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Abstract
Phosphorylated tau (p-tau) pathology correlates strongly with cognitive
decline and is a pathological hallmark of Alzheimer’s Disease (AD). In recent
years, phosphorylated transactive response DNA-binding protein (pTDP-43)
has emerged as a common comorbidity, found in up to 70% of all AD cases
(Josephs et al., Acta Neuropathol, 131(4), 571–585; Josephs, Whitwell, et al.,
Acta Neuropathol, 127(6), 811–824). Current staging schemes for pTDP-43 in
AD and primary age-related tauopathy (PART) track its progression through-
out the brain, but the distribution of pTDP-43 within the entorhinal cortex
(EC) at the earliest stages has not been studied. Moreover, the exact nature of
p-tau and pTDP-43 co-localization is debated. We investigated the selective
vulnerability of the entorhinal subfields to phosphorylated pTDP-43 pathol-
ogy in preclinical AD and PART postmortem tissue. Within the EC,
posterior-lateral subfields showed the highest semi-quantitative pTDP-43
density scores, while the anterior-medial subfields had the lowest. On the
rostrocaudal axis, pTDP-43 scores were higher posteriorly than anteriorly
(p < 0.010), peaking at the posterior-most level (p < 0.050). Further, we
showed the relationship between pTDP-43 and p-tau in these regions at
pathology-positive but clinically silent stages. P-tau and pTDP-43 presented a
similar pattern of affected subregions (p < 0.0001) but differed in density mag-
nitude (p < 0.0001). P-tau burden was consistently higher than pTDP-43 at
every anterior–posterior level and in most EC subfields. These findings high-
light pTDP-43 burden heterogeneity within the EC and the posterior-lateral
subfields as the most vulnerable regions within stage II of the current pTDP-
43 staging schemes for AD and PART. The EC is a point of convergence for
p-tau and pTDP-43 and identifying its most vulnerable neuronal populations
will prove key for early diagnosis and disease intervention.
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1 | INTRODUCTION

Transactive response DNA binding protein of 43 kDa
(TDP-43) was first identified as the main pathological hall-
mark of amyotrophic lateral sclerosis and frontotemporal

dementia [1, 2]. Numerous studies have since linked
TDP-43 to Alzheimer’s disease (AD), which is typically
characterized by phosphorylated tau (p-tau) protein,
amyloid-beta (Aβ) plaques, and neurodegeneration [3–7].
The prevalence of TDP-43 in AD depends on factors such
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as population, stage of disease, antibodies used, comorbid-
ities, among others [8]. For example, multiple reports
agree that TDP-43 can be found in approximately 30%–

70% of AD cases [9–13], and 20%–30% of cognitively
normal adults [8, 14–16]. These data have clinical signifi-
cance, as AD patients with TDP-43 pathology present
more severe cognitive impairment than patients with
no TDP-43 inclusions [13, 17]. More specifically, limbic-
predominant age-related TDP-43 encephalopathy
neuropathological change (LATE-NC) denotes TDP-43
proteinopathy in older adults (typically >80 years), and is
associated with AD-like amnesic dementia [18]. LATE-
NC is common in brains with coexisting AD and PART
pathology, but one is not necessary for the other [18, 19].

Currently the field does not have a reliable imaging
or fluid biomarker for TDP-43, primarily due to poor
clinical-pathological correlations [7, 16]. Histopathologi-
cal studies have identified five subtypes (A–E) of FTLD
TDP-43 pathology that can be distinguished based on
cellular distribution, morphology, and, in some cases,
genetic and clinical presentation [13, 20–23]. TDP-43
pathological inclusions in AD can be further subdivided
into type-α and type-β, primarily differentiated by struc-
ture, cortical distribution, and association with neurofi-
brillary tangles (NFTs) [24]. Structurally, TDP-43
phosphorylated at the serines 409/410 (pTDP-43) pre-
sents similar pathological features as p-tau, including
NFT-like structures, neuropil threads (NTs), and neuro-
nal cytoplasmic inclusions (NCIs) [13, 25–27]. P-tau and
pTDP-43 have been shown to colocalize in hippocampal
samples of preclinical and clinical AD and frontotem-
poral dementia brains [28]. However, the prevalence of
pTDP-43 in most but not all cases with neurodegenera-
tion continues to raise questions regarding the interplay
between pTDP-43 and p-tau [12, 29].

Josephs and colleagues established a five-stage rating
scheme for pTDP-43 in AD in which the pathology pro-
gresses in a predictable manner, like p-tau NFTs [11, 30].
Whereas p-tau progression in the cortex typically begins
in the perirhinal region before advancing to the EC [3,
31], the initial stages in Josephs’ scheme involve the
amygdala first and the EC second (stages I and II) [11,
30]. Zhang et al. created a staging scheme for pTDP-43
in PART cases, and they identified four stages, beginning
in the amygdala (stage I) and progressing into the EC
and hippocampal regions (stage II) [27]. Finally, staging
for LATE-NC primarily examines TDP-43 in amygdala
(stage I), hippocampus (stage II), and middle frontal
gyrus (stage III), but does not include the EC in its sim-
plified primary criteria [18].

The aim of this report is to demonstrate pTDP-43
deposition within EC subfields. Out of necessity of the
clinical neuropathologic work up, pTDP-43 staging
schemes relegate the EC as a whole entity (if examined at
all) and its pathology on a binary basis. In a previous
study, we demonstrated the heterogeneity of p-tau
pathology density in the subfields within the EC at the

preclinical Braak and Braak stages I and II, and showed
that the posterior-lateral subfields (ECL, ECsLat, and ELc)
display a selective vulnerability [32]. Based on those obser-
vations we hypothesized that a similar vulnerability exists
for pTDP-43 pathology burden within the EC subfields,
peaking at the same subregions as p-tau. To address this,
we applied a semi-quantitative pathology density protocol
and rated pTDP-43 (serine 409/410) immunostained
sections from preclinical AD and PART brains along the
rostrocaudal axis; thus, directly comparing p-tau and
pTDP-43 vulnerabilities in the same case and subfields
within the EC. Elucidating EC subfield vulnerabilities to
other pathology comorbidities will help decipher early
changes in clinically silent neurodegeneration.

2 | METHODS

2.1 | Brain samples

We used 12 human brain hemispheres for this study
(n = 9 left, n = 3 right). All hemispheres were received
from the Department of Neuropathology, Autopsy Suite
at Massachusetts General Hospital. Sample collection
and all experiments were conducted in accordance with
the Internal Review Board at Massachusetts General
Hospital. Samples comprised seven males and four
females, with ages that ranged from 59 to 84 years
(mean = 70.73, median = 73, std = 9.54). One sample,
case 6, lacked demographic information and was
excluded from all analyses concerning age and sex. Brain
weight ranged from 1187g to 1414 g (mean = 1288,
median = 1319, std = 91.13) and had, with one excep-
tion, a postmortem interval under 24 h. Samples were
fixed in 10% formalin and stored in 2% periodate-lysine-
paraformaldehyde solution until sectioning. All demo-
graphic information is detailed in Table 1.

2.2 | Comorbidity exclusion

All the patients who provided the samples used in this
study were cognitively normal at the time of death, as
none had a clinical diagnosis of Alzheimer’s disease nor
any other neurologic disease. Following guidelines from
the NIA Alzheimer’s Association guide [33], we con-
trolled for co-incidental AD mixed pathologies. The
Massachusetts General Hospital Autopsy Suite screened
all cases and excluded samples with suspected infectious
disease (COVID-19, hepatitis, HIV, and prion diseases)
and vascular deficits, such as cerebrovascular strokes, lat-
eral ventricle dilation, white matter discoloration, and
lacunar Infarcts (Luxol fast blue/H&E stain). No cases
had a clinical diagnosis of Parkinson’s disease nor patho-
logical characteristics of the disease, confirmed by nega-
tive immunostaining for α-synuclein (Thermofisher, cat#
32-8100).
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2.3 | Histology procedures and Nissl staining

Temporal blocks were excised from the hemispheres and
cryoprotected (in a 20% glycerol/2% dimethyl sulfoxide
solution) for at least 2 weeks prior to sectioning. Cryo-
protected blocks were sectioned coronally at 50 μm on a
freezing sliding microtome (Leica Biosystems Richmond,
Inc.) with a customized stage, and collected serially. All
sections were subsequently frozen at �20�C in cryopro-
tectant (20% glycerol/2% dimethyl sulfoxide solution).
Tissue for Nissl staining was selected every 10 sections
(500 μm apart) and mounted onto glass slides coated in a
gelatin/chromium potassium sulfate solution. Mounted
tissue was dried overnight and stained with thionin for
Nissl substance as described in previous work [32, 34].

2.4 | Entorhinal subfield parcellation and
rostrocaudal level selection

Using a Nikon SMZ100 microscope (Micro Video
Instruments, Inc.) we parcellated the subfields within the
EC [32, 34, 35]. The parcellated EC subfields comprise
olfactory (EO), rostral (ER), lateral-rostral (ELr),
medial-intermediate (EMI), intermediate (EI), lateral
caudal (ELc), caudal (ECs), and caudal-limiting (ECL)
subfields [35] (Figure S1). Based on previous work delin-
eating pathology gradients along the central subfields, we
bifurcated the EI and ECs subfields (EIMed/EILat and
ECsMed/ECsLat, respectively) [32]. Previously, we identi-
fied eight levels along the medial temporal lobe, identi-
fied in part by nearby amygdala and hippocampal
anatomical landmarks for thorough assessment [32].
Here, we identified a subset of coronal levels to evaluate:
level 2 (anterior amygdala), 4 (anterior hippocampal
head, genu), 5 (pes region, uncinate gyrus), and 7 (poste-
rior-most hippocampal head, gyrus intralimbicus). These

levels include an ample representation of all EC subfields,
and sufficient for a thorough representation of the EC
without needing the exhaustiveness of the eight levels.

2.5 | Immunohistochemistry

We performed immunohistochemistry on free-floating
sections selected from their respective anterior–posterior
levels. The immunostaining series had a neighboring
(adjacent or less than 250 μm away) parcellated
Nissl-stained section that confirmed EC subfield
cytoarchitecture boundaries. The immunohistochemistry
protocol was the same as performed in [32]. Briefly, tissue
sections were washed in phosphate buffered saline (PBS)
three times to remove cryoprotectant solution. Sections
were then incubated with 0.5% TritonX-100 in 3% hydro-
gen peroxide for 20 min to quench endogenous peroxide
and subsequently blocked in 5% nonfat dry milk in PBS
for 2 h at room temperature. Primary antibodies CP13 p-
tau (gift from Dr. Peter Davies) and 409/410 pTDP-43
(Proteintech, cat# 22309-1-AP) were incubated for 2 days
in a 1.5% normal goat serum/PBS solution at 4�C. CP13
is ideal for early p-tau visualization, as it recognizes phos-
phorylated paired helical filaments at the serine 202 epi-
tope and reveals pretangles, mature NFTs, and NTs [36].
See Figure 1E–H for examples of CP13-positive p-tau
structures. Sections were incubated in secondary anti-
bodies (Jackson Immunoresearch) at a 1:200 dilution in a
1.5% normal goat serum/PBS solution (goat anti-mouse
for CP13; goat anti-rabbit for pTDP-43) for 1 h at room
temperature. Tissue was incubated using an ABC kit
(Vector laboratories, Burlingame, CA) for 30 min at
room temperature and visualized using a 0.003% 303-dia-
minobenzidine/0.3% hydrogen peroxide/double-distilled
water kit (Vector Laboratories). Stained sections were
dehydrated in a 70%, 95%, and 100% ethanol solution

TABLE 1 Demographic information for sample set: Demographic information for the 12 hemispheres studied. Cases are organized according to
Braak and Braak staging.

Case Hemi Age Sex Dx BB stage Aβ α-Syn PMI (hours) BW (grams) Cause of death

1 RH 67 M CC NC Neg Neg 48 1380 Lung cancer

2 LH 79 M CC I Pos Neg <24 1200 Surgery Complication

3 LH 59 M CC I Neg Neg <24 1319 Surgery complication

4 RH 60 M CC I Neg Neg <24 1414 Aortic dissection

5 LH 73 F CC II Neg Neg <24 1142 Visceral hemorrhage

6 LH n/a n/a CC II Neg Neg <24 n/a n/a

7 LH 75 M CC II Pos Neg <24 1187 Vascular disease

8 LH 84 F CC II Pos Neg <24 1221 Pneumonia

9 RH 80 M CC II Pos Neg <24 1348 Aortic dissection

10 LH 82 M CC II Pos Neg <24 1224 n/a

11 LH 59 F CC II Pos Neg <24 1402 Alveolar damage

12 LH 60 F CC II Neg Neg <24 1328 Pancreatic cancer

Abbreviations: Aβ, amyloid-beta; α-Syn, alpha-synuclein; BB, Braak and Braak tau stage; BW, brain weight; CC, cognitive control; Dx, clinical diagnosis; LH, left
hemisphere; NC, normal control; n/a, not available; PMI, post-mortem interval; RH, right hemisphere.
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progression and cleared with xylene and coverslipped
using Permount (Fisher Scientific). Negative (no primary
antibody) and positive (tissue with confirmed immunore-
activity) controls were included with every experiment.

2.6 | Neuropathologic diagnosis and staging

CP13 immunostained sections were evaluated for p-tau
severity according to Braak and Braak staging [3, 31].
Perirhinal cortex (Brodmann area 35) was included when
evaluating pathology burden for staging. All cases were
non-demented elderly at the time of death and thus pre-
sented tau pathology in the preclinical Braak stages BBI
and BBII, albeit not dense and isolated in some cases. All
cases were examined for CP13-positive neuropil threads
surrounding neuritic plaques. Half of our cases (n = 6)
were negative for neuritic plaques, making them primary
age-related tauopathy (PART) cases [37].

pTDP-43 immunostained tissue was staged according
to the revised criteria by Josephs et al. [11]. Josephs
defined six stages for AD TDP-43 pathology that follow
a predictable progression through the amygdala (stage I),
EC/subiculum (stage II), dentate/occipitotemporal cortex
(stage III), insula/ventral striatum/basal forebrain/inferior
temporal (stage IV), substantia nigra/inferior olive/mid-
brain tectum (stage V), and basal ganglia/middle frontal
(stage VI) brain regions [11, 30].

2.7 | Semi-quantitative rating scale: P-tau
and pTDP-43 density

We applied a semi-quantitative protocol to determine the
density of p-tau and pTDP-43 pathology inclusions.

Semi-quantitative protocols have been widely used in
neuropathology [3, 28, 31, 38, 39] and allow for reliable
replication. Moreover, our group has found strong corre-
lations between quantitative and semi-quantitative proto-
cols for entorhinal anatomical structures [40] as well as
pathological features [32]. The present semi-quantitative
protocol includes NFT-like structures (Figure 1A,E),
neuropil threads (Figure 1B,F), neuronal cytoplasmic
inclusions (NCIs; Figure 1C,G), and neuritic plaques
(Figure 1D,H). The use of the same semi-quantitative
scale for p-tau and pTDP-43 allows for direct compari-
sons, something not possible in studies that use separate
schemes for each [28].

The semi-quantitative density scheme differentiates
between four possible scores: score 0 depicts no visible
pathology structures (Figure 2A), score 1 shows isolated
NCIs and/or NFT-like structures and almost no NTs
(Figure 2B), score 2 reveals a greater number of more
densely packed NCIs and/or NFT-like structures, NTs in
isolated patches (Figure 2C), score 3 indicates a moderate
amount of densely packed NCIs and/or NFT-like struc-
tures, usually band-like in layer II of the EC (Figure 2D),
and score 4 shows severe levels of pathology; numerous
closely packed NCIs, NFT-like structures, and NTs
along layer II of the EC (Figure 2E).

2.8 | Statistics

Data analysis and presentation was conducted using R-
studio v.1.4 (www.r-studio.com) and Graphpad Prism
v.9.1 (Graphpad, www.graphpad.com). First, we assessed
differences in pTDP-43 scores across EC subfields and
rostrocaudal levels. Two Kruskal-Wallis H Tests were com-
puted, utilizing semi-quantitative pTDP-43 scores as

F I GURE 1 Similar inclusions in p-tau (CP13) and pTDP-43 (409/410) pathology: Panels show distinct types of pathologic characteristics
observed with antibodies against TDP-43 phosphorylated at the serines 409/410 (top row) and p-tau (CP13) at serine 202 (bottom row). Lesions
include neurofibrillary tangle-like structures (A, E), neuropil threads (B, F), neuronal cytoplasmic inclusions (C, G), and immunoreactive material
surrounding neuritic plaques (D, H). Magnification bar = 50 μm.
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independent variables, and subregion as well as rostrocau-
dal level as factors. Post hoc comparisons were conducted
and corrected for multiple comparisons using Dunn’s tests.

Two Wilcoxon Signed-Rank Tests were used to evaluate
differences between medial and lateral portions of the EI
and ECs subfields respectively. Then, we investigated

F I GURE 2 Pathology semi-quantitative rating protocol: Panels show representative examples of the five pathology density semi-quantitative
scores: (A) score 0 = no visible pathology, (B) score 1 = isolated neuronal cytoplasmic inclusions (NCIs) and/or NFT-like structures, almost no NTs,
(C) score 2 = NCIs and/or NFT-like structures greater in number and more closely packed than score 1; NTs present in isolated patches, (D) score
3 = moderate amount of densely packed, band-like NCIs and/or NFT-like structures, (E) score 4 = severe pathology burden, numerous closely
packed NCIs and NFT-like structures; NTs typically densely packed throughout the layer II region with neuritic plaques. The semi-quantitative
scheme used to assess visual pTDP-43 pathology density implemented the same density criteria from the protocol for p-tau applied in [32]. NCI,
neuronal cytoplasmic inclusion; NFT, neurofibrillary tangle; NT, neuropil threads. Magnification bar = 500 μm.

F I GURE 3 Semi-quantitative pTDP-43 and p-tau scores in the EC: (A) Graph shows mean pTDP-43 semi-quantitative scores across all EC
subfields and cases (n = 12). Posterior and lateral subfields ECL, ELc, and ECsLat presented the highest pTDP-43 burden; EO displayed the lowest.
Error bars represent standard error mean. (B) pTDP-43 semi-quantitative scores are shown across four anterior–posterior levels with horizontal lines
that represent the median and whiskers the min/max value. pTDP-43 pathology burden peaked at the posterior entorhinal (level 7), significantly
differing from anterior pathology (level 2) (p = 0.035). (C) Significant Spearman’s correlation between anterior pathology at level 2 and age of the
individual cases (Spearman’s correlation; ρ(9) = 0.65, p = 0.033). (D) Mean pTDP-43 and p-tau pathology semi-quantitative scores compared across
the EC subfields. Lateral-posterior regions (subfields ECL, ECsLat, ELr, and ELc) showed the highest pathology burden for both pTDP-43 and p-tau.
P-tau was higher than TDP-43 in score magnitude in every subfield, except ELc and EMI. (E) Spearman’s correlation between mean pTDP-43 and p-
tau scores per case was strongly significant (Spearman’s correlation; ρ(10) = 0.88, p < 0.001). (F) Spearman’s correlation comparing mean individual
level pTDP-43 and p-tau scores per case was also strongly significant (Spearman’s correlation; ρ(46) = 0.87, p < 0.0001). *Significance = p < 0.050.
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if pTDP-43 burden was associated with age, and four
Spearman’s correlations were conducted, investigating asso-
ciations of pTDP-43 pathology and age on each anterior–
posterior level, respectively. Finally, we assessed potential
associations and differences of pTDP-43 and p-tau semi-
quantitative scores of the same subfields, levels, and cases.
A Wilcoxon Signed-Rank Test compared semi-quantitative
pTDP-43 and p-tau scores of each individual subfield.
Finally, two Spearman’s correlations were computed to
reveal associations between pTDP-43 as well as p-tau semi-
quantitative scores between each individual subfield, as well
as for subfields averaged across cases. All statistical tests
were two-sided and applied an alpha-value of p < 0.05 as
the significance level.

3 | RESULTS

3.1 | pTDP-43 pathology in the medial
temporal lobe

All our cases presented positive inclusions in the amyg-
dala, entorhinal cortex, and hippocampal regions, giving
them at least a stage III on the Josephs’ classification
[11]. Qualitatively, isolated pTDP-43 structures were
observed in the amygdala, perirhinal, and entorhinal

regions among BBI cases, with no major differences in
density between them. However, perirhinal and entorhi-
nal regions, respectively, consistently displayed higher
pTDP-43 density than the amygdala among BBII cases.

3.2 | pTDP-43 pathology within the
entorhinal cortex

Layer II was the most affected cellular layer in evaluated
subfields, primarily exhibiting heterogeneous NFT-like
structures and neuropil threads along the entire extent of
the EC. Neuronal cytoplasmic and intranuclear inclusions
were present but less common within the EC. Qualitatively,
we found a steady stepwise pattern in pTDP-43 pathology
across the four anatomical levels (Figure 3A). This gradi-
ent was confirmed with a significant correlation and posi-
tive association of the rostrocaudal level and semi-
quantitative pTDP-43 scores. This correlation was present
when investigating subfield individual pTDP-43 scores
(Spearman’s correlation; ρ(231) = 0.20, p = 0.002) as well
as scores averaged across cases (Spearman’s correlation;
ρ(46) = 0.36, p = 0.013). We found a significant effect
when we analyzed semi-quantitative scores along anterior–
posterior levels (Kruskal-Wallis H-test; χ2(3) = 9.62,
p = 0.022). Post hoc Dunn’s multiple comparison’s tests

F I GURE 4 Semi-quantitative pTDP-
43 and p-tau scores: (A) Mean semi-
quantitative scores for pTDP-43 and p-tau
across four anterior–posterior levels.
Stepwise rise was demonstrated in both
pathologies, peaking posteriorly at level
7. (B) Mean semi-quantitative scores for
pTDP-43 and p-tau based on respective
immunostains. P-tau shows significantly
higher overall scores (Wilcoxon;
W = �842.00, p < 0.0001). Error bars
represent standard error mean. (C) We
found a significant difference between
medial and lateral EI semi-quantitative
scores, with lateral EI presenting a higher
pathology burden (Wilcoxon; W = 55.00,
p = 0.002). (D) Significant difference
between medial and lateral ECs semi-
quantitative scores, with lateral ECs
showing a higher pathology burden
(Wilcoxon; W = 38.00, p = 0.027).
*Significance = p < 0.050.
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F I GURE 5 Legend on next page.
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revealed statistical differences between the most posterior
level (level 7; posterior-most hippocampal head) and the
most anterior level 2 (p = 0.035; Figure 3B). In the
anterior-most EC anatomical level 2 (near amygdala),
pTDP-43 scores and age of case were significantly corre-
lated (Spearman’s correlation; ρ(9) = 0.65, p = 0.033).
Figure 3C shows the significant correlation of average
level 2 pathology and age of corresponding case. This
observation was restricted to the most anterior levels, as
correlations between age and average pathology scores
for levels 4, 5 and 7 were not significant. Overall, we
observed the densest pTDP-43 pathology at the at the
level of the posterior-most hippocampal head, level
7. Thus, pTDP-43 pathology occurred in a stepwise rela-
tionship with age from anterior to posterior within the
entorhinal substructure.

3.3 | pTDP-43 pathology in posterior-lateral
EC subfields

There was a strong effect of entorhinal subfields on
pTDP-43 semi-quantitative scores (Figure 3A; Kruskal-
Wallis H-test; χ2(9) = 38.81, p < 0.0001). Qualitatively,
posterior-lateral entorhinal subfields ECL, ECsLat, and
ELc displayed the heaviest pTDP-43 burden (Figures 3A
and 5). Conversely, the anterior-medial subfields EO
and ECsMed had the lowest pTDP-43 scores, followed by
the anterior-medial subfields EMI, ER, and EIMed

(Figures 3A and 5). Medial-to-lateral effects in pTDP-43
were found when testing for differences between bifurca-
tions of the ECs and EI subfields. Lateral portions of the
EI and ECs subfields (EILat, ECsLat) presented signifi-
cantly higher pTDP-43 density scores when compared to
their medial counterparts EIMed (Figure 4C; Wilcoxon;
W = 55.00, p = 0.002) and ECsMed (Figure 4D; Wil-
coxon; W = 38.00, p = 0.027).

3.4 | pTDP-43 and p-tau density scores relate
across EC subfields

We compared p-tau and pTDP-43, in the same cases
using semi-quantitative protocols with similar criteria.
pTDP-43 semi-quantitative scores significantly correlated
with p-tau semi-quantitative scores in the same anterior–
posterior levels and sample set. This correlation held

true for total average semi-quantitative scores per case
(Figure 3E; Spearman’s correlation; ρ(10) = 0.88,
p < 0.001) as well as scores for individual anterior–
posterior levels (Figure 3F; Spearman’s correlation;
ρ(46) = 0.87, p < 0.0001). Figure 4A shows this paired
stepwise pattern along the rostrocaudal axis. Similarly, a
strong correlation was found between p-tau and pTDP-
43 average semi-quantitative scores in the EC subfields
(Spearman’s correlation; ρ(8) = 0.70, p = 0.031), with
the lateral subfields ELr and ELc, and the posterior sub-
fields ECL and ECsLat presenting high inclusion density
for both pathologies (Figure 3D). Despite p-tau and
pTDP-43 presenting the same pattern along anterior–
posterior levels and a similar pattern among the EC
subfields, marked qualitative differences in the absolute
magnitude of the two pathologies were observed
(Figures 3D, 4A,B and 5). There was a significant difference
between average p-tau and pTDP-43 level semi-quantitative
scores (Figure 4B; Wilcoxon; W = �842.00, p < 0.0001)
and average EC subfield semi-quantitative pathology ratings
(Wilcoxon; W = �39.00, p = 0.049). See Table S1 for
descriptive statistics of pTDP-43 and p-tau semi-quantitative
pathology scores in the EC subfields.

Figure 5 collectively presents a color-coded map
based on semi-quantitative scores of p-tau (Figure 5A)
and pTDP-43 (Figure 5B) densities. Figure 5 illustrates
pTDP-43 pathology density scores for each subfield at
every level, and for every case. The color code (blue,
green, yellow, red, burgundy = score 0, 1, 2, 3, 4) pro-
vides a heat map of pTDP-43 pathology density and its
vulnerability within the preclinical Braak stages.

4 | DISCUSSION

Present in as many as 70% of AD cases, transactive
response DNA binding protein of 43 kDa (TDP-43) is a
common comorbidity in dementia [9–13, 30]. In this
study, we investigated the selective vulnerability of the
entorhinal subfields to phosphorylated TDP-43 pathol-
ogy in preclinical AD and PART postmortem tissue. Pre-
vious reports suggest that p-tau and pTDP-43 aggregates
can colocalize in diseased regions [28, 41], but the degree
of their neuronal overlap and interaction is still debated.
We showed the relationship between pTDP-43 and p-tau
in the same regions at pathology-positive but clinically
silent stages. P-tau and pTDP-43 presented a similar

F I GURE 5 Heat-map of p-tau and pTDP-43 semi-quantitative scores in entorhinal subfields (n = 12): Figure 5 shows a color-coded heat-map of
entorhinal subfields for p-tau and pTDP-43 pathology semiquantitative scores across cases, levels, and arranged by BB stages (0–II). The left panels
show p-tau SQ scores and the right panels show pTDP-43 SQ scores. Color code reflects semi-quantitative scores: blue (score 0, no pathology), green
(score 1, isolated pathology inclusions), yellow (score 2, moderate pathology burden), red (score 3, high pathology burden), burgundy (score 4, severe
pathology burden). Cases 1 and 2 lacked p-tau or pTDP-43 pathology altogether in some entorhinal subfields. Green labels were evenly distributed
among the BB0 and BBI cases, and predominantly in medial-anterior subfields in the BBII cases. Yellow label distribution depended on BB stage,
with higher prevalence in anterior regions as overall pathology burden worsened. With few exceptions, red labels were observed predominantly in the
lateral posterior EC subfields. Burgundy labels represent severe pathology burden (score 4) and were typically found in the lateral-posterior subfields
among the most affected cases.
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pattern of subregions affected, but different magnitudes
in density at this early stage. P-tau showed a higher or
equal magnitude than pTDP-43 at every anterior–
posterior level and in every subfield, except EMI and
ELc. These findings suggest that p-tau and pTDP-43
aggregates deposit in similar patterns in the EC, and the
posterior-lateral entorhinal neurons show the greatest
vulnerability to both.

We found significant differences in pTDP-43 pathol-
ogy within the EC. The posterior-most level (level 7, iden-
tified by the nearby posterior-most hippocampal head
and gyrus intralimbicus) presented the highest pathology
density (Figure 3B). Within the EC, posterior-lateral sub-
fields ECL, ELc, and ECsLat, respectively, showed the
highest semi-quantitative pTDP-43 density scores, while
EO had the lowest (Figure 3A). Our finding of a
posterior-lateral EC vulnerability to pTDP-43 comple-
ments molecular characterizations of vulnerable caudal
EC neurons [42], PET imaging observations [43], the p-
tau gradient in subfields [32], and the use of lateral EC
atrophy as a potential biomarker of preclinical AD [44,
45]. Two reports support a prion-like seeding mechanism
involved in TDP-43 spread [46, 47], and recent hippo-
campal data from FTD patients suggest that TDP-43
pathology spreads along trans-synaptic connections [48].
However, definitive molecular mechanisms of TDP-43
spread are still widely unknown. Given that the EC is a
pivotal site in the healthy-aging-mild cognitive impair-
ment-Alzheimer’s disease continuum, documenting the
specific locations of TDP-43 pathology provides a base-
line early in disease progression.

Amygdala, perirhinal, and entorhinal regions dis-
played isolated pTDP-43 inclusions among BB0 and BBI
cases. However, perirhinal cortex showed the highest
overall pathology burden among BBII cases, followed by
entorhinal cortex, and finally amygdala in our sample
set. This suggests that, while amygdala is the likely origin
of pTDP-43 inclusions, it is surpassed in pathology den-
sity by the perirhinal and entorhinal cortices respectively
even at early Braak stages.

The present data elucidate the selective vulnerability
of pTDP-43+ neuron populations within stage II of the
current AD [11] and PART [27] pTDP-43 staging
schemes. Moreover, the close relationship between TDP-
43 and p-tau in this region makes the case for the inclu-
sion of the EC in the minimum criteria needed for
LATE-NC staging [18]. Considering the EC as a whole
entity in the progression of pTDP-43 burden may miss
early changes. Although EC pTDP-43 pathology peaked
posteriorly, the anterior-most levels demonstrated pTDP-
43 pathology that significantly associated with increasing
age of the case (Figure 3C). Anterograde tracer studies in
the monkey have shown that the lateral and basal nuclei
of the amygdala (the typical origin of AD pTDP-43
pathology) project primarily to the subfields EO, ER,
and ELr (i.e., anterior EC), with some innervation to
ELc and the rostral-most EI [49]. Since we found a higher

pTDP-43 pathology burden in posterior subregions as
opposed to anterior ones, our data suggests an asynchro-
nous initial pathological development, not driven by con-
nectivity. Moreover, the fact that EO (entorhinal
olfactory) presented the lowest pathology for both p-tau
and pTDP-43 should be considered as olfactory assess-
ments for inexpensive tests of cognitive decline continue
to be developed [50, 51]. We previously speculated about
a first wave of p-tau pathology affecting posterior EC
and a second wave affecting anterior EC [32]. Our data
suggests that preclinical pTDP-43 pathology follows a
similar asynchronous pattern in the EC. These findings
provide a more detailed analysis of the pathological vul-
nerabilities within stage II of pTDP-43 progression in
AD, particularly in the context of subregion, density,
and age.

Do p-tau and pTDP-43 relate to each other in patho-
logic evaluations? We found strong correlations between
pTDP-43 and p-tau along the rostrocaudal extent of the
EC (Figures 3E,F and 4A) and among the EC subfields
themselves (Figure 3D). Mixed findings have surfaced
about p-tau and TDP-43 confluences in pathology. Tomé
and colleagues demonstrated the colocalization of p-tau
and pTDP-43 at 78.3% in the hippocampus of clinical
AD brains [28]. Conversely, Gu and colleagues reported
a negative association between pTDP-43 and p-tau levels
in the human brain, which may be attributed to the
potential instability of tau mRNA by TDP-43 [52].
Double-label immunofluorescence studies also highlight
inconsistencies regarding the co-localization of pTDP-43
and p-tau in the same neurons. While some studies sug-
gest ample concurrence within the same cells [27, 28],
while others suggest more independence, with only occa-
sional associations with p-tau filaments [41, 53, 54].
Higashi and colleagues found that the amygdalae and
hippocampi with tau or alpha-synuclein were also vulner-
able to TDP-43 pathology in AD cases, although the p-
tau and TDP-43 inclusions hardly overlapped within the
same neuron [41]. Nonetheless, given that samples can
present p-tau in the absence of pTDP-43 and vice versa,
it is unlikely that these pathologies necessitate each other.
Our findings here suggest that populations of neurons
vulnerable to p-tau within the EC also present pTDP-43.
However, while the deposition patterns correlated, the
absolute density of pathology-positive neurons differed
(Figure 4A,B), with a much more severe p-tau burden
present in the same subfields (Figure 3D). This result sup-
ports the independence of p-tau and pTDP-43 patholo-
gies at the neuronal level, even if their preclinical burden
peak at the same EC subfields.

Josephs et al. recently classified TDP-43 pathology
aggregates into type-α and type-β, where the latter is pri-
marily identified by its overlap with NFTs [24]. Some fac-
tors, such as prevalent heterogeneous pTDP-43 NFT-like
structures, suggest that the TDP-43 pathology observed
in our cases most closely resembles the β-type. This was
observed along the entire extent of the EC, independent
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of subfield (Figures 2 and 6), and was particularly evident
in subfields that also presented high levels of p-tau NFTs
(Figures 5 and 6). Moreover, as is the case for type-β
TDP-43, we noticed significant involvement in limbic
regions at early (Josephs stages I–II) TDP-43 stages [24].
However, we also observed TDP-43 type-α features, such
as the presence of neuropil threads, albeit less severely
than in p-tau, and occasional neuronal cytoplasmic and
intranuclear inclusions in heavily affected regions. Nota-
bly, our cases comprise the preclinical Braak stages (I–
II), which have been shown to primarily display type-α
TDP aggregates [24]. Though our observed TDP-43
aggregates categorize more closely to the type-β classifi-
cation, future studies will be needed to confirm whether
these differences in TDP-43 correspond to a spectrum or
a sharp distinction within AD and non-demented elderly
cases. This division will prove especially valuable in the
EC, as it is a point of convergence for p-tau and TDP-43
in stage II of their respective pathology scoring [3, 11].

Our work benefitted from several strengths. This anno-
tative study brings together p-tau and pTDP-43 not only
from a subregional but also from a density perspective. This
includes the exact cytoarchitectonic validation of the EC
subfields and the correspondence of the p-tau SQ ratings on

the same subfields, anterior–posterior levels, and cases.
Assessing the pathology density of similar structures and in
the same case subfields allowed for direct comparison of
the scores, something not possible in studies with separate
scales [28]. This work also examines pTDP-43 pathology
during the preclinical window in cognitively healthy aging,
but before Alzheimer’s disease, to report the earliest
changes in aging. While diagnostic schemes assess pathol-
ogy on a present-or-not basis, we provide a perspective of
density.

Limitations include that our cases followed the typi-
cal limbic pathology progression, and we did not study
AD subtypes [55–57]. In addition, our sample set con-
tained a mixture of right and left hemispheres. While
some reports found that TDP-43 in some forms of
dementia favors the language-dominant hemisphere
[58–60], the result has not consistently been replicated
[48], and it is not yet known if it holds true for typical
limbic AD. Finally, while we evaluated pathology on the
same subfields on adjacent tissue slides, we did not per-
form double-staining to assess the co-localization of
pathology at the individual neuron level.

In summary, we identified a posterior-lateral vulner-
ability to pTDP-43 within the EC. We found an

F I GURE 6 Immunostaining p-tau and pTDP-43 shows Qualitative Differences in the Same Subregions: Figure 6 shows representative examples
of qualitative differences in the magnitude of p-tau and pTDP-43 pathology in the same subregions from the same case (case 12, BBII). Panels A and
B show, respectively, p-tau and pTDP-43 immunostained tissue from the EC. Panels C and D show, respectively, p-tau and pTDP-43 immunostained
tissue from the perirhinal cortex. CP13 p-tau immunostained tissue in the EC and perirhinal cortex displayed a higher pathological burden than the
pTDP-43 burden seen in the same case regions, a widespread phenomenon among the rest of the cases. Magnification bar = 1 mm.
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age-dependent association with anterior EC pTDP-43
pathology and reported heterogeneity within stage II of
the pTDP-43 staging schemes for AD and PART, which
consider the EC as a whole entity [11, 12, 27, 30]. Finally,
we demonstrated a close association between p-tau and
pTDP-43 among the EC subfields, yet p-tau burden was
significantly heavier. This work serves as an observa-
tional study that lays groundwork to better understand
the deposition of comorbidities in Alzheimer’s disease.
We provide a reference for future approaches in individu-
alized medicine and highlight early vulnerabilities to two
major pathological hallmarks in aging and dementia.
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