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Abstract

Neurofibrillary tangles (NFTs), which contain abnormally phosphorylated tau proteins spreading
within components of the medial temporal lobe (MTL) memory circuit in Alzheimer’s

disease (AD). Here, we used quantitative immunohistochemistry to determine the density of
posttranslational oligomeric (TOC1 and TNT1), phosphorylated (AT8) and late truncated (TauC3)
tau epitopes within the MTL subfields including EC layer Il, subiculum, CA subfields and dentate
gyrus (DG) in subjects who died with a clinical diagnosis of no cognitive impairment (NCI),

mild cognitive impairment (MCI) and AD. We also examined whether alterations of the nuclear
alternative splicing protein, SRSF2, are associated with tau pathology. Although a significant
increase in TOC1, TNT1, and AT8 neuron density occurred in EC in MCI and AD, subicular,

DG granule cells, CAl and CA3 density was only significantly higher in AD. TauC3 counts were
not different between connectome regions and clinical groups. SRSF2 intensity in AT8 positive
cells decreased significantly in all regions independent of the clinical group. CA1 and subicular
AT8, TauC3 and oligomeric densities correlated across clinical groups. EC AT8 counts correlated
with CA subfields, subicular and DG values across clinical groups. Oligomeric and AT8 CAL, EC
and subicular density correlated with Braak stage. Decreased nuclear SRSF2 in the presence of
cytoplasmic phosphorylated tau suggests a dual hit process in NFT formation within the entorhinal
hippocampal connectome during the onset of AD. Although oligomeric and phosphorylated tau
follow a stereotypical pattern, clinical disease stage determined density of tau deposition and not
anatomic location within the entorhinal-hippocampal connectome.
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Introduction

Alzheimer’s disease (AD) is a progressive dementing disorder characterized early by
clinically subtle changes in memory and verbal fluency terminating in frank dementia

and alterations in several neurobiological systems including the inflammasome (Spani¢,
Langer Horvat, Ili¢, Hof, & Simi¢, 2022), neurotransmitters (Mesulam, 2013), neurotrophins
(Mufson et al., 2019), and oxidative stress (Scheff, Ansari, & Mufson, 2016). However,

the two primary neuropathological hallmarks that define this neurodegenerative disorder
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are neuritic plaques (NP) containing the amyloid beta protein (Selkoe & Hardy, 2016)

and neurofibrillary tangles (NFTs) composed of various posttranslational forms of tau
(Binder, Guillozet-Bongaarts, Garcia-Sierra, & Berry, 2005). Although both lesions are
found in the medial temporal lobe (MTL) (J. Chen et al., 2016; Mufson et al., 1999),

NFTSs develop prior to NPs (H. Braak & Braak, 1990). The medial temporal lobe (MTL)
consists of connectionally related structures including the transentorhinal (TEC) and
entorhinal (EC) cortex, hippocampal formation (HF) and subiculum (Berron, van Westen,
Ossenkoppele, Strandberg, & Hansson, 2020; Hoesen & Pandya, 1975) that is essential for
declarative memory and undergoes tau-based neuronal dysfunction during the early stages
of Alzheimer’s disease (AD) (Berron et al., 2020; H. Braak & Braak, 1990; Mrdjen et al.,
2019; Mufson et al., 2015). The MTL NFT pathology progresses in a stereotypical manner,
first in the TEC and EC (stage I-11), then in the HF (stage 111-1V/) before spreading to
isocortical regions (stage V-VI) (H. Braak & Braak, 1991; H. Braak & Del Tredici, 2018;
Lace et al., 2009). However, others have reported NFT pathology in the brainstem prior to
that seen in the MTL in AD (Grinberg et al., 2009; Simic et al., 2009). It’s well established
that the evolution of pathological tau follows a linear temporal sequence of posttranslational
events that includes phosphorylation, conformation and truncation that lead to the cellular
accumulation of tau oligomers, proto-fibrils, fibrils, and paired-helical filaments, the main
component of NFTs. These posttranslational tau events are visualized using antibodies
directed against discrete tau epitopes (Gamblin et al., 2003; Garcia-Sierra, Ghoshal, Quinn,
Berry, & Binder, 2003; Igbal, Liu, Gong, & Grundke-Igbal, 2010; Vana et al., 2011; Ward
et al., 2013). For example, the conformational tau oligomeric complex 1 (TOC1) recognizes
oligomers and short tau filaments in pre-tangles and neuropil threads (Ward et al., 2013), tau
N-terminal 1 (TNT1) labels early conformational oligomeric tau species with an exposed
phosphatase-activating domain (PAD) motif that disrupts fast axonal transport (FAT)
(Combs, Hamel, & Kanaan, 2016). Aggregates of oligomeric tau (Wu et al., 2021), precedes
NFT formation causing toxicity (Gyparaki et al., 2021) and RNA binding protein TIAl
promotes the generation of toxic oligomeric tau (Ash et al., 2021). Interestingly, exosomes
have been suggested to be involved in the extracellular transport of tau oligomers underlying
the intracellular neuron-to-neuron propagation of tau seeds in several neurogenerative
diseases including AD (Dujardin et al., 2014; Polanco et al., 2016, 2021; Wang et al., 2017;
Xiao et al., 2017). Together these findings provide a strong foundation for investigating the
role that oligomeric tau species play in the spatial distribution of NFT pathology within the
entorhinal-hippocampal connectome. AT8 recognizes tau phosphorylated at Ser202/Thr205,
which identifies early and late degenerative changes (H. Braak & Braak, 1991; Goedert,
Jakes, & Vanmechelen, 1995) and TauC3, an antibody generated against the C-terminus of
the truncated form of tau at Asp421 (D421) by caspase-3, associated with late and more
mature NFTs and ghost tangles (Gamblin et al., 2003; Nicholls et al., 2017). These tau
epitopes were particularly useful in defining the evolution of NFTs within the cholinergic
basal forebrain during the progression of AD (Tiernan et al., 2018; Vana et al., 2011)

and within the entorhinal cortex in severe AD (Ghoshal et al., 2002; Lace et al., 2009).
However, the field lacks a detailed analysis of the synaptic propagation (de Calignon et al.,
2012; Pooler, Phillips, Lau, Noble, & Hanger, 2013) of different tau oligomers compared to
phosphorylation and conformation tau epitopes in the entorhinal-hippocampal connectome
during the onset of AD.

J Comp Neurol. Author manuscript; available in PMC 2024 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mahady et al.

Page 4

AD is considered a tauopathy and studies suggest that an imbalance in the ratio between the
three (3R) and four (4R) microtubule-repeat tau isoforms is associated with the formation
of NFTs in vulnerable brain networks in AD (Igbal et al., 2010). In this regard, SRSF2

(aka SC35) a serine/arginine-rich splicing factor regulates the splicing of tau exon 10,
which determines the generation of 3R and 4R tau isoforms (Qian, Igbal, Grundke-Igbal,
Gong, & Liu, 2011). Disruption of the alternative splicing of tau exon 10 via SRSF2

results in an imbalance of 3R and 4R tau, which drives the formation of NFTs (C. Chen

et al., 2014; Goedert, Spillantini, Jakes, Rutherford, & Crowther, 1989; Z. H. Wang et al.,
2018). Functionally, tau mis-splicing and/or an imbalance contributes to isoform-specific
impairments that enhance the recruitment of tau isoforms into a pathological process (Park,
Ahn, & Gallo, 2016) that is postulated to be propagated as oligomers in neuronal networks
in AD (Polanco et al., 2016, 2021; Takeda, 2019). However, whether alterations in nuclear
SRSF2 are associated with tau isoforms involved in the evolution of NFTs (Bai et al., 2013)
within the entorhinal-hippocampal memory circuit in AD remains unknown.

Evidence derived from patients that develop autosomal dominant familial AD (FAD),
suggests that amyloid-beta (AB) acts as a stimulus for the pathological cascade underlying
AD including the development of NFTs (Selkoe & Hardy, 2016). Although Ap pathology
presents within frontal isocortical regions early in AD (Arnold, Hyman, Flory, Damasio, &
Van Hoesen, 1991; Thal, Rib, Orantes, & Braak, 2002), compared to NFTs first appearing
in the MTL, amyloid pathology does appear in the entorhinal cortex (Lacosta, Insua, Badi,
Pesini, & Sarasa, 2017; Mufson et al., 1999). Moreover, an increase in the amyloid precursor
protein (APP), a precursor of AP, was associated with a decrease of the U1-70K small
nuclear ribonucleoprotein spliceosome component (Bai et al., 2013), which also plays a
key role in tau splicing in AD. Therefore, we examined the relationship between amyloid
and tau lesions using antibodies that recognize amino acids 1-42 of amyloid beta peptide
(AB1_42) and MOAB-2 a pan-specific amyloid antibody that recognizes residues 1-4 of
AR that differentiates intracellular Ap from the APP (Youmans et al., 2012) to define their
relationship with tau neuronal pathology within the entorhinal-hippocampal connectome
during AD onset.

The present study combined bright-field and dual fluorescent immunohistochemistry with
quantitative methods to compare alterations in cytoplasmic oligomeric vs phosphorylated/
truncated tau and the nuclear splicing protein SRSF2 in relation to amyloid lesions within
the entorhinal-hippocampal connectome using tissue samples obtained from individuals who
died with a premortem clinical diagnosis of no cognitive impairment (NCI), mild cognitive
impairment (MCI) and AD. Data was correlated with premortem cognitive performance
scores, post-mortem neuropathological criteria, demographic and APOE allele status.

This special issue of The Journal of Comparative Neurology is dedicated to the memory

of Dr. Deepak Pandya, whose classic neuroanatomical tract tracing studies provided the
foundation for our understanding of the primate entorhinal-hippocampal memory circuit that
is compromised AD.
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Materials and Methods

Subjects

The study included 32 cases with either an antemortem clinical diagnosis of NCI (n=13,
9F/4M 85.15+10.64 years), MCI (n=6, 3F/3M, 89.17+5.5 years) or AD (n=12, 5F/7M,
87.83£9.6 years) from the University of Kentucky Alzheimer’s Disease Center (UKADC)
brain repository (see Table 1).

Clinical and Neuropathological Evaluation

Details of the clinical evaluation and criteria for diagnosis of AD, MCI and NCI in the
UKADC cohort has been published elsewhere (Schmitt et al., 2000). Briefly, at a consensus
conferences neurologists and neuropsychologists reviewed all clinical data, medical records,
interviews with family members and then assigned a final clinical diagnosis for each

case. For all subjects, cognitive test scores were available within the last year of life;

the average interval from last evaluation to time of death was 7.0+3.6 months, with no
differences among the three diagnostic groups (p<0.1). Only cases with Mini-Mental Status
Examination (MMSE) scores within 2 years of death were included in this study. Here,

the MMSE conducted closest to the date of death was the ‘severity metric’ for cognitive
impairment. The MMSE score was chosen as it was the most consistently available measure
obtained from both normal and demented subjects over the course of their evaluations.
Neuropathological diagnosis was performed as described previously (Schmitt et al., 2012),
which included NIA-Reagan criteria (Newell, Hyman, Growdon, & Hedley-Whyte, 1999),
recommendations of the CERAD (Mirra et al., 1991) and Braak staging of NFTs (H.

Braak & Braak, 1991). The UKADC neuropath core evaluation included information for
each of these criteria. Therefore, the current cases were evaluated using criteria that do

not differ greatly from the 2012 guidelines. The UKADC has not re-evaluated these cases
using the revised NIA-Alzheimer’s Association neuropathological criteria (Montine et al.,
2012) nor the inclusion of biomarkers with these guidelines (Jack et al., 2018). The later
research framework should not be used to restrict alternative approaches to hypothesis
testing that do not include biomarkers (Jack et al., 2018). The 2012 guidelines differ

from previous consensus criteria due to the following: recognition that AD neuropathologic
changes may occur in the apparent absence of cognitive impairment, an AD neuropathologic
score that incorporates histopathologic assessments of amyloid B deposits (A), staging of
NFTs (B), scoring of neuritic plaques (C), and more detailed approaches for assessing
commonly co-morbid conditions. Exclusion criteria included stroke, Parkinson’s disease,
dementia with Lewy bodies, primary age-related tauopathy (PART) (Jellinger et al., 2015)
or limbic predominant age-related TDP-43 encephalopathy neuropathologic change (LATE-
NC) (Nelson et al., 2019), significant trauma within 12 months before autopsy, seizure
within the last 6 months before autopsy, on a respirator longer than 12 hours before death,
in a coma greater than 12 hours immediately before death, or currently undergoing radiation
therapy for a central nervous system tumor. Cases treated with anticholinesterase inhibitors
were also excluded. Besides the range of interest for cognitive impairment and lack of
concomitant pathologies, this is a convenience sample chosen randomly from autopsies
performed at the UKADC. Since all cases were chosen based upon the last clinical
evaluation without prior knowledge about the severity of neuropathology, the latter did
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not introduce selection bias that affected our primary outcome measures. APOE genotype
was performed as previously reported (Mahady, He, Malek-Ahmadi, & Mufson, 2020; Vana
et al., 2011). Human Research Committees of UKADC and Dignity Health approved this
study, written informed consent for research and autopsy was obtained from the participants
or their family/guardians and research protocols were approved by the UK internal review
board (Mufson et al., 2012; Perez et al., 2015; Schmitt et al., 2012).

Immunohistochemistry

Tissue blocks containing the entorhinal-hippocampal complex were fixed in 10% neutral
buffered formalin, embedded in paraffin, sectioned at 8 um onto charged slides and kept at
room temperature until immunohistochemical processing. The antibodies used in this study
were listed in Table 2.

Two paraffin embedded sections per case were deparaffinized in xylene, rehydrated in a
series of concentrations of ethanol (100, 95, 70, and 50%) and pretreated with either heated
citric acid (pH 6) for 10 min in a microwave, or with 88% formic acid for 20 min for antigen
retrieval of Apy_42. Sections processed using the MOAB-2 antibody were pretreated with
formic acid (75%, 5 min). After several washes in Tris-buffered saline (TBS), sections were
incubated in sodium metaperiodate (0.01M) solution for 20 min to inactivate endogenous
peroxidase activity, then rinsed in TBS, and placed in blocking solution containing 0.25%
Triton X-100/3% goat serum for one hour at room temperature (RT) and then incubated
with primary antibodies in a solution of TBS 0.25% Triton X-100/1% GS overnight at

RT. Slides were incubated in a blocking solution consisting of 3% goat serum in TBST
(Tris-buffered saline/TritonX-100) at RT for 1 hr. After overnight incubation with primary
antibodies: TOC1 (1:500), AT8 (1:1,000), TauC3 (1:500), TNT1 (1:3,000), MOAB-2
(1:5,000), and AP1_42 (1:100) (see Table 2), sections were rinsed with TBS before applying
the appropriate biotinylated secondary antibody (1:200, Vector laboratories, Newark, CA),
diluted in blocking solution at RT for 1 hour. Rinsed sections were incubated in Vectastain
ABC Elite reagent (1:200, Vector laboratories, Newark, CA) for 1 hour and visualized using
acetate-imidazole 0.05% 3,3’-Diaminobenzidine tetrahydrochloride hydrate (DAB). Sections
were counterstained with Mayer’s hematoxylin to aid with cytoarchitectural and laminar
identification.

Immunofluorescence

A parallel set of sections were deparaffinized in xylene, rehydrated and antigen retrieval
performed by incubating the sections in pH 9 target retrieval solution (Agilent Dako,
Singapore) for 25 minutes in a commercial steamer. Sections were then incubated with a
polyclonal antibody against SRSF2 (1:100; Abcam, Waltham, MA, USA see Table 2) in
a solution containing TBS 0.25% Triton X-100/5% donkey serum for 48 hours at 4 °C
and after several washes in TBS containing 1% donkey serum, reaction was visualized
with a donkey anti-rabbit Cy3 conjugated affinity secondary antibody (1:200 for 1 hour;
Jackson ImmunoResearch Laboratories, Inc., Chester County, PA, USA). Sections were
then placed in a solution containing the monoclonal anti-AT8 antibody (1:100; Invitrogen,
Carlsbad, CA, USA) in a TBS 0.25% Triton X-100/1% donkey serum overnight at

RT and then incubated in a solution that contained donkey anti-mouse Cy5 conjugated
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secondary antibody (1:200 for 1 hour) (Jackson ImmunoResearch Laboratories, Inc., Chester
County, PA, USA). Sections were then processed for nuclear visualization DAPI (1:2,000;
Invitrogen, Eugene, OR USA)/TBS 0.25% solution for 15 minutes. Autofluorescence was
blocked with autofluorescence eliminator reagent for 1 minute (Millipore-Sigma, St. Louis,
MO) and sections were cover-slipped using Invitrogen ProLong Glass Antifade Mountant
(Invitrogen, Carlsbad, CA, USA). Immunofluorescence was analyzed and photographed
using an Echo Revolve fluorescence microscope (San Diego, CA, USA).

Tau Epitope and Amyloid Density Analyses

Neuronal tau and AP densities were analyzed in layer Il of the EC, the Cornu Ammonis
(CA) subregions CA3, CA2, CA1, polymorphic (PI) and granule (GI) cell layers of the
dentate gyrus (DG) and subiculum (Figs. 1-5) according to the nomenclature of Insausti
and Amaral, 2004. TEC was not analyzed due to absence of this region in the tissue blocks
provided by UKADC. Tau positive cells were counted in five fields per region per section
in two immunostained sections at 10x magnification and cell densities were determined by
dividing the number of tau positive cells by the area of counting in each field. Density
counts for MOAB-2 and AB1_4» positive plaques were assessed at 10x magnification per
section covering an area of 1.10 mm2/field as previously described (Perez et al., 2019).

Quantitation of SRSF2 Immunofluorescent Intensity

SRSF2 (SC35) nuclear immunofluorescent intensity was evaluated in layer 11 of the EC,
hippocampal subfields CA1, CA3, CA2, DG polymorphic and granule cell layers and
subiculum in sections fluorescently labelled with AT8. DAPI was used as a nuclear
counterstain. Immunofluorescence images were acquired at the same light intensity, contrast,
and exposure at 20x magnification using an Echo Revolve R4 microscope (San Diego, CA).
Nuclear SRSF2 intensity was evaluated in ten images per subfield (2 slides per case) with
the aid of ImageJ 1.53k thresholding option to highlight the structures counted. Background
intensity was subtracted from SRSF2 measurements.

Statistical Analysis

Density measures were compared across clinical groups using the non-parametric Kruskal-
Wallis, Wilcoxon-paired and Friedman repeated measurement test. Chi-square analyses
determine significant differences in sex, APOE 4, Braak stage, NIA Reagan, and CERAD
diagnosis frequency between clinical groups. Mann-Whitney test compared APOE e4
carriers and non-carriers for each tau epitope in all regions across clinical groups. Statistical
significance was set at 0.05 (two-sided). Spearman rank correlation assessed associations
between tau epitopes and demographic variables. Correlations of tau epitope densities and
neuropathological criteria within the entorhinal-hippocampal complex and across clinical
groups were adjusted using a Bonferroni test with significance levels set at =0.007 and
a=0.03, respectively.
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Case Demographics

There were no significant differences for age at death (p=0.71), sex (p=0.37), years of
education (p=0.70), postmortem interval (p=0.64), or brain weight (p=0.54) at autopsy
between clinical groups (Table 1). MMSE scores were significantly lower in the AD
compared to NCI group (p<0.001; Table 1). Frequency of APOE genotypes did not differ
significantly between groups (p=0.48). No differences were observed between Braak stage
(p=0.08), CERAD diagnosis (p=0.16) or NIA Reagan diagnosis (p=0.17) between groups
(Table 1).

Tau epitope staining characteristics within the entorhinal-hippocampal complex

Oligomeric TOC1 immunoreactivity appeared as granular deposits within the cytoplasm,
dendrites and perinuclear in hippocampal CA subfields, DG polymorphic and granule cells,
subicular neurons and layer 1l of the EC in NCI (Figs. 1a and 5a) and MCI cases (Figs. 2b
and 5b). Granular TOC1 staining was tightly packed resulting in more intense appearance
particularly in CA1 and subiculum in AD (Figs. 1c and 5c). TNT1 positive granules were
found within the cytoplasm, perinuclear and dendrites in the entorhinal-hippocampal regions
examined across clinical groups (Figs. 2 and 5e—f). Like TOC1, TNT1 labeled granules were
densely aggregated within the cytoplasm in hippocampal neurons appearing more intensely
stained in the AD group (Fig. 2¢). Of particular interest was the observation of perinuclear
oligomeric tau in CA2 and PL in NCI (Fig. 1al) and MCI (Fig. 1b3), whereas the TNT1
appeared in CA2 in NCI (Fig. 2a3) and in CA2 and CA3 in MCI (Fig. 2b2) and AD (Fig. 2c)
neurons. The pretangle/tangle marker, AT8, intensely labeled the neuronal cytoplasm in all
regions and clinical groups (Figs. 3 and 5g—i). Unlike TOC1 and TNT1, AT8 immunostained
CAL pyramidal neurons displayed a flame-like shape in MCI and AD (Fig. 3b, c). TauC3
appeared mainly in the cytoplasm, and to a lesser extent in dendrites compared to the
oligomeric and AT8 labeling, indicative of a further stage of NFT development (Guillozet-
Bongaarts et al., 2005) (Figs. 4 and 5g—i). TauC3 immunostaining was minimal in DG
polymorphic and granule cell layers and CA3 compared to CA1, CA2, subiculum and EC

in the NCI cases (Figs. 4a and 5j). TauC3 labeled neurons displayed either a flame-like or
globose morphology in MCI (Fig. 4b). Unlike TOC1 and TNT1, TauC3 positive profiles
were heavily immunoreactive and displayed the classic flame-like NFT appearance in CA1,
subiculum, and EC in AD (Figs. 4c and 5I).

Percentage of cases displaying tau epitope positive neurons within the entorhinal-
hippocampal connectome within clinical groups

Oligomeric, phosphorylated AT8, and truncated TauC3 positive profiles were observed
within the entorhinal-hippocampal complex in each clinical group. In general, a greater
number of AD cases displayed NFT-bearing neurons in the entorhinal-hippocampal regions
compared to NCI and MCI (Supplemental Table 1). TOC1, TNT1 and AT8 positive neurons
in EC layer I, subiculum, CA1 and CA2 were found in one hundred percent of the AD
cases, while the lowest percentage of these markers, particularly those containing the late
truncated TauC3 epitope in the DG granule cell layer and CA3 were observed in the NCI
cases examined. In MCI, TOC1 and AT8 positive cells were observed in EC layer II,
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CA1 and CA2 subfields in all cases, whereas TNT1 positive cells appeared only in EC

and CA3 in all MCI cases. Unlike MCI, AT8 positive cells were detected in each entorhinal-
hippocampal region in the AD cases. TOC1 and TNT1 positive cells were consistently found
in the EC layer I, subiculum, DG granule cell layer, CA1 and CA2 subfields in AD, but not
in DG polymorphic layer and the CA3 subfield. Although a great percentage of AD cases
displayed TauC3 positive cells in the EC layer I, subiculum, CAl and CA2 subfields, this
tau isoform was not observed in all AD cases.

Tau epitope density in the entorhinal-hippocampal connectome during AD progression

Here we determined the density of NFTs containing different tau epitopes within specific
regions of the entorhinal-hippocampal complex (e.g., EC layer Il, hippocampal subfields
CA2, CA3, CAl, DG polymorphic and granule cell layers and the subiculum) at different
stages of AD (see Table 3). The density of TOC1, TNT1, AT8-ir cells in EC layer Il was
significantly greater in MCI and AD compared to NCI (Kruskal-Wallis, p<0.05; Fig. 6a),
but not between MCI and AD. Density measurements of the oligomeric and AT8 positive
neurons in CA1, CA3, DG granule cell layer and subiculum were significantly higher

in AD (Kruskal-Wallis, p>0.05) compared to NCI, but not MCI (Kruskal-Wallis, p<0.05;
Figs. 6D, c, d, e and 7). Moreover, the density of TOC1 neurons in CA2 and TNT1 and
AT8-ir neurons in DG polymorphic layer were significantly increased in AD compared to
NCI (Kruskal-Wallis, p>0.05; Fig. 6d and f). No significant differences in TauC3-bearing
NFT densities were found in any of the entorhinal-hippocampal regions examined between
clinical groups (Kruskal-Wallis, p>0.05; Figs. 6 and 7). However, when stratified for APOE
genotype, €4 carriers had significantly more TauC3 positive NFTs in EC layer Il (Mann-
Whitney, p=0.03) and subiculum (Mann-Whitney, p=0.04).

Tau epitope prevalence within the entorhinal-hippocampal complex within clinical groups

We also evaluated the prevalence of different tau epitopes in each entorhinal-hippocampal
region within each individual clinical group. Quantitation revealed a greater density of
TOC1 (Kruskal-Wallis, p=0.008; Fig. 6a) and AT8 (Kruskal-Wallis, p=0.013; Fig. 6a)
compared to TauC3-labeled NFTs in EC layer Il in NCI. By contrast, there were no
significant differences between NFT densities for TOC1, TNT1, AT8 and TauC3 in EC
layer Il in MCI (Kruskal-Wallis, p>0.05; Fig. 6a). AT8 cell density was only significantly
higher compared to TauC3 in the EC in AD (Kruskal-Wallis, p=0.004; Fig. 6a). Density
of TOC1 (Kruskal-Wallis, p<0.001), TNT1 (Kruskal-Wallis, p=0.006) and AT8 (Kruskal-
Wallis, p=0.003) positive cells in the subiculum were significantly higher than TauC3
stained neurons in AD (Fig. 6b). In NCI, only AT8 densities were greater compared to
TauC3 in the subiculum (Kruskal-Wallis, p<0.035; Fig. 6b). However, there were no density
differences between tau epitopes in the subiculum in MCI cases (Kruskal-Wallis, p>0.05;
Fig. 6b).

Density of AT8 positive cells were significantly greater than TauC3 (Kruskal-Wallis,
p<0.001) in the hippocampal CA1 subfield in AD (Fig. 6c), but not between tau isoforms
in NCI or MCI (Fig. 6¢). Within CA2, TOC1 (Kruskal-Wallis, p=0.003) and AT8 (Kruskal-
Wallis, p=0.008) cell densities were greater than TauC3 in AD (Fig. 6d), whereas only the
density of AT8 labeled NFTs were greater than TauC3 in NCI (Kruskal-Wallis, p=0.015;
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Fig. 6d). There were no differences in cell densities between tau epitopes in the MCI group
(Kruskal-Wallis, p>0.05; Fig. 6d). In CA3, TOC1 (Kruskal-Wallis, p=0.04; Fig. 6e) and AT8
(Kruskal-Wallis, p=0.003; Fig. 6e) cell densities were significantly higher than TauC3 in
AD. No significant differences in cell density were observed between tau isoforms in this
region in NCI or MCI.

In the DG polymorphic layer, the density of TOC1 (Kruskal-Wallis, p=0.002; Fig. 6f)

and AT8 (Kruskal-Wallis, p=0.002; Fig. 6f) positive cells were greater than TauC3 in AD,
while only the density of AT8 profiles was higher than TauC3 in NCI (Kruskal-Wallis,
p<0.001; Fig. 6f). TOC1 (Kruskal-Wallis, p=0.001), TNT1 (Kruskal-Wallis, p=0.01) and
AT8 (Kruskal-Wallis, p=0.007) cell densities were significantly higher than TauC3 in the
DG granule cell layer in AD (Fig. 7). There were no differences between cell-densities for
each tau epitope in the DG polymorphic and granule cells in MCI (Kruskal-Wallis, p>0.05;
Figs. 6f and 7).

Tau epitope prevalence across the entorhinal-hippocampal connectome within a clinical

group

The highest densities of oligomeric TOC1 positive cells were observed in the EC and
hippocampal CA1 subfield compared to CA3 and DG granule cell layer in NCI across
regions (Friedman repeated measures, p<0.05; Fig. 8a). Moreover, CAl and subicular TOC1
positive cell densities were significantly greater than CA3 and DG polymorphic cells in

AD (Friedman repeated measures, p<0.05; Fig. 8a). Although the highest number of TOC1
positive cells was found in the EC, there were no significant differences between regions in
MCI (Friedman repeated measures, p>0.05; Fig. 8a).

The density of TNT1 profiles in the EC (Friedman repeated measures, p<0.01) and CA1
subfield (Friedman repeated measures, p<0.001) were significantly higher than either CA3
or DG polymorphic cell layer in AD (Fig. 8b). However, no significant differences in TNT1
positive densities were observed between connectome regions in MCI and NCI (Friedman
repeated measures, p>0.05; Fig. 8b).

AT8 positive cell densities within EC and CA1 were greater compared to CA3 and DG
polymorphic and granule cell layers in the NCI group (Friedman repeated measures, p<0.01;
Fig. 8c). The number of AT8 positive cells in CA2 were significantly higher than in CA3
and the DG granule layer in NCI (Friedman repeated measures, p<0.05). Density of AT8
positive cells in CAL were significantly greater than CA3 and DG polymorphic and granule
cell layers in AD (Friedman repeated measures, p<0.01; Fig. 8c). AT8 cell density in the

EC was significantly increased compared to the DG granule and polymorphic cell layers in
AD (Friedman repeated measures, p<0.05; Fig. 8c). Interestingly, despite a higher density of
AT8 positive neurons in the EC in MCI, no significant differences were found between the
other subregions.

In NCI, the density of TauC3 was significantly increased in CA1 compared to CA3 and
CA2, subiculum and DG granular and polymorphic layers (Friedman repeated measures,
p<0.05; Fig. 8d), while the EC was only greater than the DG granule cell layer (Friedman
repeated measures, p<0.05; Fig. 8d). TauC3 density in CA1 was greater than CA3 and both
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layers of the DG (Friedman repeated measures, p<0.01; Fig. 8d), while the EC displayed
greater numbers compared to the DG cell layers in AD (Friedman repeated measures,
p<0.05; Fig. 8d). By contrast, no significant differences in TauC3 densities were observed
between regions in MCI cases (Friedman repeated measures, p>0.05; Fig. 8d).

Nuclear SRSF2 intensity within AT8-bearing neurons in entorhinal-hippocampal
connectome across clinical stages of AD

Dual immunofluorescence revealed no changes in the intensity of nuclear SRSF2
immunoreactivity in cells stained for AT8 in any of the entorhinal-hippocampal regions
examined across clinical groups (Table 4). By contrast, SRSF2 nuclear intensity was
significantly higher in AT8 immunonegative neurons in the EC (Kruskal-Wallis, p=0.02;
Fig. 9a, Table 4) and CA2 (Kruskal-Wallis, p=0.04; Fig. 9b, Table 4) in NCI compared

to AD, but not MCI. Interestingly, a within group analysis revealed that SRSF2 nuclear
intensity was significantly decreased in AT8 positive compared to immunonegative cells in
all entorhinal-hippocampal regions examined (Wilcoxon test, p<0.05; Table 4).

MOAB-2 and AB1_42 plaque density in the entorhinal-hippocampal connectome across
clinical stages of AD

Neuritic and diffuse plaque densities were evaluated using a pan-amyloid (MOAB-2) and an
AB1_42 antibody. We found no significant differences in MOAB-2 positive diffuse or neuritic
plaque density in any of the entorhinal-hippocampal regions examined between clinical
groups (Kruskal-Wallis, p>0.05; Table 3, Fig. 10a—c). Conversely, Ap1_4o reactive diffuse
plaque densities were significantly greater only in DG polymorphic layer in MCI compared
to NCI and AD (Kruskal-Wallis, p=0.01; Table 3, Fig. 11a—c). Interestingly, APOE e4
carrier analysis revealed significantly more Ap1_42 neuritic plaques in CA3 compared to
non-carriers (Kruskal-Wallis, p=0.03).

Correlations between tau and Ap density, SRSF2 intensity, demographic, and
neuropathology in the entorhinal-hippocampal connectome during the progression AD

Correlations between tau epitopes and AP plaque counts, nuclear SRSF2 intensity,
demographic and pathological criteria were performed across clinical groups. However, we
discuss only those showing the strongest significant correlations (Fig. 12 and Supplemental
Table 2).

Within brain regions strong positive correlations were found between the density of TOC1
neurons in CAL, subiculum (Spearman test, r=0.86, p<0.0001) and CA2 (Spearman test,
r=0.77, p<0.0001) across clinical groups (Fig. 12a). DG granular and polymorphic TOC1
cell values were highly correlated (Spearman test, r=0.78, p<0.0001; Fig. 12a). EC layer
I1 TOCL cell density correlated with CAL (Spearman test, r=0.64, p=0.001; Fig. 12a),
subiculum (Spearman test, r=0.56, p=0.006; Fig. 12a) and DG polymorphic (Spearman test,
r=0.63, p=0.002; Fig. 12a) measurements. TNT1 density measurements in CA1 and CA2
were associated with subicular (Spearman test, r=0.86, p<0.0001) and DG polymorphic
cell values (Spearman test, r=0.80, p<0.0001), respectively (Fig. 12b). Density of AT8
positive cells within CA1 were strongly associated with subicular (Spearman test, r=0.86,
p<0.0001) and CA2 measurements (Spearman test, r=0.76, p<0.0001; Fig. 12c). Strong
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associations were found between the density of AT8 labeling in the DG granular and
polymorphic cell layers (Spearman test, r=0.79, p<0.0001) and between DG polymorphic
cell layer and CA2 (Spearman test, r=0.79, p<0.0001; Fig. 12c). In addition, the density

of the AT8 positive cells in the EC strongly correlated with CA1 (Spearman test, r=0.70,
p<0.0001) and subicular (Spearman test, r=0.69, p<0.0001) values, but weakly with

CA2 (Spearman test, r=0.56, p=0.003), CA3 (Spearman test, r=0.54, p=0.005) and DG
polymorphic (Spearman test, r=0.61, p=0.001) and granule (Spearman test, r=0.52, p<0.006)
cells. Finally, the density of TauC3 labeled cells in the subiculum significantly correlated
with CA1 (Spearman test, r=0.86, p<0.0001) and CA2 (Spearman test, r=0.82, p<0.0001)
as well as between CAl and CA2 (Spearman test, r=0.80, p<0.0001) values across clinical
groups (Fig. 12d). EC TauC3 values correlated with CA1 (Spearman test, r=0.53, p=0.005),
CA2 (Spearman test, r=0.50, p=0.009) and subicular (Spearman test, r=0.56, p=0.002)
densities across clinical groups.

A strong correlation was found between TOC1, TNT1 and AT8 cell density in EC
(Spearman test, r>0.85, p<0.0001) and subiculum (Spearman test, r> 0.88, p<0.0001) across
clinical groups (Supplemental Table 1). Moreover, these tau epitopes strongly correlated
with each other within CA1 (Spearman test, r>0.90, p<0.0001; Supplemental Table 1) and
with CA1 TauC3 measurements (Spearman test, r=0.83-0.89, p<0.0001; Supplemental Table
1). AT8 densities highly correlated with TNT1, TOC1 and TauC3 (Spearman test, TNT1
r=0.83, TOC1 r=0.5, TauC3 r=0.76; Supplemental Table 1) in CA3. CA2 subfield AT8
measurements were associated with TOC1 (Spearman test, r=0.85, p<0.0001; Supplemental
Table 1), and TNT1 and TauC3 (Spearman test, TNT1 r=0.76, TauC3 r=0.76, p<0.0001;
Supplemental Table 1). In the DG polymorphic and granule cell layers, the density of

AT8 NFTs were significantly associated with TOC1 (Spearman test, r>0.84, p<0.0001;
Supplemental Table 1) and TNT1 (Spearman test, r>0.79, p<0.0001; Supplemental Table
1). However, only the density of these oligomeric tau epitopes within the DG granule cells
strongly correlated across clinical groups (Spearman test, r=0.83, p<0.0001; Supplemental
Table 1)

Density of TOCL1 positive cells in CAL (Spearman test, r=0.59, p<0.001; Supplemental

Fig. 1a), subiculum (Spearman test, r=0.66, p<0.001; Supplemental Fig. 1b) and EC

layer 11 (Spearman test, r=0.71, p<0.001; Supplemental Fig. 1c) correlated significantly
with Braak stage. TOC1 cell density in the EC layer Il correlated with NIA Reagan
(Spearman test, r=0.71, p<0.001; Supplemental Fig. 1d) and CERAD (Spearman test,
r=0.67, p<0.001; Supplemental Fig. 1e) scores. Density of TNT1 positive cells in CAl
(Spearman test, r=0.67, p<0.001; Supplemental Fig. 2a), CA2 (Spearman test, r=0.58,
p=0.003; Supplemental Fig. 2b), subiculum (Spearman test, r=0.74, p<0.001; Supplemental
Fig. 2¢), and EC (Spearman test, r=0.74, p<0.001; Supplemental Fig. 2d) correlated strongly
with Braak stage across groups. Furthermore, TNT1 NFT densities within the EC strongly
correlated with CERAD (Spearman test, r=0.71, p<0.001; Supplemental Fig. 2e) and NIA
Reagan scores (Spearman test, r=0.70, p<0.001; Supplemental Fig. 2f). Density of AT8
positive NFTs in CA1 (Spearman test, r=0.65, p<0.001; Supplemental Fig. 3a), CA2
(Spearman test, r=0.56, p=0.003; Supplemental Fig. 3b), CA3 (Spearman test, r= 0.58,
p=0.001; Supplemental Fig. 3c), DG granular cell layer (Spearman test, r=0.49, p<0.007;
Supplemental Fig. 3d), subiculum (Spearman test, r =0.72, p<0.001; Supplemental Fig. 3e)
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and EC (Spearman test, r=0.79, p<0.001; Supplemental Fig. 3f) strongly correlated with
Braak stage. The density of AT8 cells in EC strongly correlated with NIA Reagan scores
(Spearman test, r=0.62, p<0.001; Supplemental Fig. 4a). Conversely, none of the tau cell
densities correlated with neuritic or diffuse plague counts within the entorhinal-hippocampal
regions across clinical groups.

Nuclear SRSF2 intensity in AT8 positive neurons in the DG polymorphic layer were
significantly correlated with subicular TauC3 densities across groups (Spearman test, r=0.50,
p=0.004; Supplemental Fig. 4b), likely resulting from transsynaptic activation of intrinsic
hippocampal connections (Amaral, Scharfman, & Lavenex, 2007). Subicular nuclear SRSF2
intensity in cells lacking AT8 reactivity, negatively correlated with the density of Ap1_

42 diffuse plaques in the EC (Spearman test, r=—0.59, p=0.0008; Supplemental Fig. 4c).
Nuclear SRSF2 intensity within AT8 negative cells in CA3 positively correlated with MMSE
scores across clinical groups (r=0.58, p=0.007; Supplemental Fig. 4d). Nuclear SRSF2
density measurements in AT8 immunopositive or negative cells were not correlated with the
specific AR marker MOAB-2 in the entorhinal cortex, hippocampus, and subiculum.

Discussion

The current study is the first quantitative immunocytochemical investigation of the
relationship between oligomeric, phosphorylated and truncated tau isoforms and the SRSF2
nuclear splicing protein in NFT evolution within the entorhinal-hippocampal connectome
during the clinical progression of AD. In the early 1970s, thioflavin NFT pathology was
reported in layer 11 neurons of the EC, which innervate the hippocampus leading to the
proposal that disconnection of this pathway plays an important role in the development of
memory impairment in AD (Van Hoesen, Pandya, & Butters, 1972). About twenty years
later, the presence of NFTs containing the abnormal phosphorylated microtubule-associated
protein tau, that is involved in cytoskeletal maintenance, was reported within layer 11 of the
EC and defined as one of the earliest site of NFTs followed by the hippocampal formation
in AD (H. Braak & Braak, 1991). Here, we used tau specific antibodies against early
conformational oligomeric TOC1 and TNT1, phosphorylated AT8 and late truncated TauC3
epitopes and the nuclear tau-splicing mediator factor SRSF2 to determine the regional
deposition of NFT pathology within the entorhinal-hippocampal connectome during the
clinical onset of AD.

Tau oligomeric TOC1, TNT1 and phosphorylated AT8: early pathological events in AD

The distribution and evolution of tangle pathology and the mechanisms underlying NFT
toxicity in the entorhinal-hippocampal connectome across the clinical stages of AD remains
elusive. It is well established that hyperphosphorylated tau detaches from microtubules
undergoing post-translational conformation and truncation that lead to pretangle soluble

tau oligomer/aggregate forms that assemble into insoluble paired helical filaments, the
main component of NFTs. Animal models of AD and human-based tissue studies have
demonstrated that pre-fibrillary soluble tau aggregates, specifically oligomeric species

are required to induce neurodegeneration and cognitive decline (Lasagnha-Reeves, Castillo-
Carranza, Guerrero-Muoz, Jackson, & Kayed, 2010). Here, we found that oligomeric
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TOC1, TNT1 and phosphorylated AT8 immunoreactivity have a granular appearance in the
cytoplasm and dendrites in neurons within the entorhinal-hippocampal complex mainly in
NCI and MCI cases suggesting a pretangle stage. Both TOC1 and TNT1 are conformational
dependent antibodies (Jeganathan et al., 2008; Kanaan et al., 2011; Patterson, Remmers,
etal., 2011). TOC1 recognizes portions of the proline-rich region of the tau molecule
(Patterson, Remmers, et al., 2011) and TNT1 reacts with the PAD portion of tau that

is implicated in fast axonal transport disturbances (Combs et al., 2016). Oligomeric and
conformational changes within the tau amino terminus identified by these antibodies are
among the earliest alterations associated with tau pathology in AD (Combs et al., 2016; Koss
et al., 2016; Patterson, Remmers, et al., 2011; Ward et al., 2013), supporting the concept that
tau oligomerization and phosphorylation are events that precedes NFT formation during the
pathogenesis of AD (Combs et al., 2016; Tiernan et al., 2018). Moreover, they have a close
association with early phosphorylated tau events detected by AT8 and pS422 antibodies
during tangle evolution in AD (Patterson, Ward, et al., 2011; Ward et al., 2013). Although
the colocalization of the oligomeric and phosphorylated tau antigens were not possible due
to tissue limitation and antibody host cross-reactivity, the strong associations between the
densities of cells containing TOC1, TNT1 and phosphorylated AT8 in the EC layer I,
subiculum and CAL1 across clinical groups, suggest a co-occurrence of tau oligomerization
and phosphorylation events in neurons within these structures in AD. Of particular interest
was the observation of perinuclear accumulation of oligomeric tau in CA2 and CA3 neurons
in NCI, MCI and AD and to a lesser degree following AT8 staining (Spani¢ et al., 2022).
The perinuclear accumulation of oligomeric tau proteins in CA3 and CA2 neurons further
suggests a role in neuronal selective vulnerability during the onset of AD. Since tau directly
interacts with nuclear pore components (NPC) resulting in mislocalization and putative
dysfunction of the neuropore (Eftekharzadeh et al., 2018), perhaps perinuclear oligomer
contributes to NPC tau-induced neurotoxicity in AD.

We found that the density of AT8 positive cells was consistently greater compared to TauC3
in most of the regions examined in NCI, while TOC1 and AT8 tau isoforms predominated

in AD. The densities of TOC1 and AT8 positive cells were consistently higher in the

EC and CA1 compared to DG layers in NCI and AD, but not in MCI. Unlike TNT1

and TOC1, phosphorylated AT8 positive neurons were observed in each region of the
entorhinal-hippocampal complex in the AD cases. Previous studies have demonstrated that
tau phosphorylation, including ATS, is a pre-requisite to conformational changes in AD
(Luna-Mufioz, Chavez-Macias, Garcia-Sierra, & Mena, 2007; Luna-Mufioz et al., 2005) and
tau oligomerization (Ward et al., 2014). In fact, the AT8 antibody recognizes both pre- and
mature NFTSs, but not end-stage ghost tangles in AD (E. Braak, Braak, & Mandelkow, 1994).
Here, tau phosphorylation at serine202/threonine205 (AT8) occurred prior to oligomeric tau,
whereas TOC1 and TNT1 displayed no or minimal temporal overlap with the late-stage

tau truncation markers MN423 and TauC3 in AD (Combs et al., 2016) in the entorhinal-
hippocampal connectome. Together these findings support the concept that oligomeric tau is
an early pathological event that is less prevalent in advanced NFTs including extracellular
ghost tangles (Combs et al., 2016; Patterson, Ward, et al., 2011). It is interesting that TNT1,
which recognizes the oligomeric and conformational disease-relevant modifications of tau
amino acids 2-18, termed PAD, which inhibits FAT (Kanaan et al., 2011), was observed
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prior to frank NFT formation early in the pathogenesis of the entorhinal-hippocampal
connectome (Kelley, Perez, & Mufson, 2019; Lace et al., 2009; Llamas-Rodriguez et al.,
2022; Patterson, Remmers, et al., 2011; Swanson et al., 2017; Vogel et al., 2020). Perhaps
biochemically heterogeneous modifications in tau (i.e., filament formation, truncation,
hyperphosphorylation, etc.) increase PAD exposure resulting in FAT inhibition (Kanaan

et al., 2012), which represents a possible mechanism for early synaptic dysfunction during
preclinical stages of AD (Counts, Nadeem, Lad, Wuu, & Mufson, 2006).

Increase of oligomeric TOC1 and phosphorylated AT8 within the entorhinal-hippocampal
connectome across clinical stages of AD

In the present study we found a significant increase in oligomeric and phosphorylated AT8
tau-bearing neurons within EC neurons in MCI and AD compared to NCI cases. By contrast,
hippocampal densities of TOC1, TNT1 and AT8 positive neurons were significantly greater
in the CA1 and CAS3 subfields, subicular and granular cell layer of the DG in AD, but not
MCI. These findings indicate a differential susceptibility to oligomeric and phosphorylated
tau between EC and hippocampal neurons in prodromal AD. Perhaps these differences are,
in part, due to the vulnerability to oxidative stress between EC and hippocampal neurons
(Bartolome, Carro, & Alquezar, 2022), which has been implicated in tau oligomerization
(Patterson, Ward, et al., 2011) and aggregation (Gamblin et al., 2003; Landino, Skreslet,

& Alston, 2004). The greater density of oligomeric and phosphorylated tau positive

neurons seen in the EC suggest that the buildup of these proteins triggers the anterograde
propagation of tau epitopes via the perforant pathway, the major source of the glutamatergic
excitatory input to the hippocampus (Hoesen & Pandya, 1975; Van Hoesen et al., 1972),

but not to levels that distinguishes MCI from NCI. CA1, which innervates the subiculum
(Rosene & Van Hoesen, 1977), compared to other hippocampal subfields, which consistently
displayed increased densities of AT8, TauC3 and oligomeric tau in the AD cases. Others
using antibodies against truncated TauC3 and MN423 and 3R and 4R tau isoforms have
demonstrated that tau deposition followed the circuitry of the hippocampus in AD cases
categorized by tau Braak staging criteria (Arezoumandan et al., 2022; Iseki et al., 2006;
Lace et al., 2009). Here, our quantitative findings revealed that neuronal densities of TNT1,
TOC1 and AT8 within the EC, hippocampus and subiculum significantly correlated with
Braak staging across clinical groups. Previous studies using tissue sections from the EC,
hippocampus, and superior temporal gyrus revealed that cellular TOC1 reactivity follows
the characteristic pattern of Braak staging (Patterson, Remmers, et al., 2011). Others have
reported strong correlations between TOC1 and AT8 protein levels derived from temporal
cortex lysates (Koss et al., 2016) and phospho-tau antibody staining with Braak stages (Zhou
et al., 2006). A recent tau-PET imaging study revealed some degree of overlap with Braak
staging (\Vogel et al., 2020), suggesting the former as biological marker for AD.

The connectional progression of tau pathology from EC to the hippocampus supports the
suggestion that disconnection and/or deafferentation plays a pivotal role in the development
of the dementia in patients with AD (E. Braak et al., 1994; Van Hoesen et al., 1972).

Studies using animal models of AD combined with neuroanatomical tract tracing techniques
have shown anterograde propagation of tau along the entorhinal-hippocampal connectome
in rodents (de Calignon et al., 2012; Goedert, Eisenberg, & Crowther, 2017; Guo et al.,
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2016; McAllister, Lacoursiere, Sutherland, & Mohajerani, 2020; Ruan et al., 2021). A recent
study revealed anterograde transport of tau and the cytoplasmic labeling of early and late
tau epitopes in the hippocampus following an injection of a 4R tau using an adenovirus
vector into the monkey EC (Beckman et al., 2021). These studies and others demonstrating
the propagation of tau pathology along neuronal pathways (German, White, & Sparkman,
1987; Hyman et al., 1988; Pearson, 1996; Pearson, Esiri, Hiorns, Wilcock, & Powell,

1985; RUb et al., 2000; Saper, Wainer, & German, 1987; Shukla & Bridges, 1999; Thal,
Holzer, et al., 2000) led to the hypothesis that tau propagates along synaptically connected
circuits using a “prion-like” trans-neuronal process (Fornari, Schafer, Jucker, Goriely, &
Kuhl, 2019; Jucker & Walker, 2011). Tau hyperphosphorylated oligomers are suggested to
be seed-components underlying the circuit-based spread of tau in AD and other tauopathies
(Dujardin et al., 2020). The present findings showing significant associations between the
densities of phosphorylated AT8 bearing neurons in EC, CA hippocampal fields, subiculum
and DG polymorphic and granule cell layer during AD progression lend support to this
concept. The observation that the density of TOC1, but not TNT1, within the EC correlated
with that seen in CAL, subicular and DG polymorphic layer suggests a prominent role for
TOC1 in tau pathogenesis and its propagation in AD. We found that densities of TNT1,
TOC1, AT8 and TauC3 in CA1, which innervates the subiculum (Rosene & Van Hoesen,
1977) were significantly correlated, providing support for trans-neuronal propagation of
tau aggregates during the development of misfolded oligomeric tau species within the
entorhinal-hippocampal circuit (DeVos et al., 2018). The spread of tau from the EC to

the dentate gyrus was observed prior to synapse and neuronal loss (Pickett et al., 2017),
suggesting that tau transport between synaptically interconnected neurons occurs prior to
frank disease onset (DeVos et al., 2018). In this regard, a growing body of evidence suggests
that transfer of toxic tau aggregates between neurons occurs via exosomes (Dujardin et al.,
2014; Polanco et al., 2916, 2021, Wang et al., 2017, Xiao et al., 2017), which requires
further investigation.

TauC3 densities are associated with APOE e4 status

TauC3 recognizes a form of tau with a truncational change imposed by caspase-3-mediated
cleavage at D421 (Fasulo et al., 2000), indicative of apoptotic cell death (Chung et al., 2001;
Nicholls et al., 2017). Here, our quantitative analysis revealed very few TauC3 positive
NFTs and no significant differences in TauC3 densities in any entorhinal-hippocampal
subfield examined across clinical groups. However, a previous study found significantly
more TauC3-positive NFTs in the hippocampus and EC when counts for each region

were combined (Rissman et al., 2004). Others have reported TauC3-positive NFTs in the
EC in severe AD, which inversely correlated with cognitive function (Gamblin et al.,

2003; Guillozet-Bongaarts et al., 2005; Rissman et al., 2004). The present study utilized
mild AD (mean MMSE: 21.08+6.05), while others examined “End-stage” AD cases with
lower MMSE scores (mean MMSE: 6.50+4.69) (Rissman et al., 2004) and cases classified
neuropathologically as severe AD cases (Braak stages V-VI1) (Guillozet-Bongaarts et al.,
2005), suggesting that both clinical and pathological severity is associated with more TauC3
pathology in AD.
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When we stratified for APOE genotype, e4 carriers had significantly more TauC3 positive
NFTs in EC and subiculum. A previous investigation demonstrated a significant link
between the expression the APOE ¢4 allele and an increase of NFTs bearing TauC3 and
MN423 truncated tau makers in the EC and subiculum in AD (Basurto-Islas et al., 2008).
Although the biological mechanism(s) underlaying this association are unknown, other
suggests that the link between APOE e4 and tangle pathology is either indirect or dependent
upon A pathology (Farfel, Yu, De Jager, Schneider, & Bennett, 2016; Ramanan et al.,
2019; Tosun et al., 2017). Tau-PET ligand imaging found that female APOE e4 carriers
showed a significantly greater tau burden in the hippocampus, EC, and parahippocampal
cortices in aging and dementia cohorts, after accounting for age, educational attainment,
clinical diagnosis and neocortical amyloid load (Y. T. Wang et al., 2021). Further studies
are needed to investigate the effect of ApoE gene dosage upon the propagation of tau across
clinical stages of AD.

SRSF2 nuclear intensity is associated with pretangle pathology in prodromal AD

The role of SRSF2 upon tau isoforms and NFT formation in AD is under investigated.
Alternative splicing of tau exon 10 is a determinant factor in the generation of 3R and

4R tau isoforms. Phosphorylation of SRSF2 by glycogen 3 kinase (GSK3) favors the
expression of 3R tau (Hernandez et al., 2004), while the absence of SRSF2 favors exon

10 inclusion increasing 4R tau (K. L. Chen, Yuan, Hu, & Hsu, 2010), suggesting tau
isoform modulation occurs through SRSF2. Studies have shown an increase in the ratio of
the 3R/4R tau expression in cholinergic basal forebrain and hippocampal CA1 neurons

in MClI and AD (Ginsberg, Che, Counts, & Mufson, 2006) and that the ratio of 3R
tau-positive NFT was greater in hippocampal subfields with advanced NFT pathology in
AD (Hara, Hirokawa, Kamei, & Uchihara, 2013; Iseki et al., 2006; Kitamura, Sugimori,
Sudo, & Kobayashi, 2005; Lace et al., 2009; Uchihara, Hara, Nakamura, & Hirokawa,
2012) and a shift to higher numbers of 3Rtau to 4Rtau positive neurons in the brainstem

in AD (Uematsu et al., 2018). In the current study, nuclear SRSF2 levels were decreased
in AT8-positive neurons in EC layer 11, CA subfields, subiculum and DG across all clinical
groups, suggesting a link between tau pathology and loss of the protein for nuclear SRSF2
supporting studies demonstrating that tau acts as a mediator of spliceosome disruption

in AD (Hsieh et al., 2019; Montalbano et al., 2021). We also found that nuclear SRSF2
density in AT8 immunonegative perikarya was significantly decreased in CA2 and EC

in AD compared to NCI, but not MCI. This differential effect suggests that there are

other processes involved with splicing dysregulation, which are not associated with the
ATS8 isoform. In this regard, the splicing factors U1-70K and U1A, which are associated
with NFT formation have synergistic interactions with SRSF2 that may affect neuronal
survival in AD (Bai et al., 2013; Diner et al., 2014; Hsieh et al., 2019; Zhu et al.,

2020). Recently, a complex containing oligomeric tau and the splicing protein hnRNPA2B1
together with N8-methyladenosine was shown to contribute to tau neurodegeneration (Jiang
et al., 2021). Therefore, future investigations are warranted to evaluate the interaction
between different splicing proteins and tau epitopes in the formation of NFTs within the
entorhinal-hippocampal circuit during the onset of AD.
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Correlation of AB plaque density and SRSF2 intensity in the entorhinal-hippocampal

connectome

Here, were found an increase in the density of MOAB-2 pan-amyloid and AB1_4» postiive
neuritic and diffuse plaque densities. No significant differences in AR (MOAB-2) diffuse or
neuritic plaques were found across the clinical groups examined. However, AB1_4, diffuse
plaque density in the DG polymorphic layer was significantly increased in MCI compared
to NCI and AD. Previous reports revealed low plague numbers in prodromal AD, that
plaques occur long after the emergence of NFTs in the EC and hippocampus, and amyloid
and tau pathologies overlapped only in advanced AD (Thal, Rub, Orantes, & Braak, 2002;
Thal, Rub, et al., 2000). This temporal divide between the onset of these pathological
hallmarks questions the proposed link between A and the downstream activation of NFT
tau bearing lesions in AD. However, the present study did not examine oligomeric forms

of AB, which may be present prior to insoluble amyloid or even pretangle pathology.
Interestingly, subicular nuclear SRSF2-ir intensity negatively correlated with Ap;_4, diffuse
plaque burden in the EC. To our knowledge, no previous investigations have identified a
link between SRSF2 and AB1_4» in the EC during the clinical progression of AD. Since
SRSF2 and the RNA-binding protein hnRNPAL may play a role in maintaining appropriate
ratios of various forms of APP, changes in binding proteins could affect Ap deposition
(Donev, Newall, Thome, & Sheer, 2007). A study that crossed the N40K-tg mouse model
of U1 snRNP dysfunction with the 5xFAD amyloidosis AD model demonstrated a synergy
between a RNA splicing defect and amyloid resulting in a reorganization of the brain
transcriptome and proteome, dysregulation of synaptic proteins and an increase in cognitive
decline (K. L. Chen et al., 2022). In addition, this mouse model displayed a reduction of
GABAergic synapse components that underlie entorhinal hippocampal neurotransmission,
which is defective in AD.

Our results indicate that pretangle formation is concomitant with alterations in nuclear
SRSF2 in cells containing NFT pathology across clinical groups, suggesting that alterations
in nuclear SRSF2 occur independent of pretangle formation in the EC and hippocampal
CA2 subfield in AD. Interestingly, studies have suggested the therapeutic use of aberrant
splicing RNA to address tau and Ap splicing defects in AD (Avale, Rodriguez-Martin, &
Gallo, 2013; K. L. Chen et al., 2020; Garcia-Blanco, Baraniak, & Lasda, 2004). Therefore,
understanding the complexity between splicing of tau propagation within the entorhinal-
hippocampal circuit will provide novel information needed to develop drugs to slow the
evolution of NFT pathology and the onset of dementia.

Study limitations

Limitations include the small number of MCI cases, which did not permit the subdivision
into amnestic vs non-amnestic groups. Interestingly, a biochemical and biophysical
investigation of tau aggregates revealed significant patient to patient heterogeneity in
hyperphosphorylated species of soluble, oligomeric and seed components of tau (Dujardin
et al., 2020). Here, the MCI group exhibited a large variation in tau densities suggesting
that this clinical group did not contain a homogeneous tau signature (Arezoumandan et
al., 2022) and that personalize medicine approaches are likely needed for each disease
stage. Since the tissue examined in this study was not prepared for stereology, we used a
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non-stereological quantitative counting method, which is not inherently unbiased, but have
been shown to produce similar outcomes (von Bartheld, 2002). Since only a few tissue
blocks contained the TEC, this region was not examined. Although we did not examine

the relationship between tau and amyloid within the different subdivisions of the entorhinal
cortex, others have reported an increase in tau and amyloid in the lateral compared to the
medial entorhinal cortex in AD (Lace et al., 2009) as well as an anterior to posterior increase
in NFT accumulation and atrophy in the EC in preclinical AD cases (Llamas-Rodriguez et
al., 2022), suggesting that more detailed analysis of EC subfields are needed to better define
tau pathology during the progression of AD. Future studies should include the examination
of the microstructure of white matter fiber tracts connecting the EC and hippocampus and
the role that axonal disconnection plays in the ability of the diseased brain to display
neuronal plasticity (DeKosky et al., 2002; Mufson et al., 2012; Mufson et al., 2015) and
cognitive resilience (Kelley, Ginsberg, Liang, Counts, & Mufson, 2022; Mesulam, 1999;
Mufson et al., 2016).

In summary, the present study revealed that the density of oligomeric TOC1, TNT1 and
AT8 containing neurons in the EC was greater in both MCI and AD compared to NCI cases
but no difference was found between the MCI and AD groups. Within the hippocampus,

the density of these tau epitopes was increased in CAl, CA2, CA3, DG polymorphic and
granular cell layers, and subiculum in AD compared to NCI, but not in MCI. There were

no significant differences in TauC3 densities between the different MTL regions across

the clinical groups. Strong correlations were found between TOC1, TNT1 and AT8 cell
densities in CA1 and subiculum. Moreover, AT8 cell densities in the EC correlated with

all CA subfields, subiculum, and DG polymorphic and granule cell layers. Nuclear SRSF2
levels were decreased in AT8-bearing neurons in EC layer I, hippocampal CA subfields
and subiculum supporting a link between tau and the spliceosome that is associated with
the stereotypic propagation of tau within the entorhinal-hippocampal connectome across the
clinical stages of AD. Interestingly, we observed a stereotypic propagation of tau pathology,
but clinical disease stage and not anatomical region affected the density of tau deposition
within of the entorhinal-hippocampal connectome suggesting further investigation into
clinical and molecular factors that modulate the anterograde transport of tau between
synaptically connected brain regions during the onset of AD.
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Figure 1.
Low magnification photomicrographs showing TOC1 immunoreactivity in the hippocampus

and subiculum in NCI (a), MCI (b), and AD (c) cases. Note the increase in TOCL staining
in CA2, CAl and subiculum across disease stages. Images labeled with (a-b)1-6 show
different TOC1 neuronal morphologies and immunostaining characteristics within each

CA subfield and subiculum across clinical groups. Note the granular TOC1 cytoplasmic,
perinuclear (arrows) and dendritic staining in the NCI and MCI cases compared to a denser
aggregation in AD. Sections were counterstained with hematoxylin (light-blue nuclear
staining). Abbreviations: CA1, hippocampal subfield CAL; CA2, hippocampal subfield
CAZ2; CA3, hippocampal subfield CA3; DG, dentate gyrus; Gl, granule cell layer of the

DG; PI, polymorphic layer of the DG; Sub, subiculum. Scale bar in ¢c=200 um and applies to
aand b, (a-c)6=25 pum applies to all (a-c)1-5 panels.
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Figure 2.
Low magnification photomicrographs of TNT1 immunoreactivity in the hippocampus

and subiculum in NCI (a), MCI (b), and AD (c) cases which shows an increase of
immunoreactivity in CA subfields and subiculum in MCI (b) and AD (c) compared

to NCI (a). Images labeled (a-c)1-6 show different TNT1 neuronal morphologies and
characteristics within each CA subfield and subiculum across clinical groups. TNT1
staining also appeared granular within the cytoplasm, perinuclear (arrows) and dendrites

in multipolar neurons across regions and clinical groups. Note the increase of stain intensity
and loss of multipolar cellular phenotype in AD compared to NCI and MCI. Sections

were counterstained with hematoxylin (light-blue nuclear staining). Abbreviations: CA1,
hippocampal subfield CAL; CA2, hippocampal subfield CA2; CA3, hippocampal subfield
CA3; DG, dentate gyrus; Gl, granule cell layer of the DG; PI, polymorphic layer of the DG;
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Sub, subiculum. Scale bar in ¢c=200 pm and applies to a and b, (a-c)6=25 pm applies to all
(a-¢)1-5 panels.
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Figure 3.
Low magnification photomicrographs of AT8-ir neurons in the hippocampus and subiculum

in NCI (a), MCI (b), and AD (c) cases showing a marked increase in labeling within

the CA1 across clinical groups. Images labeled with a (a-c)1-6 show different AT8
neuronal morphologies and characteristics within each CA subfield and subiculum across
clinical groups. Note that AT8 immunoreactivity was more densely aggregated in each CA
subfield and subiculum in comparison to the DG layers across clinical groups. Sections
were counterstained with hematoxylin (light-blue nuclear staining). Abbreviations: CA1,
hippocampal subfield CA1; CA2, hippocampal subfield CA2; CA3, hippocampal subfield
CA3; DG, dentate gyrus; Gl, granule cell layer of the DG; PI, polymorphic layer of the DG;
Sub, subiculum. Scale bar in c=200 um and applies to a and b, (a-c)6=25 pm and applies to
panels (a-c)1-5.

J Comp Neurol. Author manuscript; available in PMC 2024 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Mahady et al.

Sub ; - - .\‘\;f])(r;/w '- ‘
Cmn . .'.CA-TZ' :

oL T CA3

DG o

CA1

Figure 4.
Low magnification photomicrographs of TauC3 immunostaining in the hippocampus and

subiculum in NCI (a), MCI (b), and AD (c) showing limited staining within the CA
subfields and subiculum across clinical groups. Images labeled (a-c)1-6 show different
TauC3 neuronal morphologies and characteristics within each CA subfield and subiculum
across clinical groups. Note the prevalence of TauC3 neurons displaying the classic flame-
like NFT morphology in MCI and AD but to a lesser extent in NCI (a) compared to

TOCI (Fig. 1) and TNTL1 (Fig. 2) neuronal staining. Sections were counterstained with
hematoxylin (light-blue nuclear staining). Abbreviations: CA1, hippocampal subfield CA1;
CA2, hippocampal subfield CA2; CA3, hippocampal subfield CA3; DG, dentate gyrus; Gl,
granule cell layer of the DG; PI, polymorphic layer of the DG; Sub, subiculum. Scale bar in
¢=200 pm and applies to a and b, (a-c)6=25 um and applies to all (a-c)1-5 panels.
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Figure 5.
Photomicrographs showing EC layer Il neurons immunolabeled for TOC1 (a-c), TNT1 (d-f),

AT8 (g-i) and TauC3 (j-I) in NCI, MCI, and AD cases. Note the limited TOC1, TNT1 and
AT8 positive cells and neuropile threads in NCI compared to MCI and AD. By contrast,

the number of TauC3 positive cells was greater in AD compared to NCI and MCI. Sections
were counterstained with hematoxylin (light-blue nuclear staining). Scale bar in 1=25um and
applies to a-k.
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Figure 6.

Bar graphs showing a significant increase in the density of TOC1, TNT1, AT8 reactivity in
EC layer Il in MCI and AD compared to NCI (a). TOC1, TNT1, AT8-ir cell densities in
CALl (c), CAS3 (e), and subiculum (b) were significantly higher in AD compared to NCI,

but not in MCI. CA2 TOC1 (d) and DG polymorphic layer TNT1 and AT8 (f) densities
were significantly increased in AD compared to NCI. No significant differences in TauC3
density were found in any of the entorhinal-hippocampal regions (a-f) across clinical groups.
Within group analysis revealed significantly higher TOC1 and AT8 cell densities compared
to TauC3 in the EC in NCI (a), while only AT8 density was significantly higher compared to
TauC3 in AD. Subicular (b) TOC1, TNT1 and AT8 positive cell densities were significantly
higher than TauC3 in AD, whereas AT8 densities were greater than TauC3 in NCI. Although
the density of AT8 cell labelling was significantly greater than TauC3 in CA1 (c), TOC1

and AT8 density in CA2 (d), CA3 (e) and DG polymorphic layer (f) was increased in AD.
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AT8 density was significantly greater compared to TauC3 in AD, whereas only AT8 density
in CA2 (d) and DG polymorphic layer (f) were higher than TauC3 in NCI. No differences
were found between the density of any tau epitope in MCI in the regions examined. Kruskal-
Wallis, *, p<0.05; Significant comparisons: @, TOC1 vs TauC3, # AT8 vs TauC3 and &,
TNT1 vs TauCa3.
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Figure 7.
Bar graph showing a significant increase in TOC1, TNT1 and AT8 neuron densities in AD

compared to NCI within the DG granule cell layer. TOC1, TNT1 and AT8 neuron densities
were higher than TauC3 in the DG granule cell layer in AD. Kruskal-Wallis, *, p<0.05;
Significant comparisons: @, TOC1 vs TauC3, # AT8 vs TauC3 and &, TNT1 vs TauC3.
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Figure 8.
Bar graphs showing the density distribution of tau epitopes within regions of the entorhinal-

hippocampal complex across clinical groups. (a) Highest densities of oligomeric TOC1
positive cells appeared in the EC and hippocampal CA1 field compared to CA3 and DG
granule cells. CA1 and subicular TOC1 positive cell densities were significantly greater
than CA3 and the DG polymorphic cell layer in AD. Despite the greatest number of TOC1
positive cells seen in the EC, no significant differences in TOC1 densities were found
between brain regions in the MCI group. (b) Density of TNT1 profiles in the EC and CAl
subfield were significantly higher than either CA3 or DG polymorphic layer in AD. No
significant differences in TNT1 positive densities were observed between the brain regions
in MCI or NCI. (c) AT8-positive cell densities in EC and CA1 were greater than CA3, DG
polymorphic and granule cell layers in the NCI group. The number of AT8-positive cells in
CAZ2 were significantly higher than CA3 and the granule layer of the DG in NCI. Density
of AT8 positive cells in CA1 was significantly greater than CA3 and the polymorphic and
granule cell layers of the DG in AD. Density of EC AT8 positive cells was increased
compared to the DG granule and polymorphic cell layers in AD. Despite the greater density
of AT8 positive neurons in the EC of the MCI cases, no significant differences were

found between brain regions in AD. (d) Density of NCI TauC3 labeled neurons revealed

a significant increase in CA1 compared to CA3 and CA2 subfields, subiculum and DG
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granule and polymorphic layers, whereas the EC was only greater than the DG granule cell
layer. AD TauC3 density within the CA1 was greater than CA3 and both layers of the DG,
while the EC contained greater numbers compared to the DG polymorphic and granular
cell layers. By contrast, no significant differences in any of the tau markers were observed
between the different brain regions in the MCI group. Friedman’s test, *, p<0.05.
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Figure 9.
Immunofluorescence showing single stained AT8 (cyan), SRSF2 (red), DAPI (blue) and

merged images in the EC layer 1l and CA2 in NCI, MClI and AD cases. Note a higher
degree of SRSF2 fluorescence in AT8 immunonegative neurons in NCI compared to either
AD or MCI (white arrows) within the EC layer I1 (a) and CA2 (b). Histograms showing a
significant increase in SRSF2 nuclear intensity in AT8 immunonegative neurons in EC (a)
and CA2 (b) in NCI compared to AD. Abbreviations: CA2, hippocampal subfield CA2; EC
layer 11, entorhinal cortex layer I1. Scale bar=50 um, *, p<0.05.
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a

Figure 10.
Low magnification photomicrographs showing limited pan Ap (MOAB-2) immunoreactivity

in the hippocampus and subiculum in NCI (a), MCI (b) and AD (c). Images labeled with
(a-c)1-6 show Ap reactive plaque pathology across clinical groups. In NCI (a), a few
plaques were seen in the CA1 and subiculum. In MCI (b), plaques were seen in the DG
polymorphic layer, CA2 and CAL, but not in the subiculum. By contrast, plaques were found
in all hippocampal subfields and the subiculum in AD (c). Abbreviations: CA1, hippocampal
subfield CA1; CA2, hippocampal subfield CA2; CA3, hippocampal subfield CA3; DG,
dentate gyrus; Gl, granule cell layer of the DG; PI, polymorphic layer of the DG; Sub,
subiculum. Scale bar in ¢=200 um and applies to a and b, (a-c)6=25 pm and applies to
panels (a-c)1-5.
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Figure 11.
Low magnification photomicrographs of Ap;_4, immunoreactive profiles (arrows) showing

an increase in plaque load in the hippocampus and subiculum from NCI (a) to MCI

(b) to AD (c). Images labeled with (a-¢c)1-6 show diffuse (a5, b1), neuritic (c1, c2)

and cored plaques across regions and clinical groups. Sections were counterstained with
hematoxylin (light-blue nuclear staining). Abbreviations: CA1, hippocampal subfield CAL;
CA2, hippocampal subfield CA2; CA3, hippocampal subfield CA3; DG, dentate gyrus; Gl,
granule cell layer of the DG; PI, polymorphic layer of the DG; Sub, subiculum. Scale bar in
€=200 pm and applies to aand b, (a-c)6=25 pm and applies to panels (a-c)1-5.
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Heatmaps showing the spearman correlation coefficient values (r) obtained from the
comparison of TOC1 (a), TNT1 (b), AT8 (c) and TauC3 (d) positive cell densities within the
entorhinal-hippocampal regions across clinical groups. Yellow circles indicate significance,

Bonferroni adjusted significance level a=0.03.
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