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Pathogenic tau modifications occur in
axons before the somatodendritic
compartment in mossy fiber and Schaffer
collateral pathways
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Abstract

The deposition of tau pathology in Alzheimer’s disease (AD) may occur first in axons of neurons and then progress
back into the cell bodies to form neurofibrillary tangles, however, studies have not directly analyzed this
relationship in relatively discrete circuits within the human hippocampus. In the early phases of tau deposition,
both AT8 phosphorylation and exposure of the amino terminus of tau occurs in tauopathies, and these
modifications are linked to mechanisms of synaptic and axonal dysfunction. Here, we examined the localization of
these tau pathologies in well-characterized post-mortem human tissue samples from the hippocampus of 44 cases
ranging between non-demented and mild cognitively impaired to capture a time at which intrahippocampal
pathways show a range in the extent of tau deposition. The tissue sections were analyzed for AT8 (AT8 antibody),
amino terminus exposure (TNT2 antibody), and amyloid-B (MOAB2 antibody) pathology in hippocampal strata
containing the axons and neuronal cell bodies of the CA3-Schaffer collateral and dentate granule-mossy fiber
pathways. We show that tau pathology first appears in the axonal compartment of affected neurons in the absence
of observable tau pathology in the corresponding cell bodies in several cases. Additionally, deposition of tau in
these intrahippocampal pathways was independent of the presence of AR plaques. We confirmed that the majority
of tau pathology positive neuropil threads were axonal in origin and not dendritic using an axonal marker (i.e.
SMI312 antibody) and somatodendritic marker (ie. MAP2 antibody). Taken together, these results support the
hypothesis that AT8 phosphorylation and amino terminus exposure are early pathological events and that the
deposition of tau pathology, at least in the studied pathways, occurs first in the axonal compartment prior to
observable pathology in the somata. These findings highlight the importance on targeting tau deposition, ideally in
the initial phases of its deposition in axons.
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Introduction

Tau is a microtubule-associated protein involved in
regulating axon integrity and function [25, 76]. Notably,
tau aggregation and deposition are hallmarks of
Alzheimer’s disease (AD) as well as numerous other
tauopathies [14, 31, 36, 44, 53]. Pathological modifica-
tions and aggregation of tau associate with cognitive de-
cline [23, 29, 30]. The deposition of amyloid-p (Ap) in
plaques represents the other hallmark AD pathology and
likely contributes to neurotoxicity in AD [45, 53].
Alterations in synapse morphology, synapse loss, and
axon degeneration occur early in the progression of AD
[8, 23, 52, 75]. This has led to the hypothesis of a
“dying-back” pattern of degeneration, where axon degen-
eration precedes loss of cell bodies [42]. The hypothesis
that tau pathology begins in the axonal compartment
and appears in the somatodendritic compartment after-
wards is often suggested, however, a direct analysis of
axon enriched layers in the hippocampal formation has
not previously been conducted [29, 46]. Moreover, the
amyloid cascade hypothesis suggests that Ap pathology
precedes and induces the accumulation of tau pathology
presumably starting in axonal target regions of neurons
affected by tau [34, 35, 69]. Animal models of tauopathy
also support the contention that tau deposition occurs
in the synaptic and axonal compartments prior to the
somatodendritic compartment [4, 22]. Observations in
human tissue describing the appearance of extensive
neuropil threads (NTs) before detection of neurofibril-
lary tangles (NFTs) in neuronal cell bodies within a given
neuroanatomical region support this hypothesis, though
neuropil threads can represent both axons and dendrites
[29, 66-68, 71, 75]. None of these studies assessed the
terminal fields and somata of specific pathways in the
earliest stages of tau deposition precluding a clear deter-
mination of whether axonal pathology precedes cell
body pathology in cells.

During the course of tau deposition in disease the tau
proteins undergo fairly well-characterized changes includ-
ing both the morphology of and the post-translational
modifications to the tau proteins within the pathology [5,
11, 18, 33, 56]. Importantly, there are specific changes that
occur during the earliest detectable deposition of tau in-
clusions in human brains. These are often referred to as
pretangle markers for their ability to recognize tau path-
ology prior to its maturation and coalescence into com-
pact tau inclusions [5, 12, 13, 15, 18]. For example, AT8, a
triple phosphoepitope including phospho-S199/5202/
T205, appears early in diffuse granular pretangle
inclusions in neurons [9, 32]. Additionally, conformational
display of an N-terminal region known as the phospha
tase-activating domain (PAD), a change recognized by the
TNT?2 antibody, occurs in pretangle neurons in AD and
several tauopathies [18, 19]. Importantly, AT8 causes an
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extension of the N-terminus of tau away from the micro-
tubule binding repeats [38], and both AT8 and exposure
of PAD are linked to a specific mechanism of tau toxicity
involving impaired axonal function (i.e. axonal transport
inhibition) [40, 41, 48]. Though these markers are modifi-
cations of tau that appear in the earliest detectable tau in-
clusions, it remained unclear whether these pathogenic
forms of tau first appeared in axons before progressing to
the neuronal cell bodies in humans.

The hippocampal formation comprises the entorhinal
cortex (EC), dentate gyrus (DG), hippocampus proper
(subdivided into CA1, CA2, CA3, and hilus), subiculum,
presubiculum, and parasubiculum [2, 3]. The EC re-
ceives neocortical input and projects through the angu-
lar bundle and perforant path to terminate in the
molecular layer of the DG [1, 3]. The DG granule cell
projections, known as mossy fibers, terminate in the
CA3 stratum lucidum layer (Str. Luc.). Next, CA3 pyr-
amidal cell projections, known as Schaffer collaterals,
terminate in the CA1 stratum radiatum layer (Str. Rad.).
A majority of the CAl pyramidal cell projections ter-
minate in the subiculum, however, some also project
back to the EC. Finally, most subiculum projections pass
back through the angular bundle to the EC to complete
the circuit [2, 3]. The well-defined intrahippocampal cir-
cuitry and relatively distinct strata provide an ideal
structure to analyze the compartmental progressive de-
position of pathological tau within discrete neuronal
pathways in post-mortem human tissue.

Tau pathology in the form of NFTs and NTs follows a
regional progression in severity, that was described by
Braak and Braak in the early 1990’s (i.e. Braak staging)
[12, 14]. Braak staging was originally developed based on
silver staining of tau pathology and later adapted to AT8
+ pathology, and the primary focus was on the emer-
gence and distribution of NFTs and NTs, and specifically
excluded the tau pathology within neuritic plaques (NPs)
[12, 14]. Deposition of tau inclusions begins in the trans-
entorhinal and EC at Braak stages I-1I, which is not asso-
ciated with cognitive decline [30, 50] or NFT pathology
in the hippocampal pyramidal cells [12, 14]. The limbic
stages (Braak III-IV) display spread of tau pathology into
the hippocampal formation, initially including primarily
the CA1 region, but it is not until stages V-VI that the
entire hippocampal formation is affected [12, 14]. Cogni-
tive decline occurs at these stages and patients may dis-
play criteria for mild cognitive impairment (MCI), a
prodromal stage of AD [5, 28, 61, 62, 74]. Finally, the
isocortical stage (Braak V-VI) displays extensive tau
pathology throughout the hippocampal formation and
subdivisions of the cerebral cortex. In the presence of
threshold densities and distributions of neuritic and
amyloid plaques, Braak stages III and IV are termed
“intermediate” Alzheimer’s disease neuropathologic
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change (ADNC) while Braak stages V and VI are desig-
nated as “high” ADNC [57]. Although a “high” level of
ADNC does not predict, with 100% certainty, the pres-
ence of dementia, it has been accepted by an inter-
national panel of neuropathologists [57] that
“intermediate” and “high” ADNC are sufficient to cause
cognitive impairment and data suggests the probability
of Braak V or VI subjects having dementia is > 95% [64].
In addition, recent neuropathological examination sug-
gested that brains containing AD-like NFT pathology,
but without detectable AP pathology represent a condi-
tion termed primary age-related tauopathy (PART) [21].
PART is typically associated with cognitive status ran-
ging from no impairment to MCL

The current study addresses the hypothesis that tau
pathology first deposits in the axonal compartment of neu-
rons prior to its appearance in the somata. Using
post-mortem  human hippocampal sections from
non-demented (ND) controls and MCI cases, the extent of
local axonal and somatodendritic tau pathology (AT8
phosphorylated and PAD exposed), as well as local Ap
pathology in the CA3-Schaffer collateral and DG-mossy
fiber pathways was measured. We found AT8 phosphoryl-
ation and PAD exposure occurs in the axon compartment
of affected neurons even in the absence of observable cell
body pathology. Additionally, these tau pathological modi-
fications were observed in the absence of amyloid plaques.
Interestingly, separation of cases into PART and non-PART
groups revealed that PART cases have significantly less
AT8 and TNT2 pathology in these two intrahippocampal
pathways. Overall, our results support the hypothesis that
tau pathology may begin in the axonal compartment and is
observed independently of AP plaque deposition.

Materials and methods

Human brain tissues

Formalin-fixed temporal lobe free-floating sections
(40 um) from ND (n =31) and MCI (n = 13) cases were
obtained de-identified from the Banner Sun Health Re-
search Institute Brain and Body Donation Program (Sun
City, AZ) [7]. Most subjects received annual standard-
ized cognitive assessments prior to death. If death oc-
curred prior to a standard assessment, cognitive status
was determined by postmortem informant telephone
questionnaire and private medical records review
followed by a consensus diagnostic conference of
Program neuropsychologists and neurologists. Global
neuropathological examination methodology was previ-
ously described [7] and included assignment of Braak
stage, CERAD neuritic plaque density [55], and National
Institute on Aging-Reagan Institute AD probability level
(0O=not AD; 1 =low; 2 = intermediate) [57].
Semi-quantitative scores (0—3) for global amyloid plaque
and neurofibrillary tangle densities were obtained for
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frontal, parietal, and temporal neocortex as well as ento-
rhinal and hippocampus regions; the sum of all regional
scores are termed “global plaque density” and “global
tangle density” scores. Table 1 summarizes the clinical,
demographic, and global measures of neuropathology.
The donation program also features a standing 247 re-
sponse team that allows exceptionally low post-mortem
intervals (PMIs) with a median PMI of 3.2 h for all 1900
+ cases collected since 1988 [7].

Tissue immunohistochemistry (IHC)

Temporal lobe sections were immunohistochemically
stained as previously described [18, 40, 41] to visualize the
pattern of AT8 phosphorylation, PAD exposure, and AP
pathologies using the monoclonal AT8 (Thermo
MN1020), TNT2 (Kanaan lab) [18, 19], and MOAB2
(Kanaan lab, originally created by Dr. Lester Binder at
Northwestern) [77] antibodies, respectively. Primary anti-
bodies were diluted in tris-buffered saline (TBS; 150 mM
NaCl, 50 mM Tris, pH 7.4) containing 2% goat serum and
0.1% Triton X-100 at 1:16,000 for ATS, 1:400,000 for
TNT?2, and 1:4000 for MOAB2. Immunoreactivity was de-
tected using biotinylated goat-anti-mouse IgG (H + L) sec-
ondary antibody (Jackson ImmunoResearch Laboratories
115-065-166) diluted in TBS + 2% goat serum + 0.1% Tri-
ton X-100, VectaStain Elite ABC-HRP Kit (Vector Labora-
tories PK-6100), and 3,3'-diaminobenzidine supplemented
with 0.25% ammonium nickel (II) sulfate hexahydrate
(Sigma A1827). All sections were counterstained with cre-
syl violet before being mounted on microscope slides and
coverslipped with Cytoseal 60 (Thermo Scientific, #8310—
16). Tissue sections from each case were processed simul-
taneously for each antibody to eliminate inter-run staining
variability. Primary antibody delete controls were run
using the same protocol with the exception that the pri-
mary antibody was omitted. As expected, the primary de-
letes produced no staining (Additional file 1: Figure S1).

Stereological axon measurements and total neuron
enumeration

The unbiased stereological spaceballs probe was used
to estimate the total length of neurites in single hip-
pocampal body sections from each case stained with
AT8 and TNT?2 in the CA3 Str. Luc. layer (i.e. mossy
fibers) and the CA1 Str. Rad. layer (i.e. Schaffer col-
laterals). The CA3 Str. Luc. was defined using fidu-
ciary neuroanatomical landmarks, including the CA3
pyramidal cell layer dorsally, Str. Rad. of CA3 ven-
trally, the CA2 medially, and hilus laterally. The CA3
pyramidal layer was defined using fiduciary neuroana-
tomical landmarks, including the CA3 Str. Luc. dor-
sally, stratum oriens ventrally, CA2 medially, and
hilus laterally. The CA1 Str. Rad. was defined using fidu-
ciary neuroanatomical landmarks, including the CAl
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Table 1 Demographic, clinical, and neuropathological characteristics by diagnosis

Clinical diagnosis

Comparison by diagnosis group

ND McCl
(N=31) (N=13)
Age at death (years)
Mean + SD 83.1£6.1 862+54
(Range) (69-97) (74-95)
Sex 19 M/12F 8 M/5F
(61.3% Male) (61.5% Male)
Postmortem Interval (hours)
Mean + SD 27+06 27+05
(Range) (1.5-4.8) (1.8-3.5)
MMSE
Mean + SD 285+13 274+24
(Range) (26-30) (23-30)
No Score (N) 8 4
Braak Stage
| 5 3
Il 7 3
I 19 7

NIA-Reagan AD Probability Level

Not AD (0) 9 4
Low (1) 7 2
Intermediate (2) 15 7
High (3) 0 0
Global CERAD Plaque Density
None (0) 9 4
Sparse (1) 7 3
Moderate (2) 8 4
Frequent (3) 7 2

Total (P value)
(N =44)
840+60 0.13"
(69-97)
27 M/17F (61.4% Male) >099°
27+06 0.84*
(1.5-4.8)
282+17 0.34"
(23-30)
12
8 0.85°
10
26
13
9

087°
22
0
137 0.96°
10°
12°
95

ND non-demented, MCI mild cognitive impairment, MMSE Mini-Mental State Examination, NIA-Reagan National Institute on Aging-Reagan Institute AD
probability level, CERAD Consortium to Establish a Registry for Alzheimer’s disease, AD Alzheimer's disease. Aprimary age-related tauopathy (PART)
cases; *non-PART cases; “Mann—Whitney test; *Fisher’s exact test; §Chi—square test

pyramidal cell layer dorsally, stratum lacunosum-molecu-
lare ventrally, subiculum medially, and CA2 laterally. The
DG granule cell layer was defined using fiduciary neuro-
anatomical landmarks, including the hilus dorsally and the
molecular layer ventrally, and is clearly defined by cresyl
violet staining due to cell density and size. If specific sub-
regions were not reliably identifiable within the sections,
the case was not used for analyses requiring that region
(5, 2, 0, and 5 cases were excluded from the CA3 Str. Luc,,
DG, CA1 Str. Rad. and CA3 analyses, respectively). A
hemisphere probe with a radius of 8 pm was used to sam-
ple sites throughout each region. Mounted tissue thick-
nesses ranged from ~ 11-14 pum (270% shrinkage in the
z-plane is typical after similar processing of free-floating
sections [24, 26, 54]) across all cases and regions analyzed.
A 4x objective was used to outline each contour and a 60x

oil immersion objective (numerical aperture =1.35) was
used for making the stereological measurements. Local
neurite density was calculated by dividing the esti-
mated total axon length by the volume of the region
of analysis, and neurite density was used for compari-
sons. Local somata staining was quantified by total
enumeration in the CA3 pyramidal cell layer (ie.
Schaffer collateral pathway) and DG layer (i.e. mossy
fiber pathway) of the same sections from above for
neurite analyses using 10x magnification and manually
counting the cell bodies displaying immunoreactivity.
Total cell numbers were used for comparisons.
Brightfield images were acquired on a Nikon Eclipse
90i microscope equipped with a Nikon DS-Ril cam-
era and processed wusing Nikon NIS-Elements
software.
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Multi-label immunofluorescence (IF)
Hippocampal sections from a subset of the 44 cases
(n =12 cases with high and low tau pathology) were
double labeled with TNT2 (mouse IgG1, 1:8000) and
biotinylated AT8 (mouse IgG1l-biotin, 1:800, Thermo
Scientific MN1020B) using methods similar to those
previously published [39, 73]. Each primary antibody in-
cubation period was overnight at 4 °C. TNT2 immunore-
activity was detected using AlexaFluor 647-conjugated
goat-anti-mouse IgG (H+L) Fab fragments (Jackson
ImmunoResearch Laboratories 115-547-003 and 115-
607-003) and AT8 immunoreactivity was detected using
AlexaFluor 568-conjugated streptavidin (ThermoScienti-
fic Pierce S11226). Sections were blocked with unconju-
gated goat-anti-mouse IgG (H+L) Fab fragments
(Jackson ImmunoResearch Laboratories 115—007-003)
to prevent cross-labeling of the secondary antibodies be-
tween each primary and subsequent secondary antibody
incubations. Nuclei were counterstained in the sections
by including DAPI (1 pg/ml; ThermoFisher, D1306) in
the first rinse after the last detection secondary antibody
step. Control sections included omission of each individ-
ual primary antibody. As expected, the individual primary
delete sections did not produce cross-reaction of signals in
the deleted antibody channel (Additional file 2: Figure S2).
In a second and third staining series, hippocampal sec-
tions were triple-labeled with either biotinylated AT8 (as
above) or TNT2 (as above) and both SMI-312 (mouse
IgG1, 1:1000, Biolegend 837,904) and MAP2 (rabbit
polyclonal, 1:300, Cell Signaling 8707) to colocalize each
of these tau pathologies with an axonal (SMI-312) and
dendritic (MAP2) marker. All tissues were stained using
a similar protocol to those previously published [39, 73].
Briefly, all sections were incubated overnight at 4°C in
SMI-312 and MAP2 primary antibodies and the follow-
ing day these primaries were labeled with AlexaFlour
568 goat anti-mouse IgG (H + L) (1:500; ThermoFisher,
A11031) and AlexaFlour 647 goat anti-rabbit (1:500;
ThermoFisher, A21245) secondary antibodies, respect-
ively. The tissue sections used for the TNT2/SMI-312/
MAP2 series were blocked in 2% mouse serum (Invitro-
gen, 10,410) to saturate open binding sites on the first
anti-mouse secondary antibody) for 1h, followed by an
hour incubation in goat anti-mouse whole molecule
(1:50, Jackson ImmunoResearch, 115-008-003) to block
binding sites on mouse IgGs. After blocking was com-
pleted, the tissue sections were incubated in TNT2 pri-
mary antibody overnight at 4°C. The AT8/SMI-312/
MAP2 series sections were incubated in biotinylated
AT8 antibody (biotinylation precludes the need for the
above blocking) overnight at 4 °C. The following day the
TNT2 or AT8-biotin primary antibodies were labeled
with goat anti-mouse IgGl-specific AlexaFlour 488
(1:500;  ThermoFisher, A21121) or streptavidin
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conjugated to AlexaFluor 488 (1:500; ThermoFisher,
S11223). After immunolabeling the tissues were counter-
stained with DAPI as above before mounting and cover-
slipping. Control sections included omission of each tau
primary antibody. As expected, omission of the primary
antibodies did not produce cross-reaction of signals in
the deleted antibody channel confirming the tau
localization with SMI312 and MAP2 was due to specifi-
city of tau labeling (Additional file 3: Figure S3). Coloca-
lization between tau markers (AT8 or TNT2) and either
SMI-312 or MAP2 in neurites within the CA3 Str. Luc.
and CA1 Str. Rad. was determined using these sections.
After staining, sections were mounted on microscope
slides and autofluoresence of the tissue was blocked by
treating with 2% Sudan Black B before coverslipping
with VectaShield Hard Set mounting medium (Vector
Laboratories H-1000). All IF images were obtained using a
Nikon Al+ scanning confocal microscope system. Z-stacks
were acquired in 0.5 pm steps at 60x magnification and im-
ages for figures were generated with a maximum intensity
projection or slices view (for cross-sectional analysis for
colocalization) using NIS-Elements software.

Statistical analyses

All data were analyzed using Prism v7.0 software
(GraphPad). Stereological estimate outcomes were ana-
lyzed for normality using the D’Agostino and Pearson
normality test. All data sets were not normally distrib-
uted, and subsequently, non-parametric statistical ana-
lyses were performed. Cell number and Af plaque data
sets were Log(x+ 1) transformed for correlations be-
cause values of zero were present. All correlation com-
parisons were performed using the Spearman rank
correlation and significant p-values were adjusted to
<0.005 from <0.05 because 10 comparisons were per-
formed within a given pathway (i.e. DG-mossy or
CA3-Schaffer) for each immunostain (i.e. AT8 or TN'T?2)
(Tables 4 and 7). Demographic variables were compared
between clinical diagnostic groups using Mann-Whitney,
Fisher’s exact, or the Chi-squared test. Statistical signifi-
cance was set at p <0.05. Adobe Photoshop and Adobe
[lustrator programs were used to compile images,
graphs and text into final figures.

Results

Subject demographics

Demographic, clinical, and global neuropathological re-
sults for the 44 cases used in this study are summarized in
Table 1. Notably, no significant differences were observed
between the ND and MCI groups for age (p =0.13), sex
(p >0.99), postmortem interval (PMIL: mean =2.7 + 0.6 h,
range = 1.5-4.8 h, p =0.84), Mini-Mental State Examin-
ation score (MMSE, p =0.34), Braak stage (p =0.85),
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NIA-Reagan AD probability level (p =0.86) or CERAD
plaque density (p = 0.96).

Axonal tau pathology occurs in the absence of cell body
pathology in the DG-mossy fiber pathway

We measured the amount of AT8+ immunoreactivity
(Fig. 1) in the DG-mossy fiber pathway of the hippocam-
pus. In this pathway, the granule cells (where cell body
pathology was measured) give rise to axonal projections,
known as mossy fibers, that terminate in the CA3 Str.
Luc. (where neurites were measured). All cases displayed
AT8+ neuropil threads in the CA3 Str. Luc., however,
AT8+ staining in the corresponding cell bodies of the
DG was less common (Fig. 1a). Specifically, 16.7% of
cases (7 of 42) displayed no observable AT8+ staining in
the DG cell bodies, but all of these cases showed AT8+
neurite staining in the CA3 Str. Luc. (Table 2). Axonal
AT8 neurite density showed a significant positive correl-
ation with the number of AT8+ cell bodies of the mossy
fiber pathway (Spearman r = 0.640, p <0.0001, Fig. 1b).
In cases lacking AT8+ cell bodies in the DG, the observ-
able mossy fiber pathology ranged from sparse (Fig. 1c)

(2019) 7:29

Page 6 of 21

to moderate (Fig. 1d), and cases with cell body staining
were never without neurite staining.

Next, we analyzed the amount of TNT2+ immunore-
activity in the DG-mossy fiber pathway (Fig. 2 and
Table 3) as a measure of PAD-exposed tau, an early
pathological event in tauopathies [18]. The majority of
cases displayed TNT2+ staining in the CA3 Str. Luc.
(83%; 34 of 41; Fig. 2a). Additionally, 17 cases (43.6%)
contained no observable TNT2+ DG neurons, and
among these cases 10 contained TNT2+ neurite path-
ology in the CA3 Str. Luc. mossy fibers and 7 did not
contain TNT2+ neurites. In contrast to AT8 pathology,
there were cases that contained no observable TNT2+
pathology in the DG cell bodies or CA3 Str. Luc. layer
(17%; 7 of 41). Axonal TNT2+ neurite staining in the
mossy fiber pathway displayed a significant positive cor-
relation with the number of TNT2+ DG cell bodies
(Spearman r = 0.702, p < 0.0001, Fig. 2b). In cases lacking
TNT2+ cell bodies in the DG, the observable mossy
fiber pathology ranged from sparse (Fig. 2c) to moderate
(Fig. 2d), and cases with cell body staining were never
without neurite staining.

b

DG Neuron

CA3-Str. Luc.
Neurites

a

(nm/um?3)

0.5

AT8+ Neurite Density

% -« anl

“ AT8 DG-Mossy Fiber Pathway % ' L g

oolL'_l.n.L. had .. * ° 17 »
} 3 X

¥ o ' AT8+ DG Neuron Number [Log(x+1)] | By -

r=0.640 A - 4
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. d . .
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Fig. 1 Axonal AT8 phosphorylation in the mossy fiber pathway occurs in the absence of DG cell body pathology. (a) AT8 staining in the dentate
gyrus granule cell layer (DG) and their corresponding mossy fiber terminal fields in the stratum lucidum of CA3 (Str. Luc.) across Braak stages. All
sections were counter stained with cresyl violet. The increase in cell body staining positively correlates with Braak staging (see Table 2). Scale bars
are 25 um. Quantification of cell body staining using total enumeration indicates the low number of positive cells in these cases. 71.4% of cases
(30 of 42) displayed five or fewer cells stained in the DG, with 16.7% (7 of 42) showing no observable cell body pathology (see Table 3). By
comparison, 100% of cases displayed axonal AT8 staining in the CA3 Str. Luc. (b). Spearman correlation analysis of AT8+ axonal density and cell
body number in the mossy fiber pathway. Data points are plotted as each individual case. A strong, positive correlation (r= 0.640, p < 0.0001)
indicates an increase in axonal pathology as cell body pathology increases. (c-d). Representative images from cases with sparse (c) and dense (d)
AT8+ mossy fiber axons in cases lacking cell body pathology demonstrate the extent of axonal pathology that can occur prior to observable
somatodendritic pathology. Scale bars are 50 um
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Table 2 Distribution of cases with different levels of local AT8
pathology in the dentate gyrus granule cells

AT8+ DG Number of Cases

Percent of Cases Mean Neurite Density

Cells

0 7 16.7 0.043
1 5 11.9 0.056
2 5 11.9 0.084
3 4 9.5 0.034
4 5 119 0.209
5 4 9.5 0.129
26* 12 286 0.344

DG dentate gyrus; *full range was from 6 to 453 cells

The local AT8+ or TNT2+ neurite and cell dens-
ities in the DG-mossy fiber pathway were correlated
with demographic or global neuropathology scores
(Table 4). Local AT8+ and TNT2+ neurite densities
showed a significant positive correlation with
age (AT8+ and TNT2+, NIA-Reagan (AT8+ only),
global tangle density (TNT2+ only) and Braak Stage
(TNT2+ only) in the mossy fiber pathway. Local AT8
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+ and TNT+ neurite densities in the mossy fiber
pathway were not correlated with MMSE or PMI
(data not shown). In the DG cell layer, AT8+ cell
number showed a significant positive correlation with
Braak stage and global tangle density, while TNT2+
cell number did not correlate with any measure. Fi-
nally, no statistical differences were observed between
AT8+ or TNT2+ neurite density in the CA3 Str. Luc.
when compared by either diagnosis states (ND or
MCI) or sex groups (Additional file 4: Figure S4).

Axonal tau pathology occurs without cell body pathology
in the CA3-Schaffer collateral pathway

We measured the amount of AT8+ immunoreactivity
(Fig. 3) in the CA3-Schaffer collateral pathway of the
hippocampus. In this pathway, the CA3 pyramidal neurons
(where cell body pathology was measured) give rise to
axonal projections, known as Schaffer collaterals, that ter-
minate in the CA1l Str. Rad. (where neurites were mea-
sured). All cases displayed AT8+ neuropil threads within
the CA1 Str. Rad., however, AT8+ cell bodies within the
CA3 pyramidal layer were less common (Fig. 3a). All cases
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sections were counter stained with cresyl violet. The increase in neuropil
Scale bars are 25 pm. Quantification of cell body staining using total enu

density and cell body number in the mossy fiber pathway. A strong, pos
pathology as cell body pathology increases. (c-d). Representative images

pathology. Scale bars are 50 um

TNT2+ DG Neuron Number [Log(x+1)]

Fig. 2 Axonal PAD exposure in the mossy fiber pathway occurs in the absence of DG cell body pathology. (@) TNT2 staining in the dentate gyrus
granule cell layer (DG) and their corresponding mossy fiber terminal fields in the stratum lucidum of CA3 (Str. Luc.) across Braak stages. All

of cases (32 of 39) displayed five or fewer cells stained in the DG, with 43.6% (17 of 39) showing no observable cell body pathology (see Table 5).
A subset of cases without cell body staining still contained axonal TNT2 staining (see Table 5). (b). Spearman correlation analysis of TNT2+ axonal

in cases lacking detectable cell body pathology demonstrate the extent of axonal pathology that can occur prior to observable somatodendritic

A4

1

2

thread staining positively correlates with Braak staging (see Table 2).
meration indicates the low number of positive cells in these cases. 82.1%

itive correlation (r= 0.545, p = 0.0003) indicates an increase in axonal
from cases with sparse (c) and more dense (d) TNT2+ mossy fiber axons
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Table 3 Distribution of cases with different levels of local TNT2
pathology in DG granule cells

TNT2+ DG Number of Cases

Percent of Cases Mean Neurite Density

Cells

0 17 43.6 0.027
1 4 10.3 0.035
2 4 10.3 0.070
3 5 12.8 0.079
4 2 5.1 0.022
5 0 0 0
26* 7 179 0.232

DG dentate gyrus, *full range was from 6 to 265 cells

showed AT8+ neurite staining in the CA1 Str. Rad. region,
but in 12.8% of cases (5 of 39) there was no observable
AT8+ cell bodies in the CA3 pyramidal layer (Table 5).
Axonal AT8 neurite staining displayed a significant
positive correlation with the number of AT8+ cell
bodies of the Schaffer collateral pathway (Spearman r
=0.648, p<0.0001, Fig. 3b). Importantly, in the ab-
sence of observable cell body pathology, the terminal
region contained a range of tau pathology from rela-
tively sparse (Fig. 3c) to relatively dense neurite stain-
ing (Fig. 3d), and cases with cell body staining were
never without neurite staining.

Next, we analyzed the amount of TNT2+ immunore-
activity in the CA3-Schaffer collateral pathway (Fig. 4) as
a measure of PAD-exposed tau [18]. All but one case
displayed TNT2+ neurite staining in the CA1 Str. Rad.
(Fig. 4a). Specifically, 25.6% of cases (10 of 39) displayed
TNT2+ neurite staining in the CA1 Str. Rad., but no ob-
servable TNT2+ staining in the CA3 pyramidal cell body
layer (Table 6). Axonal TNT2+ neurite staining in the
Schaffer collaterals showed a significant positive correl-
ation with the number of TNT2+ CA3 cell bodies
(Spearman r=0.719, p<0.0001, Fig. 4b). In cases dis-
playing no TNT2+ cell bodies, the TNT2+ neurite

(2019) 7:29
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pathology in the terminal region of this pathway con-
tained pathology ranging from relatively sparse (Fig. 4c)
to relatively dense (Fig. 4d). Cases with TNT2+ cell bod-
ies staining were never without neurite staining.

Finally, the local AT8+ or TNT2+ neurite and cell
densities in the CA3-Schaffer collateral pathway were
correlated with demographic or global neuropathology
scores (Table 7). Local AT8+ and TNT2+ neurite dens-
ities showed a significant positive correlation with Braak
stage, NIA-Reagan, and global tangle density in the
Schaffer collateral pathway, while AT8+ neurites were
correlated with age but TNT2+ neurites were not. Local
AT8+ and TNT+ neurite densities in the Schaffer collat-
eral pathway were not correlated with MMSE or PMI
(data not shown). In the CA3 pyramidal cell layer, AT8+
cell number showed a significant positive correlation
with Braak stage, global tangle density and NIA-Reagan
score, while TNT2+ cell number did not correlate with
any measure. No statistical differences were observed
between AT8+ or TNT2+ neurite density in the CAl
Str. Rad. when compared to either diagnosis states (ND
or MCI) or sex (Additional file 5: Figure S5).

Early AT8 and TNT2 pathology in the stratum lucidum
and stratum radiatum colocalizes with axons
To confirm that the AT8+ and TNT2+ pathologies colo-
calized in the current tissue cohort we used multi-label
immunofluorescence. As previously observed [41], ex-
tensive colocalization was observed between AT8 and
TNT2 in hippocampal pyramidal neurons (Fig. 5). Here,
we demonstrate that extensive colocalization occurs be-
tween AT8 and TNT2 in both CA3-mossy fiber and
CA1-Schaffer collateral neurites within the hippocam-
pus. Primary delete control sections where one tau anti-
body was omitted produced the expected pattern of
staining confirming the specificity of each label
(Additional file 2: Figure S2).

Next, we used multi-label immunofluorescence to deter-
mine whether AT8 and TNT2 pathologies in the

Table 4 Spearman correlations between demographic, cognitive, or global neuropathological measures and tau markers in local
axonal and somatodendritic compartments of the DG-mossy fiber pathway

Region Tau Marker Age Braak Stage Global CERADPlaque Global Tangle Density NIA-Reagan
Density Score
DG Granule Cell AT8 r=0.299 r=0.472*% r=0.069 r=0.504* r=039%
Density p =0.058 p=0.002 p =0.670 p =0.0008 p=001
TNT2 r=0.255 r=0.280 r=0.004 r=0.239 r=0.253
p=0113 p =0.080 p =0.702 p=0.137 p=0.116
Mossy Fiber Density AT8 r =0.446* r=0337 r=0.205 r=0.418 r=0.470*
p =0.004 p =0.036 p=0211 p =0.008 p =0.003
TNT2 r=0.477*% r=0.484*% r=0.156 r=0.539* r=0.420
p=0.002 p=0.002 p =0344 p = 0.0004 p =0.008

PMI post-mortem interval, MMSE mini mental state exam, NIA-Reagan National Institute on Aging-Reagan Institute AD probability level, CA cornu ammonis,
DG dentate gyrus; Braak stages ranged from 1 to 3. * indicates a significant correlation (p < 0.005, adjusted p-value for multiple comparisons)
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stages. All sections were counter stained with cresyl violet. The increase in
with Braak staging (see Table 2). Scale bars are 25 um. Quantification of cel

showing no observable cell body pathology (see Table 4). By comparison,

(r= 0648, p <0.0001) indicates an increase in axonal pathology as cell bod

occur prior to observable somatodendritic pathology. Scale bars are 50 um

AT8+ CA3 Neuron Number [Log(x+1)]

pyramidal cell layer of CA3 and their corresponding Schaffer collateral terminal fields in the stratum radiatum of CAT (Str. Rad.) across Braak

cells stained in these cases. 61.5% of cases (24 of 39) displayed five or fewer cells stained in the CA3 pyramidal cell layer, with 12.8% (5 of 39)
Spearman correlation analysis of AT8+ axonal density and cell body number in the Schaffer collateral pathway. A strong, positive correlation

sparse (c) and dense (d) AT8+ Schaffer collateral axons in cases lacking cell body pathology demonstrate the extent of axonal pathology that can

1.0 1.5 2.0 25

e Y

rs in the absence of CA3 cell body pathology. (a). AT8 staining in the

cell body staining and neuropil thread staining positively correlates
I body staining using total enumeration indicates the low number of

100% of cases displayed axonal AT8 staining in the CA1 Str. Rad. (b).

y pathology increases. (c-d). Representative images from cases with

DG-mossy fiber and CA3-Schaffer collateral pathway were
axonal (ie. SMI-312+ neurites) or dendritic (ie. MAP2+
neurites). The colocalization between these markers was
performed using high magnification z-stacks that were
taken in the CA3 Str. Luc (i.e. mossy fibers) and CA1 Str.
Rad (i.e. Schaffer collaterals). In the CA3 Str. Luc. region
(mossy fibers), AT8+ (Fig. 6) and TNT2+ (Additional file 6:
Figure S6a-b) neurites showed moderate colocalization
with SMI-312, an axonal marker. Similarly, AT8+

(Additional file 6: Figure S6c-d) and TNT2+ (Fig. 7)
neurites showed moderate colocalization with
SMI312, in the CA1 Str. Rad. region (Schaffer collat-
erals). In contrast, little to no colocalization was ob-
served between AT8 or TNT2 and MAP2+ neurites
in the images analyzed within the CA3 Str. Luc. and
CA1 Str. Rad. regions. It is noteworthy that numerous
AT8+ (Figs. 6d) and TNT2+ (Figs. 7d) neurites did
not colocalize with either SMI-312 or MAP2.

Table 5 Distribution of cases with different levels of local AT8 pathology in CA3 pyramidal cells

AT8+ CA3 Cells Number of Cases

Percent of Cases Mean Neurite Density

0 5

1

2 3
3 5
4 1
5 4
26% 15

12.8 0.114
154 0.386
7.7 0.202
12.8 0.333
26 0518
10.3 0482
385 0.726

CA cornu ammonis; *full range was from 6 to 85
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Fig. 4 Axonal PAD exposure in the Schaffer collateral pathway occurs in the absence of CA3 cell body pathology. (@) TNT2 staining in the
pyramidal cell layer of CA3 pyramidal cell layer and their corresponding mossy fiber terminal fields in the CA1 stratum radiatum (Str. Rad.) across
Braak stages. All sections were counter stained with cresyl violet. The increase in neuropil thread staining positively correlates with Braak staging
(see Table 6). Scale bars are 25 um. Quantification of cell body staining using total enumeration indicates the low number of positive cells in
these cases. 71.8% of cases (28 of 39) displayed five or fewer cells stained in the CA3 pyramidal cell layer, with 25.6% (10 of 39) showing no
observable cell body pathology (see Table 6). A subset of cases without cell body staining still contained axonal TNT2 staining (see Table 6). (b).
Spearman correlation analysis of TNT2+ axonal density and cell body number in the mossy fiber pathway. A moderate, positive correlation (r

= 0423, p =0.0073) indicates an increase in axonal pathology as cell body pathology increases. (c-d). Representative images from cases with
sparse (c) and dense (d) TNT2+ Schaffer collateral axons in cases lacking cell body pathology demonstrate the extent of axonal pathology that
can occur prior to observable somatodendritic pathology. Scale bars are 50 um
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Early axonal AT8+ and TNT2+ tau pathology is
independent of amyloid-p pathology in the DG-mossy
fiber and CA3-Schaffer collateral pathways

Finally, we stained for AP plaques in the CA3-Schaffer
collateral and DG-mossy fiber pathway regions using the
MOAB?2 antibody [77] and counted local plaques using
total enumeration (Fig. 8a). The majority of cases did not
contain detectable MOAB-2+ AP pathology in the local
regions of the hippocampal formation assessed (i.e. DG
cell layer, CA3 Str. Luc, CA3 cell layer, and CA1l Str.

Rad.). Specifically, 84.2% contained zero plaques in the
CA3 Str. Luc. and 59% contained zero plaques in the DG,
while 55.8% had zero plaques in the CA1 Str. Rad. and
78.9% contained zero plaques in the CA3 pyramidal cell
layer (Table 8). Intracellular Ap pathologies (e.g. mono-
meric or soluble oligomeric A species) were not observed
in the DG or CA3 neurons of any case used in this study.
Interestingly, neither AT8 phosphorylation nor PAD
exposed tau correlated with the presence of local AP pla-
ques in both the Schaffer collateral (Spearman r=-

Table 6 Distribution of cases with different levels of local TNT2 pathology in CA3 pyramidal cells

TNT2+ CA3 Cells Number of Cases

Percent of Cases Mean Neurite Density

0 10
1

v v~ w N

6" 1

256 0.083
154 0.069
10.3 0.107
10.3 0.092
0 0

103 0.1
282 0.291

CA cornu ammonis, *full upper range was from 6 to 110 cells
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Table 7 Spearman correlations between demographic, cognitive, or global neuropathological measures and tau markers in local
axonal and somatodendritic compartments of the CA3-Schaffer collateral pathway

Global CERADPlaque Density  Global Tangle Density ~ NIA-Reagan Score

Region Tau Marker  Age Braak Stage
CA3 Pyramidal Cell Density AT8 r=0.344 r=0.462*
p =0.032 p=0.003
TNT2 r=0.227 r=0213
p=0165 p=0193
Schaffer Collateral Fiber Density ~AT8 r=0.521* r=0.524*
p=0.0003 p =0.0003
TNT2 r=0.305 r=0.497*
p=0044  p =0.0006

r=0241 r=0.441* r=0.508*
p=0.139 p =0.005 p=0.001
r=-0062 r=0322 r=0.135

p =0979 p =0046 p=0412
r=0.109 r=0.533* r=0.456*
p =0481 p =0.0002 p=0.002
r=0331 r=0.522* r=0.567*
p=0028 p=0.0003 p =0.0006

PMI post-mortem interval, MMSE mini mental state exam, NIA-Reagan National Institute on Aging-Reagan Institute AD probability level, CA cornu ammonis,
DG dentate gyrus, Braak stages ranged from 1 to 3. * indicates a significant correlation (p < 0.005, adjusted p-value for multiple comparisons)

0.182, p =0.242 for AT8, and r=0.026, p =0.867 for
TNT?2, Fig. 8b, c) and mossy fiber pathways (Spearman
r=0.293, p =0.149 for AT8, and r =0.086, p =0.614 for
TNT2, Fig. 8d, e). The lack of correlation between AT8+
or TNT2+ neurite pathology in these regions remained
even when cases with no global AP pathology (ie.
non-PART) were excluded (data not shown), with excep-
tion of a significant negative correlation between AT8+

neurite density and local plaque number in the Schaffer
collaterals (Spearman r = - 0.379, p =0.039). The extent
of both AT8+ and TNT2+ tau pathology in some cases
was remarkably robust in regions devoid of observable
AP plaques (Fig. 8f-h). Importantly, the cases used here
display the expected ranges of global AP pathologies
consistent with aged ND and MCI cases, with the
vast majority of cases displaying some degree of

TNT2

o CA1 Neurons 9

Mossy Fibers

(¢)

Schaffer Coll

Scale bars are 25 um

Fig. 5 AT8+ and TNT2+ tau pathologies are highly colocalized. Hippocampal sections were stained with AT8 and TNT2 tau antibodies. (a) Both
AT8 and TNT2 are highly colocalized within hippocampal pyramidal neuronal inclusions (CA1 region depicted) as previously demonstrated [41].
(b) Neurites within the CA3 Str. Luc, the axonal region for mossy fibers, showed a high level of colocalization with AT8 and TNT2 tau antibodies.
(c) Similarly, neurites in the CA1 Str. Rad., the axonal region for Schaffer collaterals, demonstrated extensive colocalization between AT8 and TNT2.

TNT2/AT8/DAPI
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AT8/SMI-312/DAPI
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Fig. 6 AT8+ tau neurite pathology colocalizes with the axonal marker SMI-312 in the mossy fiber pathway. (a-d). Representative images of AT8
(green), SMI-312 (red) and MAP2 (cyan) triple labeling immunofluorescence staining in the mossy fibers of the hippocampus (merged image in a
includes DAPI nuclear counter stain). (@) A low magnification image shows axonal (SMI-312), dendritic (MAP2) and tau+ neurites (AT8) in the CA3
Str. Luc. region of the hippocampus in a Braak stage Il case. (b and ¢) Crossectional analysis of z-stack images (60x magnification, 0.5 um step
size) demonstrate that AT8+ neurites colocalize with SMI-312 (arrows). (d) Cross-sectional analysis of z-stack images show that some AT8+
neurites do not colocalize with SMI-312 or MAP2. Notably, little to no colocalization was observed between AT8+ neurites and MAP2. Scale bars
are 20 um for a and 5 um for b-d. TNT2+ tau neurite pathology showed similar colocalization with SMI-312, not MAP2 in the mossy fiber pathway
(see Additional file 6: Figure S6)

global AP pathology accumulation (31 of 44 cases; see  Mossy fiber and Schaffer collateral pathway tau

Tables 1, 4 and 7). Taken together, these results indi- pathology in PART and non-PART cases

cate that AT8 phosphorylation and PAD exposure Recent work described PART where brains contain
occur independently of the presence of AP plaque AD-like NFT pathology, but no detectable A pathology
pathology in the Schaffer collateral and mossy fiber [21]. The current cohort of cases provides an opportun-
pathways of the hippocampus. ity to evaluate the earliest deposition of AT8+ and
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MAP?2 in the Schaffer collateral pathway (see Additional file 6: Figure S6)
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Fig. 7 TNT2+ tau neurite pathology colocalizes with the axonal marker SMI-312 in the Schaffer collateral pathway. (a-d). Representative images of
TNT2 (green), SMI-312 (red) and MAP2 (cyan) triple labeling immunofluorescence staining in the Schaffer collaterals of the hippocampus (merged
image in a includes DAPI nuclear counter stain). (@) A low magnification image shows axonal (SMI-312), dendritic (MAP2) and tau+ neurites
(TNT2) in the CA1 Str. Rad. region of the hippocampus in a Braak stage lIl case. (b and ¢) Cross-sectional analysis of z-stack images (60x
magnification 0.5 pm step size) demonstrate that TNT2+ neurites colocalize with SMI-312 (arrows). (d) Cross-sectional analysis of z-stack images
show that some TNT2+ neurites do not colocalize with SMI-312 or MAP2. Notably, little to no colocalization was observed between TNT2+
neurites and MAP2. Scale bars are 20 um for a and 5 pm for b-d. AT8+ tau neurite pathology showed similar colocalization with SMI-312, not

TNT2+ tau pathology deposition in the DG-mossy fiber
and CA3-Schaffer collateral pathways of the hippocam-
pus. Cases were separated into PART (global plaque
density =0) or non-PART groups (global plaque dens-
ity >0). Both PART and non-PART groups contained 9
Braak I-II stage cases, while the PART group contained
only 4 Braak stage III and the non-PART group

contained 22 Braak stage III cases. Non-PART cases
showed significantly more AT8+ neurites in the CA3
Str. Luc. (mossy fibers; Fig. 9b; p = 0.0005) and CA1 Str.
Rad. (Schaffer collaterals; Fig. 9d; p = 0.0095), as well as
AT8+ cells in the DG (Fig. 9a; p <0.0001) and CA3 (Fig.
9¢; p =0.0011) neuron layers (Mann-Whitney U tests).
Non-PART cases showed significantly more TNT2+
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(See figure on previous page.)

Fig. 8 Local tau pathology is observed in the absence of local amyloid-B3 pathologies. (@). Representative hippocampi across Braak stages stained
with MOAB2. Note the rarity of MOAB2+ plaques in the hippocampus and in the Schaffer collateral terminal region of the CA1 Str. Rad. (similar
lack of AR pathology occurred in the mossy fiber terminal region of the Str. Luc.). A representative image of the relatively rare cases containing a
significant amyloid load in the hippocampus is shown to confirm the effective labeling of AB plaques with MOAB2 antibody. Boxes indicate the
location of higher magnification images. In the mossy fiber pathway, 84.2% of cases contained zero plaques in the CA3 Str. Luc. and 59% of cases
contained zero plaques in the DG (see Table 7). In, the Schaffer collateral pathway, 55.8% of cases contained zero plaques in the CA1 Str. Rad. and
78.9% of cases contained zero plaques in the CA3 pyramidal cell layer (see Table 7). Scale bars are 1 mm in upper images and 50 um in lower
images. (b, ). No significant correlation was observed in the Schaffer collateral pathway between the presence of local AR plaques and local AT8
+ staining (b, Spearman r=—-10.182, p = 0.242) or TNT2+ staining (c, Spearman r=0.026, p = 0.867). (d, e). No significant correlation was observed
in the mossy fiber pathway between the presence of local AB plaques and local AT8+ staining (d, Spearman r=0.239, p = 0.149) or TNT2+
staining (e, Spearman r=0.086, p = 0.614). (f, h). Representative images of AT8 (f), TNT2 (g), and MOAB2 (h) staining in the same location within
the CA3 region from the same case illustrates the robust tau pathology possible in the absence of detectable AR pathology. It is noteworthy that
no cases contained intraneuronal MOAB-2 staining for soluble monomeric or oligomeric AR species. The only AP pathologies observed in these

hippocampal regions were extracellular plaques. Scale bar is 50 um and applies to panels f, g, and h

neurites in the CA3 Str. Luc. (mossy fibers; Fig. 9f; p =
0.0021) and CA1 Str. Rad. (Schaffer collaterals; Fig. 9h;
p =0.0001), but TNT2+ cells in the DG (Fig. 9¢; p =
0.0965) and CA3 (Fig. 9g; p = 0.4557) neuron layers were
not significantly different between PART and non-PART
cases (Mann-Whitney U tests). Interestingly, DG neu-
rons appear relatively spared in PART cases compared to
non-PART cases as several lacked detectable somata
pathology.

Discussion

A long-held hypothesis in the field is that pathological
tau deposition in disease begins in axons and progres-
sively shifts retrogradely to the somatodendritic com-
partment [6, 14], but to our knowledge, no evidence
from relatively discrete intrahippocampal neuronal path-
ways was available previously. The present study charac-
terized the localization of mossy fiber and Schaffer
collateral pathway tau pathology in a cohort of ND and
MCI human cases. Our focus on relatively discrete neur-
onal pathways within in the hippocampus provides an
opportunity to dissect the spatial changes that occur in
the axonal and cell body compartments of neurons with
some degree of specificity. Moreover, the use of Braak
[-1II cases with a range of local pathology load was in-
strumental in uncovering the first detectable deposition
of tau inclusions in cell bodies the hippocampal

pathways analyzed, which is reflected in the lack of local
pathology and sparseness of pathology in several cases.
Two early pathological markers in tauopathies, AT8
phosphorylation [9, 12, 32] and PAD exposure (TNT2)
[18, 19], appeared in the axonal compartment of these
pathways, even in cases where no cell body pathology
was observed. Additionally, there was a strong correl-
ation between local axonal pathological staining and the
local number of stained cell bodies. Local AT8 and
TNT?2 positive neurite pathology also correlated well with
overall indices of AD-related pathology such as Braak sta-
ging, global tangle density and NIA-Reagan level (particu-
larly in the Schaffer collateral pathway). It is noteworthy
that other hippocampal formation pathways such as the
CA1 projections and EC-perforant pathway were not us-
able for the purposes of this study because both cell body
and axonal pathology already existed in all cases. Taken
together, these results support the hypothesis that tau
pathology, at least in the studied pathways, is first ob-
served in the axonal compartment and subsequently pro-
gresses into the somatodendritic compartment.

The purpose of this study was specifically to capture
the earliest possible signs of pathological tau deposition
within well-defined circuits to establish whether there is
a difference in the temporal appearance of tau pathology
in the axonal or cell body compartments of affected neu-
rons. While the results indicate that PAD exposed

Table 8 Distribution of cases with different levels of local AB pathology in the mossy fiber and Schaffer collateral pathway regions

Local AB Plagues % Cases (N)

% Cases (N)

% Cases (N) % Cases (N)

(CA1 Str. Rad.) (CA3 Layer) (CA3 Str. Luc) (DG Layer)
0 55.8 (24) 789 (30) 84.2 (32) 59.0 (23)
1 23 (1) 79 (3) 79 (3) 7.7 (3)
2 116 (5) 53) 0(0) 128 (5)
3 7.0 (3) 26 (1) 53) 103 (4)
4 4.7 (2) 26 (1) 0(0) 26 (1)
25% 186 (8) 26 (1) 26 (1) 7.7 (3)

AB amyloid-B, Str.Rad Stratum radiatum, CA cornu ammonis, Str. Luc stratum lucidum, DG dentate granule, *full range was from 5 to 13 plaques
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(TNT2) and AT8 pathological changes occur early in
disease progression, in post-mortem human tissue stud-
ies we cannot rule out the possibility that the tau depos-
ition here is independent of a progressive condition that
would have definitively converted to AD. Indeed, cohorts
of MCI patients from previous studies clearly indicate
that some patients do not ultimately convert to AD [62].
More recently, AD-like limbic tau pathology in the ab-
sence of AP pathology was termed primary age-related
tauopathy (PART) [21], a condition typically associated
with no to mild impairments. Here, we assessed the local
accumulation of AT8 and TNT2 pathology in the
DG-mossy fiber and CA3-Schaffer collateral pathways of
the hippocampus. When cases were separated into po-
tential PART (ie. no AP patholoy) or non-PART (i.e.
with AP pathology) groups the majority of measures
found significantly more tau pathology in non-PART
cases. While these findings could suggest A exacerbates
the deposition of these tau pathologies in these specific
intrahippocampal pathways it is important to note that

the non-PART group contained substantially more Braak
stage III cases compared to the PART group. The only
additional notable distinction between PART and
non-PART groups was the lack of AT8+ DG neurons in
PART cases suggesting DG neurons may be relatively
spared from tau deposition in the early stages of PART
progression.

Similar to synaptic loss [8, 23], the extent of total
tau burden within the temporal lobe and hippocam-
pus in neuroimaging and neuropathological studies
shows a high degree of correlation with cognitive de-
cline [30, 51, 70]. Interestingly, MMSE scores did not
significantly correlate with any of the measures of
local AT8+ and TNT2+ pathology in the DG-mossy
fiber or CA3-Schaffer collateral pathways. It is likely
that the extent of pathology in these discrete hippo-
campal strata represents the earliest possible stage of
detection and thus below the threshold for an associ-
ation with overt functional impairment, which is rela-
tively mild in this cohort of cases. Case selection for
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this study specifically excluded those with dementia,
limiting the range of MMSE scores available for cor-
relation. The more extensive tau burden within tem-
poral lobe and medial temporal lobe structures that
contain a larger tau burden (e.g. the entorhinal
cortex-perforant pathway) are likely better indices of
cognitive decline in these early prodromal AD stages.
This aligns with findings that other temporal lobe
and medial temporal lobes are more severely affected
when compared to CA3 and dentate neurons [27].

Synaptic loss and axon dysfunction begin in the pro-
dromal stages of AD (i.e. MCI) and continue as AD pro-
gresses and these neuropathological events also occur in
other tauopathies [8, 23, 66—68]. The high level of coloca-
lization between AT8 and TNT2 with the axon-specific
antibody SMI-312, but not the dendritic marker MAP2,
further supports our conclusion that we evaluated pre-
dominantly axonal pathology. Additionally, several
tau-positive neurites were not clearly colocalized with ei-
ther SMI-312 or MAP2 making their origin difficult to de-
termine. This could be the result of technical problems
such as poor multi-labeling in the relatively small neurites
containing densely packed tau inclusions. Alternatively,
the loss of SMI-312 or MAP2 could be due to biological
processes including degradation of cytoskeletal compo-
nents such as neurofilaments that occurs during axonal
degeneration [16, 17]. Though these issues preclude de-
finitive identification of all tau-positive neurites in the tis-
sue our data confirm that many of the neurites are axonal
in origin (as indicated by the SMI-312 marker) within
these specific hippocampal regions.

The presence of both TNT2 and AT8 positive tau path-
ologies in axons early in disease has important functional
implications. The N-terminal PAD domain of tau (i.e.
amino acids 2—-18) was identified as a biologically active
motif that when aberrantly exposed inhibits anterograde
fast axonal transport in squid axoplasm [41, 48]. Addition-
ally, the underlying molecular pathway of the axonal dys-
function was PAD-mediated activation of a protein
phosphatase 1-glycogen synthase kinase-3 (PP1-GSK3p)
signaling cascade [40, 42, 58, 59]. Our observation that
AT8 pseudophosphorylation structurally exposes PAD
aligns with prior structural studies using FRET assays [38],
and we previously demonstrated that AT8 tau is toxic to
axonal transport [41]. Thus, the appearance of PAD ex-
posed tau and AT8 tau first in the axonal compartment of
affected neurons before the observation of somatodendri-
tic pathologies and the emergence of clinical symptoms
further supports the hypothesis that the tau-mediated ac-
tivation of the PP1-GSK3p signaling cascade may repre-
sent a relevant mechanism of neurodegeneration in
tauopathies [42, 60]. Additionally, PAD exposure is a
common occurrence across a range of tauopathies beyond
AD, such as frontotemporal lobar degeneration [19].
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Several pathological modifications of tau can contribute to
PAD exposure, including phosphorylation ([38, 73],
oligomerization, and aggregation [20, 39]. Therefore, our
observations that pathological modifications of tau previ-
ously shown to cause axonal dysfunction suggests that this
may be one of the early tau-based mechanisms of degen-
eration in AD.

Our data now provide human tissue-based evidence
supporting the hypothesis that tau deposition can occur
in axons prior to the somata, but the nature of human
tissue studies does not clarify whether the axonal tau
pathologies are mobile and traverse retrogradely to the
somata or are generated locally in each compartment.
Originally, tau was thought to be an axon-specific pro-
tein [65], however, follow-up studies clearly found that
tau is present throughout the neuron and only some-
what enriched in axons [10, 49]. Under disease condi-
tions, redistribution of tau from the axon to the
somatodendritic compartment is thought to be an im-
portant early event in pathogenesis. Additionally, phos-
phorylation of tau at residues known to alter tau’s
conformation in disease are localized to the somatoden-
dritic compartment, including AT8 [15, 38, 43]. The
issue of whether tau pathologies traverse through neu-
rons in any direction is likely going to be difficult to de-
termine from human studies, however, a number of
model systems suggest that pathological tau species are
mobile within neurons. For example, a study investigat-
ing tau localization in neurons found that P301L mutant
tau redistributed from the axonal compartment to the
somatodendritic compartment in both transgenic mice
expressing P301L tau and wild-type rat hippocampal pri-
mary neurons [37]. In addition, rat primary hippocampal
neuron cultures exposed to AP oligomers showed an in-
creased redistribution of tau to the somatodendritic
compartment, and subsequent analyses found an in-
crease in phosphorylation, including at the ATS8 epitope,
of this somatodendritic tau compared to untreated cul-
tures [78], indicating the distribution of pathological tau
can change in neurons. Although it is of interest to
know whether these events occur in humans, independ-
ent of knowing the mechanisms of tau spread, the
current work places forms of tau that are toxic to axonal
function in the axons of neurons prior to the cell body
in the early stages of tau deposition.

Notably, we observed local AT8+ and TNT2+ tau
pathology independent of MOAB2+ AP pathology. The
amyloid cascade hypothesis suggests that amyloid path-
ology occurs first in AD, and that tau pathology is a
downstream consequence of Ap pathology [35]. We ob-
served evidence to the contrary; AT8 and TNT2 tau
pathology occurred in the hippocampus in the absence
of AP plaque pathology. Our data clearly indicate that
overt AP pathology is not present despite the presence
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of pathological tau accumulation in the axon that was
quite robust in some cases, thereby demonstrating a dis-
connection between AP plaque deposits and the emer-
gence of tau inclusions. While it is possible that sections
adjacent to those analyzed in this study could contain
AP pathology in these regions, the lack of pathology in
55-84% of cases and the agreement of our results with
the known spatiotemporal distribution of amyloid path-
ology (i.e. occurs first in neocortical regions) and tau
pathology (i.e. occurs much later in neocortical areas)
suggests the disconnect between tau and amyloid path-
ology is unlikely a result of our sampling [12, 14, 72].
The containment of the axonal compartment and cell
bodies within discrete hippocampal strata provides a
relatively clear demonstration that amyloid pathology in
the terminal regions of tau-affected neurons does not
necessarily occur in the pathways/regions assessed. Our
findings align with previous findings by Braak and col-
leagues (1994) that very little to no AP pathology was
present despite the presence of AT8 tau pathology
within the transentorhinal/EC regions of Braak stage
O-1II cases [12]. More recently, Lace et al. demonstrated
that AP pathology was not correlated to AT8 tau path-
ology in the entorhinal cortex in a cohort of 93 cases
ranging from nondemented to AD and Braak stages I-VI
[47]. Additionally, we found that 29.5% of our cases dis-
played tau pathology without A pathology and Lace et
al. found this in 20% of their cases [47].

Amyloid plaques are thought to precipitate via a se-
quential process of going from monomeric proteins, to
oligomeric species and then fibrillar forms [63]. The
MOAB-2 antibody is a pan-Ap specific antibody that re-
acts with monomeric, oligomeric and fibrillar forms of
AP [77], suggesting that the tau pathologies observed in
these pathways were not associated with pre-fibrillar or
fibrillar forms of AP pathology. Again, we cannot com-
pletely rule out the possibility that some species of A
were not effectively detected or do not exist in other
hippocampal regions or these specific pathways that
contribute to tau accumulation without examining the
entire region of interest. Additional studies assessing the
time course of the spatiotemporal distribution of various
Ap and tau species may further clarify the relationship be-
tween these two hallmark AD pathologies. However, the
data presented here directly challenge the proposition that
aggregated AP triggers tau pathology in the Schaffer col-
lateral and mossy fiber pathways within the hippocampus.

Overall, this study provides strong evidence that two
early tau pathological markers, AT8 phosphorylation
and PAD exposure, appear first in axons followed by de-
position of cell body pathology. To our knowledge, this
is the first study to systematically investigate two
well-defined pathways within the hippocampus to differ-
entiate between axon enriched strata and the
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corresponding cell bodies. Furthermore, visualizing these
pathologically relevant modifications of tau in ND and
MCI human tissue cases provides valuable insight into
early tau pathology in the human condition before the
onset of AD. Importantly, both AT8 and PAD exposed
forms of tau are linked to mechanisms of toxicity in
axonal functions such as axonal transport. Coupling
these results with the lack of observable AP pathology
suggests amyloid is not causing the early tau changes in
these hippocampal pathways. This raises questions of
whether the amyloid cascade is a viable hypothesis to ex-
plain the complex nature of AD etiology, but perhaps
later in the disease process tau and AP pathologies work
together to enhance ongoing cell dysfunction and degen-
eration once the pathologies overlap or interact. None-
theless, our findings suggest that early axonal tau
pathologies may trigger degenerative events in the hip-
pocampal circuitry prior to overt cognitive decline, and
more longitudinally focused future studies specifically on
connecting the earliest forms of tau pathology in axons
and clinical decline are needed.

Additional files

Additional file 1: Figure. S1. Primary delete control experiment of
antibodies used in IHC experiments. The same case was used for each
staining and images were obtained in the same cortical gyrus. (a) AT8-
labeled, (b) TNT2-labeled, and (c) MOAB2-labeled sections show
positive immunoreactivity with each antibody. (d) Section stained with
all components used in the IHC technique except the primary
antibody resulted in no development of IHC signal, indicating the
signals obtained in sections containing primary antibody are not due
to non-specific reactivity or background signal from the tissue. Scale
bar in (d) is 100 um and applies to all panels. (TIF 2390 kb)

Additional file 2: Figure S2. Primary delete control experiment of
antibodies used in AT8-TNT2 double label immunofluorescence experi-
ments. The same case was used for each staining and all images were
obtained in the same cortical gyrus. (a) Representative image of a section
lacking the TNT2 primary antibody shows no cross reactivity with AT8
antibody labeling. (b) Representative image of a section lacking AT8
primary antibody shows no cross reactivity with TNT2 antibody labeling.
These results confirm the specificity of AT8 and TNT2 co-localization in
Fig. 5. Scale bars are 25 um. (TIF 4800 kb)

Additional file 3: Figure S3. Primary delete control experiment of
antibodies used in AT8/SMI-312/MAP2 and TNT2/SMI-312/MAP2 triple-
label immunofluorescence experiments. The same case was used for each
staining and all images were obtained in the hippocampus (CAT region
depicted). (a) Representative image of a section lacking the TNT2 primary
antibody shows no cross reactivity with SMI-312 or MAP2 antibody labels.
(b) Representative image of a section lacking AT8 primary antibody
shows no cross reactivity with SMI-312 or MAP2 antibody labels. These
results confirm the specificity of AT8 and TNT2 colocalizaiton with
SMI-312 in Figs. 6 and 7. Scale bars are 25 pm. (TIF 5750 kb)

Additional file 4: Figure S4. AT8+ and TNT2+ neurite pathology in the
DG-mossy fiber pathway does not change with clinical diagnosis or sex. (a-b).
No significant differences in the AT8+ (a; p = 0.1325) or TNT2+ (b; p = 04115)
neurites of the CA3 Str. Luc. layer when cases were compared across
diagnosis group (ND, N = 31; MCl, N = 13). (c-d). No significant differences in
the AT8+ (c; p =0.3111) or TNT2+ (d; p = 0.8963) neurites of the CA3 Str. Luc.
layer when cases were compared by sex (male, N = 27; female, N = 17). All
comparisons made using Mann-Whitney U-test and the data are median
with interquartile range. (TIF 5370 kb)
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Additional file 5: Figure S5. AT8+ or TNT2+ neurite pathology in the
CA3-Schaffer collateral pathway does not change with clinical diagnosis
or sex. (a-b). No significant differences in the AT8+ (a; p = 0.854) or TNT2
+ (b; 0.3054) neurites of the CA1 Str. Rad. layer when compared across
diagnosis group (ND, N =31; MCl, N = 13). (c-d). No significant differences
in the AT8+ (c; p = 0.5337) or TNT2+ (d; p =0.2268) neurites of the CA1
Str. Rad. layer when compared across sex (Male, N = 27; Female, N = 17).
All comparisons made using Mann-Whitney U-test and the data are
median with interquartile range. (TIF 4510 kb)

Additional file 6: Figure S6. AT8+ and TNT2+ tau neurite pathology
colocalizes with the axonal marker SMI-312 in the Schaffer collateral and
mossy fiber pathways, respectively. (a-b) Representative images of TNT2
(green), SMI-312 (red) and MAP2 (cyan) triple labeling immunofluorescence
staining in the mossy fiber pathway of the hippocampus (merged image in
a includes DAPI nuclear counter stain). (a) A low magnification image shows
axonal (SMI-312), dendritic (MAP2) and tau+ neurites (TNT2) in the CA3 Str.
Luc. region of the hippocampus in a Braak stage Ill case. (b) Cross-sectional
analysis of z-stack images (60x magnification 0.5 um step size) demonstrate
that TNT2+ neurites colocalize with SMI-312 (arrows). (c-d) Representative
images of AT8 (green), SMI-312 (red) and MAP2 (cyan) triple labeling
immunofluorescence staining in the Schaffer collaterals of the
hippocampus (merged image in a includes DAPI nuclear counter stain).
(c) A low magnification image shows axonal (SMI-312), dendritic (MAP2)
and tau+ neurites (AT8) in the CA1 Str. Rad. region of the hippocampus
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