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Abstract

TDP-43 is present in a high proportion of aged brains that do not meet criteria for frontotemporal lobar degeneration (FTLD).
We determined whether there are distinct TDP-43 types in non-FTLD brains. From a cohort of 553 brains (Braak neurofi-
brillary tangle (NFT) stage 0—VI), excluding cases meeting criteria for FTLD, we identified those that had screened posi-
tive for TDP-43. We reviewed 14 different brain regions in these TDP-43 positive cases and classified them into those with
“typical” TDP-43 immunoreactive inclusions (TDP type-a), and those in which TDP-43 immunoreactivity was adjacent to/
associated with NFTs in the same neuron (TDP type-f). We compared pathological, genetic (APOE4, TMEM106B and GRN
variants), neuroimaging and clinical data between types, as well as compared neuroimaging between types and a group of
TDP-43 negative cases (n=2309). Two-hundred forty-one cases were classified as TDP type-a (n=131, 54%) or TDP type-f
(n=110, 46%). Type-a cases were older than type-f at death (median 89 years vs. 87 years; p=0.02). Hippocampal sclerosis
was present in 78 (60%) type-a cases and 16 (15%) type-p cases (p <0.001). Type-a cases showed a pattern of widespread
TDP-43 deposition commonly extending into temporal, frontal and brainstem regions (84% TDP-43 stage 4—6) while in
type-p cases deposition was predominantly limbic, located in amygdala, entorhinal cortex and subiculum of the hippocam-
pus (84% TDP-43 stages 1-3) (p <0.001). There was a difference in the frequency of TMEM 106B protective (GG) and risk
(CC) haplotypes (SNP rs3173615 encoding p.T185S) in type-a cases compared to type-p cases (GG/CG/CC: 8%/42%/50%
vs. 24%/49%/27%; p=0.01). Type-a cases had smaller amygdala (— 10.6% [— 17.6%, — 3.5%]; p=0.003) and hippocampal
(—14.4% [-21.6%, —7.3%]; p <0.001) volumes on MRI at death compared to type-f cases, although both types had smaller
amygdala and hippocampal volumes compared to TDP-43 negative cases (—7.77%, —21.6%; p <0.001). These findings
demonstrate that there is distinct heterogeneity of TDP-43 deposition in non-FTLD brains.
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loss of episodic memory even after accounting for other
pathologies that have also been linked to these clinical fea-
tures [5, 24-26, 57]. TDP-43 has been shown to be associ-
ated with smaller hippocampal volumes and faster rates of
hippocampal atrophy in aging and Alzheimer’s disease [17,
24, 26]. TDP-43 has also been linked to the apolipoprotein
epsilon e4 allele (APOE e4) [15, 53, 58] and the transmem-
brane protein 106B (TMEM106B) [46] in aging and Alzhei-
mer’s disease.

Over a decade ago we observed some cases with unu-
sual histological characteristics of TDP-43 deposition
in aging and Alzheimer’ disease [1]. Most commonly,
we observed cases of TDP-43 deposition with morpho-
logical features that were “Typical” and similar to those
described in one type of FTLD [1]. Specifically, we noted
the presence of TDP-43 immunoreactive neuronal cyto-
plasmic inclusions, neuronal intranuclear inclusions and
dystrophic neurites (Fig. 1) throughout different brain
regions that are characteristic of FTLD-TDP type-A [32].
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Fig.1 The pathological features of TDP-43 including those of TDP-
43 type-f in which TDP-43 immunoreactivity is associated with
neurofibrillary tangles. a Pick body-like, dense neuronal cytoplas-
mic inclusions (NCI) in perirhinal cortex, layer II. b NCI and neur-
ites in amygdala; inset (asterisk) shows TDP-43 deposits co-mingled
with neurofibrillary tangle (see also cells with asterisks in ¢ and e).
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We did not appreciate characteristic features of any of the
other FTLD-TDP types [30, 32] at that time. Interestingly,
we also noted cases where TDP-43 deposition appeared
distinct. In these cases we observed TDP-43 immunore-
activity that was located adjacent to tau-immunoreactive
neurofibrillary tangles (NFTs) (Fig. 1) [1]. We showed
with confocal microscopy that in such cases there was
indeed co-localization of TDP-43 with phosphorylated
tau [1]. In addition, with electron microscopy, we showed
that TDP-43 immunoreactivity was associated with tightly
bundled, paired helical filaments [1]. Interestingly, in these
cases, often we did not see some of the classic features of
TDP-43 that is characteristic of FTLD-TDP type-A, such
as neuronal intranuclear inclusions. To date, it remains
unknown whether our observations are consistent with true
heterogeneity of TDP-43 deposition in non-FTLD brains,
i.e. whether there are at least two distinct TDP-43 types;
one with typical inclusions, and the other linked to the
presence of NFTs.
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¢ Perivascular (v capillary) globular astrocytic inclusion (arrow) in
amygdala. d Spindly neurites in subpial space (ca corpora amyla-
cea in glia limitans astrocytes). e Pleomorphic TDP-43 pathology
in amygdala. f Skein-like NCI and perivascular globular inclusion
(arrow, v capillary). g Pleomorphic neuronal and neuritic pathology
in amygdala
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In this study, we determine whether there is evidence
supporting the notion that there may indeed be at least two
distinct pathological types of TDP-43 deposition in non-
FTLD brains. We hypothesize that there would be evidence
supporting the existence of two distinct pathological types.

Methods
Subjects

We identified all cases in a consecutive autopsy series of
prospectively enrolled participants in the Mayo Clinic Alz-
heimer’s Disease Research Center, Mayo Clinic Alzheimer’s
Disease Patient Registry, or the Mayo Clinic Study of Aging,
that had a brain autopsy, between Jan 1, 1999, and Dec 31,
2012 and had been screened for the presence of TDP-43 in
the amygdala and/or hippocampus. Individuals with a patho-
logical diagnosis of any type of FTLD were excluded [8,
33]. That is, cases where degeneration of the frontal and/or
temporal lobes, either on gross examination or histologically
showing microvacuolation, neuronal loss and astrogliosis
most prominent in laminar II or transcortical, were the most
characteristic feature. From a total of 553 non-FTLD cases
that had been screened for TDP-43, a total of 244 cases had
screened positive, and 309 (which we will refer to as controls
for this study) had screened negative.

Pathological analysis

All 553 cases and controls had undergone pathological
examination according to the recommendations of the Con-
sortium to Establish a Registry for Alzheimer’s disease
(CERAD) [37], and each individual had been assigned a
Braak NFT stage 0—VI [6] and a CERAD neuritic plaque
stage 0-3 [37]. The presence of Lewy bodies in amygdala,
brainstem regions or neocortical regions was documented, as
was the presence of vascular lesions (micro-infarcts, lacunar
infarcts (< 1 cm), large infarcts (> 1 cm) and amyloid angi-
opathy). Hippocampal sclerosis (HpScl) was diagnosed on
the basis of neuronal loss in the subiculum and CA1 regions
of the hippocampus out of proportion to the observable bur-
den of extracellular NFT pathology, according to consensus
recommendations [10, 43]. The 244 cases that had screened
positive for TDP-43 had additional brain sections screened
for the presence/absence of TDP-43 and as a result were
rendered a TDP-43 stage of 1-6 [19, 20]. To accomplish
staging, we screened amygdala, entorhinal cortex, subicu-
lum, dentate gyrus of the hippocampus, occipitotemporal
cortex, inferior temporal cortex, basal forebrain, insula, ven-
tral striatum, basal ganglia, superior middle frontal cortex,
substantia nigra, midbrain tectum and inferior olive [19,
20]. Staging was rendered as follows: stage 1 =TDP-43

deposition was limited to the amygdala; stage 2=TDP-43
extending into the subiculum or entorhinal cortex; stage
3 =extension into the dentate gyrus of the hippocampus or
occipitotemporal cortex; stage 4 =extension into basal fore-
brain, insula, ventral striatum or inferior temporal cortex;
stage 5 =extension into brainstem regions (substantia nigra,
midbrain tectum or inferior olive) and stage 6 =extension
into basal ganglia or frontal cortex. The TDP-43 staging
scheme has been validated [48].

This study was approved by the Mayo Clinic Institutional
Review Board. Before death, all participants or their proxies
had provided written consent for brain autopsy examination.

Determination of TDP-43 type

To determine TDP-43 type we reviewed the morphological
features of TDP-43 in all regions where TDP-43 was present
(i.e. range: 1-14 regions) in all 244 cases [19, 20]. Cases
were categorized into those with typical, well-described,
TDP-43 inclusions such as neuronal cytoplasmic inclusions,
neuronal intranuclear inclusions and dystrophic neurites,
without NFT-associated TDP-43 in any region (designated
TDP-43 type-a) and those where TDP-43 was observed
adjacent to NFTs in multiple cells in at least 1 brain region
screened (designated TDP-43 type-f) (Fig. 1). We chose
to designate the two variants as type-o and type-f to avoid
confusion with the TDP-43 type 1, 2, 3 and TDP-43 type
A-E typing of FTLD-TDP [8] and to be specific for TDP-43
deposition in non-FTLD brains. Categorization was based
on consensus of three experts in degenerative neuropathol-
ogy (DWD, KAJ, MEM).

Clinical and MRI outcomes

The 244 cases were categorized as cognitively unimpaired,
having mild cognitive impairment [42], dementia of the Alz-
heimer’s type [36], or a non-Alzheimer’s dementia at the last
visit before death. For each participant, determination of
cognitively normal status was based on consensus agreement
between the study coordinator, examining physician and
neuropsychologist who evaluated the participant, taking into
account education, prior occupation, visual or hearing defi-
cits and reviewing all other participant clinical information.
Clinical measures that were captured during life included
the Mini-Mental State Examination [11], Clinical Dementia
Rating Scale Sum of Boxes [34], Wechsler Memory Scale-
Revised Logical Memory II [52], Boston Naming Test [28],
Control Oral word Association Test [31], Wechsler Adult
Intelligence Scale-R Block Design [52], Auditory Verbal
Learning Test (AVLT) Delayed Recall [44] and Trail Making
Test Parts A and B [47]. Of the 244 cases, 187 had com-
pleted a volumetric head MRI during life. If more than one
MRI had been performed, we analyzed the MRI closest to
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death. Regional volumes were calculated using FreeSurfer
version 5.3.0. We assessed volumes of the amygdala, hip-
pocampus, lateral temporal cortex (inferior, middle, superior
temporal cortex), parietal (inferior parietal, supramarginal
and isthmus cingulate cortex), and lateral superior frontal
cortex, and outputted total intracranial volume (TIV) to
allow for the correction of head size [54].

Genetic analyses

Genotypes of the two variants in the TMEM106B and GRN
genes were generated by the Tagman method (Invitrogen,
Carlsbad, CA, USA). Assays were ordered for rs3173615
(TMEM106B) and rs5848 (GRN) and genotyping was per-
formed following manufacturer’s protocol on 133 cases with
available DNA using a QuantStudio 7 and Tagman Geno-
typer software 1.4.0. APOE genotyping was performed for
all 244 cases as previously described [9].

Statistical analysis

We compared demographic, pathological, clinical, genetic
and neuroimaging variables between TDP-43 type-o and
TDP-43 type-f variants using Fisher’s Exact or Wilcoxon
rank sum tests where appropriate. We also fitted a linear
regression on log-transformed volume adjusting for age
at death, TIV and Braak stage to assess for relationships
between volumes and TDP-43 type (type-a and type-f), as
well as between volumes and TDP-43 type vs. the 309 con-
trol cases without TDP-43 (i.e. TDP-43 negative cases or
TDP-43 stage 0).

In order to predict TDP status we fitted a three-category
multinomial logistic regression model to estimate the odds
of TDP negative (stage 0) vs. type-a vs. type-p using four
predictors: age at death, total intracranial volume, amygdala
volume and hippocampal volume.

All analyses were performed with R statistical soft-
ware version 3.1.2 (R Foundation for Statistical Comput-
ing, Vienna, Austria). p < 0.05 was considered statistically
significant.

Results

Of the 244 cases with TDP-43, 131 (54%) met criteria for
TDP-43 type-a and 110 (46%) met criteria for TDP-43
type-p. Three cases with TDP-43 immunoreactive inclusions
were excluded from further analysis as they were found to
have predominantly long, thick dystrophic neurites in the
entorhinal cortex and subiculum of the hippocampus, remi-
niscent of FTLD-TDP type-C pathology [32]. There were no
significant differences in demographic features between both
groups except for age at death where those with TDP-43
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type-a were slightly older on average than those with type-f§
(median [range] of 89 [70,104] years vs. 87 [56,105] years)
(»p=0.02) (Table 1).

Pathological findings

Those designated TDP-43 type-a were much more likely
to have HpScl (60%) compared to those designated TDP-
43 type-p (15%) (p <0.001) and were more likely to have
a higher TDP-43 stage compared to those with TDP-43
type-P (type-a=84% stage 4—6 vs. type-p=84% stage 1-3;
p<0.001) (Table 2). As an example, there was a 25-fold
higher odds of TDP-43 type-f§ in TDP-43 stage 1 compared
to higher stages (95% CI 7-158) (p <0.0001). In contrast,
there was a 22-fold higher odds of TDP-43 type-a in TDP-
43 stage 6 vs. lower stages (95% CI 5-400) (p =0.003).
There were only two TDP type-a cases with amygdala only
TDP-43 (stage 1). At the other end of the staging scheme,
there was only one TDP-43 type-f case with frontal lobe
or basal ganglia involvement (stage 6) (Fig. 2). TDP-43
type-p pathology only involved the inferior temporal lobe
in a single case. That is, although type-f cases showed TDP-
43 extended to stages 4-6 in 18 cases, only one case (6%)
showed TDP-43 involvement of the inferior temporal lobe.
This was distinctly different from type-a cases where the
inferior temporal lobe was affected in 50% of cases at stages
4-6. We also observed that all five cases that did not con-
form to the staging scheme and instead showed “skipped
regions” had been classified as TDP-43 type-p (Fig. 2).
These cases did not conform due to involvement of the infe-
rior olive without involvement of regions in the preceeding
two stages. Figure 3 shows mosaic plots—graphical repre-
sentation of two-way tables where the area of each “tile”
depends on the number of individuals in a subgroup—that
highlight the strong relationships between TDP-43 type
and both HpScl and TDP-43 stage, showing that cases with
HpScl, and cases with high TDP-43 stages, are more likely
to be TDP-43 type-a. Although there was a difference in
Braak NFT stage (TDP-43 type-p was associated with higher
Braak NFT stage compared to TDP-43 type-a; p=0.03),
Fig. 3 shows that for Braak stages [IV-VI, which accounted

Table 1 Demographic characteristics

TDP-43 TDP-43 type-f  p value

type-a (n=110)

(n=131)
No. of females, n (%) 86 (66%) 70 (64%) 0.79
Age at scan (years) 84 (66, 99) 82 (53, 104) 0.14
Age at death (years) 89 (70, 104) 87 (56, 105) 0.02

Data shown are n (%) or median (range). p values for categorical vari-
ables are from Fisher’s exact tests, and Wilcoxon Rank Sum tests for
continuous variables
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Table2 Pathological TDP-43 type-a (n=131)  TDP-43 type-p (n=110)  p value
characteristics
HpScl, n (%) 78 (60%) 16 (15%) <0.001
LBD, n (%) 32 (36%) 36 (35%) >0.99
TDP 6 stages, n (%) <0.001
Stage 1 2 (2%) 31 (28%)
Stage 2 7 (5%) 48 (44%)
Stage 3 11 (8%) 13 (12%)
Stage 4 46 (35%) 13 (12%)
Stage 5 42 (32%) 4 (4%)
Stage 6 23 (18%) 1(1%)
Braak, n (%) 0.03
Braak 1 2 (2%) 0 (0%)
Braak 2 5 (4%) 0 (0%)
Braak 3 5 (4%) 1(1%)
Braak 4 17 (13%) 19 (17%)
Braak 5 43 (33%) 27 (25%)
Braak 6 59 (45%) 63 (57%)
Amyloid, n (%) 0.14
Amyloid 0 11 (9%) 2 (2%)
Amyloid 1 9 (7%) 9 (8%)
Amyloid 2 35 (27%) 28 (26%)
Amyloid 3 74 (57%) 70 (64%)
Vascular disease, n (%) 28 31%) 27 (26%) 0.52
Data shown are n (%). p values for categorical variables are from Fisher’s exact tests
HpScl hippocampal sclerosis, LBD Lewy body disease
e type-a * type-f
T(N=33) 1 (N=55) 1T (N=24) 1V (N=59) V (N=46) VI (N=24)
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Fig.2 Patterns of TDP-43 positivity across 14 regions for all 241 cases. The vertical axis indicates regions and the horizontal axis indicates
cases. Red dots indicates TDP-43 type-a cases and blue dots indicates TDP-43 type-p cases. OTC = occipitotemporal cortex
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Fig.3 Mosaic plots shows the percentages of hippocampal sclero-
sis (HpScl), TDP-43 and Braak NFT stages by TDP-43 type. These
plots are graphical representations of two-way tables where the area
of a “tile” is related to the number of individuals in the table cell. The
figure demonstrates the striking association of TDP-43 type-a with
HpScl and higher TDP-43 stage. For Braak NFT stages, there is no
difference between TDP-43 type-a and type-p at Braak NFT stages
IV-VI where >90% of data exists. Orange color represents TDP-43
type-o; blue color represents TDP-43 Type-f8

for 91% of the data in TDP-43 type-a and 99% in TDP-43
type-p, there was no difference in types. There were no dif-
ferences in the frequency of Lewy bodies, neuritic plaques
or vascular disease between TDP-43 type-a and type-f.

Clinical and imaging findings

We found no significant differences in the final clinical
diagnoses rendered before death, or on clinical measures
between TDP-43 type-a and type-P cases, although there
was a trend for TDP-43 type-a cases to perform more
poorly on the AVLT delayed recall measure and on the Trail
Making Test B compared to TDP-43 type p cases (300 s
vs. 240 s; p=0.07) (Table 3). On neuroimaging, TDP-43
type-a had significantly smaller hippocampal volumes (4.7
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[1.6, 8.1] vs. 5.2 [3.1, 7.9]; p=0.005), compared to TDP-
43 type P cases; however, TDP-43 type 3 cases had smaller
parietal (37.1 [25.7, 52.2] vs. 38.9 [23.8, 52.6]; p=0.01)
and lateral superior frontal (31.8 [23.4,42.5] vs. 32.2 [21.5,
46.4]; p=0.04) volumes (Table 3). However, after adjusting
for age at death, TIV, and Braak stage, we found TDP-43
type-a cases to have significantly smaller hippocampal and
amygdala volumes compared to TDP-43 type-f cases. Our
adjusted analysis showed that cases with TDP-43 type-a had
an estimated — 10.6% (— 3.5%, — 17.6%) lower amygdala
volume compared to type-f (p=0.003) (Fig. 4). For hip-
pocampus, cases with TDP-43 type-a had — 14.4% (— 7.3%,
— 21.6%) lower volume than TDP-43 type-f (p <0.001).
Given that we have previously identified a difference
in hippocampal and amygdala volumes between TDP-43
positive and TDP-43 negative cases with TDP-43 posi-
tive cases having smaller volumes, and now find TDP-
43 type-a cases to have smaller volumes than TDP-43
type-p cases, we compared both TDP-43 types (type-a
and type-f) to the group of 309 cases without TDP-43.
We found smaller amygdala volumes in both TDP-43
type-a and type-p cases compared to TDP-43 nega-
tive controls (type-a=—18.4% [—23.0%, — 13.8%] and
type-p=—8.40% [—13.4%, —3.44%]; p <0.001), with
similar results for hippocampal volumes for both TDP-43
type-o (—21.6% [—26.0%, —17.1%]; p<0.001) and type-f
(=7.77 [-12.6%, —2.96%]; p=0.002) (Fig. 5; Table 4).
We also found TDP-43 type-a cases to have smaller lat-
eral temporal lobe volumes (—5.59% [— 8.90%, —2.28%];
p <0.001) and TDP-43 type-p cases to have smaller supe-
rior frontal lobe volumes (—5.37 [—8.91%, — 1.83%];
p=0.003) compared to TDP-43 negative controls.

Genetic findings

There was no difference in APOE allele frequency or the
GRN rs5848 haplotype frequencies between type-a and
type-p (Table 5). There was, however, a difference in the
TMEM106B rs3173615 haplotype frequencies. Specifi-
cally, there was a difference in the frequency of TMEM106B
protective (GG) and risk (CC) haplotypes (single nucleo-
tide polymorphism, SNP, rs3173615 encoding p.T185S)
in type-a cases compared to type-p cases (GG/CG/CC:
8%142%/50% vs. 24%149%/27%; p=0.01).

Predicting TDP-43 status and type

Figure 6 shows the relationships between age, amygdala
volume and hippocampal volumes as predictors of TDP-43
status and type. We found that a 10-year increase in age was
associated with a 1.8-fold increase in the odds of type-a rela-
tive to being TDP-43 negative (95% CI 1.3-2.5; p<0.001)
and a 1.6-fold increase in the odds of type-a relative to
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Table 3 Clinical and imaging TDP-43 type-a (n= 131) TDP-43 type-p (n=110) P value
characteristics
Last diagnosis, n (%) 0.21
Cognitively normal 4 (3%) 8 (8%)
Mild cognitive impairment 13 (11%) 5 (5%)
Alzheimer’s dementia 92 (78%) 76 (80%)
Dementia NOS 9 (8%) 6 (6%)
Clinical scores
MMSE 16 (1, 30) 14 (0, 29) 0.24
CDRSUM 12.0 (0.0, 18.0) 13.0 (0.0, 18.0) 0.63
Boston Naming Score 32 (1, 58) 32 (2, 60) 0.76
DRS total 97 (23, 144) 96 (28, 140) 0.73
AVLT delayed recall 0(0,7) 0 (0, 10) 0.09
WAIS-R block design 8(0,31) 6 (0, 23) 0.72
WMSR LOG MEM 11 0(0, 24) 0(0,22) 0.14
Trail-Making-Test A 85 (39, 180) 74 (29, 180) 0.17
Trail-Making-Test B 300 (96, 300) 240 (57, 300) 0.07
COWAT 20 (2, 54) 17 (2, 44) 0.22
Imaging
Amygdala 1.8 (0.7, 3.1) 1.9(1.2,3.0) 0.14
Hippocampus 4.7 (1.6, 8.1) 52@3.1,7.9) 0.005
Lateral temporal 46.8 (27.9, 68.2) 47.4 (32.8,64.3) 0.68
Parietal 38.9 (23.8, 52.6) 37.1(25.7,52.2) 0.01
Superior frontal 32.2(21.5,46.4) 31.8(23.4,42.5) 0.04
Data shown are median (range). p values are from Wilcoxon Rank Sum tests. Clinical data are from the last
available
MMSE Mini-Mental State Examination, CDRSUM Clinical Dementia Rating Sum of Boxes, DRS Demen-
tia Rating Scale, AVLT Auditory Verbal Learning Test, WAIS-R Wechsler Adult Intelligence Scale revised
version, WMS-R LOG MEM Wechsler Memory Scale Revised Logical memory, COWAT Control Oral
word Association Test
: —o— Typea —e— Type §
Amygdala ° :
i Amygdala - —_—
Hippocampus . \
i Hippocampus{ — © e
Lateral temporal L
I
\ Lateral temporal - -
Parietal e
|
i Parietal ——
Superior frontal \ L4
|
t . —_——
-210 -115 _110 _15 (l) é Superior frontal —e—.
Estimated volume difference (%) 20 10 0

between TDP-43 types a and

Fig.4 We investigated the neuroimaging data further by fitting lin-
ear regressions adjusting for age at death, total intracranial volume,
and Braak stage. Our analysis showed that cases with TDP-43 type-a
had an estimated — 11% (— 4%, — 18%; p=0.003) smaller amygdala
volume than TDP-43 type-p cases. For hippocampi, TDP-43 type-a
cases had — 14% (— 7%, — 22%; p<0.001) smaller volume than
TDP-43 type-p cases. Plotted values are regression estimates and 95%
confidence intervals

Estimated volume difference (%)
between reference and types a /B

Fig.5 An analysis between 309 TDP-43 negative cases (refer-
ence group) and TDP-43 type-a and type-p. After adjusting for age
at death, TIV, and Braak stage, we found volume differences in the
amygdala and hippocampus between both TDP-43 type-a and type-f§
cases, lateral temporal for type-a and superior frontal for type-p com-
pared to TDP-43 negative cases. Plotted values are regression esti-
mates and 95% confidence intervals
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Table 4 Estimated volume
differences (%) with 95% CI and

TDP-43 type-a (n=103)

TDP-43 type-f (n=284)

p values between TDP-43 types Est (95% CI) p value Est (95% CI) p value
o/f and controls
Amygdala —18.4% (—23.0%, —13.8%)  <0.001 —8.40% (—13.4%, —3.44%) <0.001
Hippocampus —21.6% (—26.0%, —17.1%) <0.001 —7.77% (—12.6%, —2.96%) 0.002
Lateral temporal —5.59% (—8.90%, —2.28%)  <0.001 —2.65% (—6.22%, 0.92%) 0.15
Parietal —1.43% (—4.89%, 2.03%) 0.42 —2.66% (—6.38%, 1.07%) 0.16
Superior frontal —-1.79% (- 5.07%, 1.50%) 0.29 —5.37% (— 8.91%, — 1.83%) 0.003

Table 5 Genetic characteristics

TDP-43 type-a  TDP-43 type-p p value

APOE, n (%) n=131 n=110 0.38
23 7(5%) 6 (6%)
24 4(3%) 4 (4%)
33 51 (40%) 34 (31%)
34 46 (36%) 52 (48%)
44 20 (16%) 12 (11%)
TMEM106b rs3173615, n=62 n=>51 0.01
n (%)
GG 5 (8%) 12 (24%)
CG 26 (42%) 25 (49%)
CcC 31 (50%) 14 (27%)
GRN rs5848, n (%) n=62 n=>51 0.96
CcC 26 (42%) 20 (39%)
CT 32 (52%) 27 (53%)
TT 4(6%) 4 (8%)

being type-p (95% CI 1.1-2.3; p=0.02). Relative to those
who were TDP-43 negative, lower amygdala and lower hip-
pocampal volumes were associated with increased odds of
both types-a and type-p. Specifically, a 0.5 cm? decrease in
amygdala volume was associated with 1.7-fold increase in

Amygdala volume

the odds of type-a vs. TDP-43 negative (95% CI 1.0-2.8;
p=0.04) and a 1.9-fold increase in the odds of type-p vs.
TDP-43 negative (95% CI 1.2-3.1; p=0.01). In terms of hip-
pocampal volume, a 1 cm® decrease in hippocampal volume
was associated with a 2.7-fold increase in the odds of type-a
relative to TDP-43 negative (95% CI 1.8-4.0; p <0.001) and
a 1.5-fold increase in the odds of type-f vs. TDP-43 nega-
tive (95% CI 1.0-2.1; p=0.03). Further, the same decrease
of 1 cm? in the hippocampus was associated with a 1.8-fold
increase in the odds of type-a relative to type-p (95% CI
1.2-2.9; p=0.008).

Discussion

In this study we assess whether there is heterogeneity in
TDP-43 deposition in non-FTLD brains. We found signifi-
cant pathological differences in HpScl and TDP-43 stage,
and significant genetic difference in TMEM106B haplotype
frequencies, between TDP-43 type-a and type-f cases. We
also found type-a cases to be associated with smaller hip-
pocampi and amygdala volumes compared to type-f cases
and both types to have smaller volumes (amygdala and hip-
pocampi), compared to TDP-43 negative cases.

HP volume

® type-a ® type-§ © TDP-
4 8 4
3 i 34
6 o
T
2 X 4 27 .
1 2 . 14 .
T T T T T T T T T T T T T T T T
50 60 70 80 90 100 50 60 70 80 90 100 2 4 6 8
Age at MRI Age at MRI Amygdala

Fig.6 The relationships between age at MRI scan and amygdala
volume (left plot), age at MRI scan and hippocampal (HP) volume
(middle plot) and hippocampal volume and amygdala volume (right
plot). TDP-43 negative cases are shaded grey, TDP-43 type-a cases
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are shaded red and TDP-43 type-p cases are shaded blue. The plots
show that in general for a given age those with the smallest amygdala
and hippocampal volumes are TDP-43 type-a. It also shows that there
is strong correlation between amygdala and hippocampal volumes
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The FTLDs are classified first by abnormal protein
deposition and then sub-classified within protein cat-
egory. FTLD-TDP has been shown to have five different
types (type A-E) [30, 32], each with distinct histological
features and with some types having distinct clinical and
neuroimaging characteristics. We now show that, simi-
lar to FTLD-TDP, non-FTLD TDP-43 deposition also has
distinct types. TDP-43 type-a is pathologically character-
ized by the presence of neuronal cytoplasmic inclusions,
dystrophic neurites, neuronal intranuclear inclusions, and
more widespread TDP-43 deposition, with the majority
of cases having frontotemporal neocortex deposition.
Furthermore, HpScl was a feature of TDP-43 type-a.
Therefore, TDP-43 type-a is pathologically similar to
FTLD-TDP type A [32]; although the burden of TDP-43
deposition is distinctly less in non-FTLD cases (personal
observation). TDP-43 type-p is pathologically distinct
from type-o with the main pathological characteristic
being TDP-43 co-localized with NFTs in the same neu-
ron. It is, therefore, not surprising that TDP-43 type-f§ was
uncommon in cases of low Braak stage. Out of 110 type-p
cases, 109 (99%) occurred in cases with Braak stage
IV-VI. Therefore, TDP-43 type-p is much more likely
to be identified in cases of high probability Alzheimer’s
disease [13] where there is extensive NFT distribution.
With-that-said, there is no evidence that TDP-43 type-f is
more strongly associated with Alzheimer’s disease. In fact,
both types were equally associated with a high frequency
of the APOE e4 genotype, and there was no difference in
the CERAD neuritic plaque stage between them. It is cer-
tainly possible that type-a and type-p lie on a spectrum,
but it appears less likely to be the situation that one type
is a precursor to the other type, particularly given that we
have also identified genetic differences between them.

Single nucleotide polymorphisms (SNP) in TMEM106B
are associated with an increased risk of FTLD-TDP [50].
The SNP rs3173615, which is in linkage disequilibrium with
SNP rs1990622, dictates a change from threonine to serine
at position 185 (p.T185S). It has been shown that subjects
with FTLD-TDP are less likely to have two copies of the
minor TMEM106B allele (GG haplotype) compared to cog-
nitively normal controls (6% GG in FTLD-TDP vs. 19% GG
in normal controls) [49]. Hence, the GG haplotype is con-
sidered protective. In our aged non-FTLD cohort, we found
the TMEM106B GG haplotype frequency to be 8% in type-o
cases, similar to the frequency reported in FTLD-TDP, and
24% in type-f cases, similar to the frequency reported in
normal controls. This finding further supports TDP-43
type-a being related to FTLD-TDP, and TDP-43 type-a
and P being distinct. Future genetic studies are needed to
compare TMEM 106B haplotype frequency across the FTLD-
TDP types and TDP-43 type-a and type-f.

We found three cases with TDP-43 that did not conform
to either type-a or type-p designation. In these three cases,
TDP-43 deposition was characterized by the presence of
long, thick dystrophic neurites in the neocortex and Pick
body-like inclusions in the dentate gyrus of the hippocam-
pus. These features were identical to the features that char-
acterizes FTLD-TDP type C [22, 32] which is strongly
associated with a clinical diagnosis of semantic dementia
[40]. None of our three cases were clinically diagnosed
with frontotemporal dementia, including semantic demen-
tia. Therefore, whether such cases represent a third variant
of TDP-43 in non-FTLD brains or whether they are cases
of FTLD-TDP type C remains to be determined. We did
not come across cases with TDP-43 pathological features
similar to those described in FTLD-TDP type B, D or E
pathology. FTLD-TDP type B has many TDP-43 immu-
noreactive pre-inclusions and is strongly associated with
clinical motor neuron disease [18, 22, 32] and genetically
with C9ORF72 mutations [38]. FTLD-TDP type-D is asso-
ciated with TDP-43 immunoreactive neuronal intranuclear
inclusions only, inclusion body myopathy, Paget disease of
the bone and mutations in the valosin-containing protein
gene [51]. FTLD-TDP type E is associated with TDP-43
immunoreactive granulofilamentous neuronal inclusions,
abundant grains, and oligodendroglia inclusions and a very
rapid clinical course [30]. Both FTLD-TDP type D and type
E are extremely rare entities and none of the accompanying
features of FTLD-TDP type B, D, E (motor neuron disease,
myopathy, Paget’s disease of the bone and rapid course)
were a feature of any of our cases. Hence, it is no surprise
that we did not identify any such cases in our cohort.

One of the most striking differences that we observed
between TDP-43 type-a and type-f was in the distribution
of TDP-43. We observed that 85% of the type-a cases had
widespread TDP-43 deposition beyond limbic areas which
differed from type-p cases where approximately 85% of
the cases showed a limbic-predominant pattern. In fact, we
found a difference even when both types were stage 4. Spe-
cifically, while stage 4 type-a cases commonly involved the
inferior temporal lobe, the inferior temporal lobe was never
involved in any stage 4 type-P cases. In fact, the inferior
temporal lobe was only one involved in 1 stage 4-6 type-p
case. This is strong evidence for type-p to truly have an asso-
ciation with limbic regions while type-a shows more of an
association with the fronto-temporal neocortices and hence
should not be considered limbic predominant.

Another difference we observed was with HpScl that was
found to be a feature of TDP-43 type-a, not so much type-f.
This is a significant finding given that HpScl has been intri-
cately linked to TDP-43 [1, 24, 26, 39]. Interestingly, HpScl
is most common in FTLD-TDP type A compared to FTLD-
TDP type B and FTLD-TDP type C [22] although it does
occur in cases with frontotemporal dementia with motor
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neuron disease [16] which typically shows FTLD-TDP
type B pathology [22]. Many studies have struggled with
separating the effects of TDP-43 from the effects of HpScl
and have had to perform mediation analyses to try to do so
[17, 26, 39, 58], similar to comparing TDP-43 cases with
and without HpScl. The findings from this study support an
argument for all these prior studies basically separating the
effect of TDP-43 type-a from the effect of TDP-43 type-p.
We, therefore, propose that future studies conduct TDP-43
typing, and assess for the effect of each type, instead of, or
in addition to, conducting mediation analyses. While it is
likely that HpScl is playing a role in explaining why TDP-43
type-a cases have smaller hippocampal volumes than TDP-
43 type-p cases, it does not explain the difference observed
in amygdala volume. It is possible that the more severe
medial temporal volume loss in TDP-43 type-a could also
be due to differences in TDP-43 burden or biology. For the
latter, it is possible that there is a difference in the ratio of
TDP-43 species (TDP-43 fragments vs. full-length TDP-43)
in type-a vs. type-p with species having variable effects on
neuronal loss and atrophy [59].

We present evidence that the regional volumetric differ-
ences observed in this study could be useful to help predict
TDP-43 status and type during life. We found that older age
and smaller volumes of the amygdala and hippocampus all
helped predict TDP-43 positivity, although hippocampal
volumes performed the best when also predicting TDP-43
type and, therefore, could prove to be the most useful bio-
marker. In our cohort, cases with 1 cm? smaller hippocampi
were almost twice as likely to be type-a as type-p. Given our
TMEM 106B haplotype findings, it is possible that prediction
could be further improved when considering both hippocam-
pal volumes and TMEM 106B haplotype.

In our previous reports demonstrating a pattern of pos-
sible TDP-43 spread, i.e. TDP-43 staging scheme, we
observed some cases that did not fit the TDP-43 staging
scheme [19, 20]. In these non-conforming cases we noted
that there were skipped regions (i.e. there were no involve-
ment of regions from stages 3 or 4, yet there was TDP-43
deposition in the inferior olive but no other region from
stage 5). We have now identified such cases as being TDP-
43 type-p. The reason for involvement of the inferior olive
without involvement other stage 3—5 regions is unclear, but
these may be unique cases that should be investigated fur-
ther. It is possible that involvment of the medulla in some
cases reflects a different process.

There was a trend for TDP-43 type-a cases to perform
poorer on the Trail-Making-Test B, a test of executive
function, which would suggest that TDP-43 type-o may be
having a greater effect on frontal systems. However, this
observation requires further analysis since it was only trend
level significance and since TDP-43 type-f3 cases, not type-o
cases, showed a stronger association with smaller frontal
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lobe volumes compared to controls. We only found a trend
for difference in one of our measures of loss of episodic
memory between TDP-43 type-a and type-f cases. It likely
did not reach significance since cases with TDP-43 type-a
and type-f performed at floor level, with average test scores
of 0 on both measures of episodic memory loss. This would
support the notion that although the presence of TDP-43,
independent of type, is strongly associated with loss of epi-
sodic memory, TDP-43 type-a may have a stronger associa-
tion with episodic memory loss.

For years the field has struggled with the question of
whether TDP-43 depositing in the brains of old-age indi-
viduals, particularly those with high TDP-43 stage, should
be considered FTLD-TDP. Currently, a diagnosis of FTLD
requires evidence of a pathological process targeting the
frontal and temporal lobes out of proportion to the rest of the
brain. In fact, FTLD is pathologically diagnosed when there
is gross and histological evidence of focal/distinct degenera-
tion of the frontal and/or temporal lobes [8, 33]. We did not
find gross or histological evidence of a lobar degeneration
of the frontal and temporal lobes in these cases, and the
deposition of TDP-43 (type-a and type-f§) was much less
than what is typically observed in FTLD-TDP. We did find
TDP-43 type-a and type-p to be associated with frontal and
temporal lobe atrophy, but this was not striking, and amyg-
dala and hippocampal atrophy was much more striking. We
have also previously shown that even cases with high TDP-
43 stage do not show clinical features of FTLD [20, 27] or
much frontal and temporal atrophy on MRI [20] which is
in sharp contrast to the striking degree of frontotemporal
atrophy observed in FTLD-TDP cases [45, 55]. All these
findings would not support TDP-43 type-a and type-f being
an FTLD. With-that said, we are aware of FTLD cases that
are not associated with striking and predominant frontal and
temporal lobe atrophy or degeneration on pathology [23].
Furthermore, mutations in the C9ORF72 gene, for example,
can be associated with FTLD-TDP pathology with little-to-
no frontotemporal atrophy [40], and mutations in the GRN
gene can be associated with FTLD-TDP with prominent
parietal lobe atrophy [40]. Alzheimer’s disease has been
shown to be associated with prominent frontal lobar degen-
eration [7]. Therefore, maybe the real issue is that the phe-
notype of FTLD needs to be readdressed.

Another question the field has struggled with is whether
TDP-43 in non-FTLD brains is biologically similar to or
different from the TDP-43 in FTLD-TDP. This study was
not designed to, and hence cannot answer this biological
question. What we can say is that there were morphologi-
cal similarities between FTLD-TDP type-A and TDP-43
type-a that are not obviously distinguishable, at least at the
light microscopic level. What is next needed to address this
question are molecular, biochemical and additional genetic
analyses of TDP-43 type a, type p and the FTLD-TDP types.
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In summary, in this study we show that there are distinct

TDP-43 variants in non-FTLD brains, including those with
Alzheimer’s disease. Further investigation is now needed
to determine whether there are biochemical differences
between both types and how these two types are associated
with FTLD-TDP.
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