/entorhinal corti-
ces. We found that these three regions had the lowest (most nega-
tive) neuron-to-inclusion score, indicating high neuronal ‘dropout’
with low densities of inclusions at autopsy. Conversely, we identi-
fied three regions that did not show significant neurodegeneration
(i.e. low NL/G), which interestingly were accompanied by high
density of inclusions. These three regions included right and left
inferior frontal gyri, the occipital cortex and the somatosensory
cortex, and were found to have the highest (most positive) neuron-
to-inclusion score. We designated these subgroups the ‘high neur-
onal dropout’ and the ‘low neuronal dropout’, respectively. The
‘high neuronal dropout’ group showed low pathology and high
neuronal loss, while the ‘low neuronal dropout’ group showed
abundant pathology and relatively preserved neuronal densities. A
linear mixed-effects model showed that, at the case-by-case level,
the ‘neuron-to-inclusion’ score of the ‘low neuronal dropout’
group was significantly greater than that of the ‘high neuronal
dropout’ group across NCIs (P < 0.0001), short DNs (P < 0.0001) and
long DN (P < 0.0001; Fig. 4). This difference was also evident when
the neuron-to-inclusion scores were averaged across subjects: sep-
arate t-tests for each pathology type showed significant differen-
ces in median score between the high and low group for NCIs
(P < 0.05), short DNs (P < 0.01) and long DNs (P < 0.001), with the
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Figure 6 Inverse relationship between TDP-type C DNs and NL/G in temporal pole (TP) and middle frontal gyrus (MFG). (B and C) Images were
obtained from Case 4, a 55-year-old male with a 10-year duration of the semantic form of primary progressive aphasia (PPA-S). (A) Image was
obtained from Case 1, a 74-year-old female with a 12-year duration of PPA-S. (D) Image was obtained from Case 8, a 61-year-old female with an 11-
year duration of PPA-S. In the left temporal pole, severe neuronal loss and gliosis are observed (score = 4) (A), with mild-to-moderate TDP-type C
pathology (score = 2.5) (C), suggesting that inclusions may wane as neuronal dropout occurs. This is juxtaposed with B and D, which highlight the re-
verse relationships; in the left MFG, NL/G (B) was mild (score = 1), while the presence of TDP-type C inclusions (D) were severe (score = 4). Scale bar =

50 um in D, and also applies to A-C.

low group always larger than the high group (Fig. 5). Results sug-
gest that pathological burden and NL/G in TDP-type C cases are
positively and significantly correlated; however, this relationship
is reversed in areas with severe neurodegeneration (e.g. temporal
poles). Regions with intact neurons harbour high densities of
pathological inclusions, giving the impression that there is abun-
dant pathology in absolute terms (Fig. 6). These relationships were
observed regardless of inclusion subtype (NCI, short DNs or long
DNis). At both the group and individual levels, our findings reflect a
remarkable process in which TDP-43 inclusions disappear with the
degeneration of accompanying neurons in regions extremely
afflicted by disease (Supplementary Table 3).

Discussion

In the post-mortem neuropathological evaluation, distribution
and morphological features of TDP-43-positive inclusions are used
to distinguish between FTLD-TDP subtypes.’ FTLD-TDP-type C in
particular is diagnosed by the presence of thick, long DNs in the
upper neocortical layers and the lower densities of neuronal cyto-
plasmic inclusions. A staging scheme utilizing volumetric MRI
scans has been offered for TDP-type C, which affirms the amyg-
dala, temporal poles and the medial temporal lobe as regions first
affected by the disease.’®®* The present study aimed to

characterize with granularity the distribution of TDP-type C patho-
logical inclusions, with a focus on long DN, in cortical and subcor-
tical regions from 10 autopsy-confirmed cases, who presented
during life with PPA or bvFTD. The goal was to ascertain the
unique fingerprint of FTLD-TDP-type C, and through this charac-
terization, glean relationships between inclusions and patterns of
neurodegeneration (neuronal loss and gliosis).

There were three main findings. First, dedicated heat maps
based on quantitative scoring showed extensive cortical and sub-
cortical TDP-type C inclusions and neuronal loss. Prior studies
have examined inclusions and neuronal loss in TDP-type C but not
as extensively in bilateral cortex and subcortical regions.?®?’
While the amygdala is known to be severely affected in TDP-type
C,'°?* subcortical regions caudate, putamen and claustrum were
also devastated. The amygdala in particular has been considered a
‘locus of pathological protein misfolding’ across nearly all neuro-
degenerative diseases.”® Reports by Mackenzie and Neumann in
2020 showed that cases with types A and B display more NCIs and
short DNs than type C in the substantia nigra, which, consistent
with our findings, showed mild DN pathology.?® The locus coeru-
leus and substantia nigra, nuclear components of the reticular
activating system that are commonly targeted in both Alzheimer’s
and alpha-synucleinopathies, showed mild neuronal loss and
gliosis.
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Preceding the harmonized TDP-43 classification scheme,’ a
number of studies described the patterns of TDP-43 immunoreac-
tive NCIs and DNs in neocortex, subcortical regions and hippocam-
pus.”” In 2009, Josephs and colleagues®' extended their survey to
include the amygdala, putamen, thalamus and brainstem, in add-
ition to cortex and hippocampal subregions. Over the last decade
our understanding of clinical correlates of TDP-type C pathology
has informed diagnosis, uniform criteria and an appreciation of
brain-behaviour relationships. The current examination that
includes 42 cortical and subcortical regions, many bilateral, is like-
ly to offer a more comprehensive view of the anatomic vulnerabil-
ity profile of TDP-type C and provide insight into cell loss and
disease spread. In some neuropathological entities, such as
Alzheimer’s disease, neurodegeneration seems to spread along
projection pathways, usually in a corticofugal direction.®”* It is
interesting that the globus pallidus, with no direct connections with
the cerebral cortex, is spared in TDP-type C. However, the striatum,
which receives extensive cortical input, was heavily burdened by
NCIs and short DNs, but not long DNs. The origins of DNs in TDP-43
are not currently known. In Alzheimer’s disease, DNs are processes
that form around neuritic plaques and are microscopically notice-
able because of abnormal sprouting, expansion and aberrant collec-
tion of cytoskeletal proteins®; it is likely that they reflect both
axonal and dendritic damage. In Alzheimer’s disease, DNs also have
been shown to correlate with synaptic impairments,®® suggesting
that they may hamper neurocircuitry during disease spread. A closer
study of network-level progression trajectories of TDP-C inclusions
may help elucidate the biology of TDP spread, anatomic vulnerabil-
ities and resultant functional impairments.

We have shown that dementia syndromes are associated with
sites of peak atrophy within components of the relevant neurocogni-
tive network, and that dysfunction is associated with the distribu-
tion of underlying pathology.’”~* In the PPA cases in this study, both
cortical TDP-type C inclusions and NL/G followed the well-character-
ized leftward asymmetry concordant with the laterality of the lan-
guage network in this right-handed sample.*>*%*' At group level,
neuronal loss and gliosis were positively correlated with the quan-
tity of TDP-43 inclusions. However, we also observed inverse rela-
tionships in regions with predilection for severe atrophy. For
example, the anterior temporal lobe displayed profound neuronal
loss but sparse TDP inclusions. In fact, the density of anterior tem-
poral lobe inclusions was similar to that of somatosensory cortex, a
region with negligible neuronal loss. It seemed that the pattern of
severe neuronal loss combined with relatively sparse TDP-43 abnor-
mality marked regions of early involvement whereas lesser cell loss
in the presence of severe TDP-43 abnormality marked areas that
were affected later. Somatosensory cortex, with little neuronal loss
or TDP-43 abnormality, reflected a third pattern of relative sparing.
Consistent with previous reports,*** our findings suggest that with
increasing neurodegeneration, the density of TDP-43 aggregates
may be reduced, perhaps through microglial absorption. A different
pattern is seen in Alzheimer’s Disease, where the neurofibrillary
tangles linger after neurons die, forming ‘ghost tangles’ which repre-
sent the transformation of intracellular tau deposits into insoluble
extracellular tangles.***® No such tombstones exist in FTLD-TDP
type C. In the future, stereological quantification in large groups of
participants with PPA and bvFTD will enable a more precise view of
regional differences across TDP-C cases, and the extent to which
inclusions associate with activated glia, synaptic loss, dendritic
abnormalities, and cognitive function.
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